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Abstract 

Liu-II coal pit is a typical example of China’s deep coal mines which is seriously threatened 

by groundwater inrush from the underlying carboniferous Taiyuan limestone formation. An 

exhaustive data set of this confined aquifer exists. The aquifer lies 45 m~ 60 m below the major 

coal seam. A traditional artesian aquifer test has been performed in order to assess the hydraulic 

properties, e.g. transmissivity (T) and storage coefficient (S). 

This artesian aquifer test is conducted with four simultaneously operating production wells 

while the discharge of each production well varied with time. The results of this test suggest that 

the aquifer is heterogeneous. Therefore, the according problems are: (1) how to analyze the 

artesian aquifer test with linearly declining discharge; (2) how to deal with multiple production 

wells in an aquifer test; (3) how to adequately consider aquifer heterogeneity. Thus, the objective 

of this thesis is to solve these problems. 

1) As opposed to classical above-ground pumping tests, it is difficult to control the 

discharge rate of the production well in a deep mine artesian aquifer test since the hydraulic 

pressure is extraordinary high. Moreover the discharge rate won’t descend rapidly to zero, thus the 

analytical solution of Jacob and Lohman (1952) type curve for the artesian aquifer test will not be 

applicable. It is more reasonable to analyze the test as a pumping test with variable discharge. It is 

considered to rebuild a hydrogeological conceptual model which is similar with Theis (1935) 

model but with the variable discharge. A general equation for any discharge variability is given. Its 

application for the linearly declining discharge is presented subsequently, and a type curve of this 

equation with linearly declining discharge is given as well. After that, a simple numerical model is 

built by FEFLOW to simulate an artificial pumping test with the linearly declining discharge by 

assigning different parameter sets for transmissivity and storage coefficient. The type curve 

method is applied to evaluate transmissivity and storage coefficient for the linearly declining 

discharge well. The deviation between the given values of transmissivity and storage coefficient in 

FEFLOW and the values of those calculated by matching point are sufficiently small. Thus, when 

the discharge of production well declines linearly, a type curve method as an empirical method is 

reasonable and gives satisfactory values of these hydrogeological parameters. 

2) In some cases, it is necessary to conduct a pumping test (or an artesian aquifer test) with 

several pumping wells (or production wells) which work simultaneously in order to discharge 

maximum quantity of groundwater. Normally, the superposition method or numerical simulation is 

applied to analyze the test result. However, a new approach called “Well Generalization Method” 

is defined and analyzed in this thesis. It is an easy-to-use approach for hydrogeologist to estimate 

the aquifer parameters while conducting an aquifer test. Since the key point of this approach is 

using a generalization well to substitute the pumping (or production) wells, it is obvious that this 

approach will generate the estimated error of parameters. Accordingly, several scenarios are 

analyzed and discussed based on the artificial type aquifer designed in FEFLOW. A homogeneous 

aquifer and a heterogeneous aquifer which is generated by geostatistical stochastic simulation 

technique (see 3)) are discussed separately. As a result, this approach is feasible and applicable 

under some conditions when the calculated observation well is arranged more than about 2.5 times 



 

 

 

the scale of the multi-pumping-wells field away from the center of the multi-pumping-wells field, 

furthermore, the maximum deviation of drawdown resulting from these observation wells will be 

less than 0.5 m, and the estimated value of transmissivity will be 0.44% smaller than real value. 

3) Finally aquifer heterogeneity is addressed, in order to check the introduced method for 

applicability under realistic conditions. It has been described that aquifer heterogeneity plays a 

major role in hydrodynamic processes (e.g. de Marsily et al., 1998). Geostatistics which is 

considered as a useful tool for characterizing the spatial variability of transmissivity is applied to 

solve this problem. Based on the results of the artesian aquifer test conducted in Liu-II coal pit, a 

model of spatial variability of transmissivity is developed. Sequentially, the variogram model is 

applied in ordinary kriging to interpolate the transmissivity distribution, and in sequential 

Gaussian simulation to simulate a random field of transmissivity data in order to reflect its small 

scale variability. A comparison of the results of estimation and simulation of transmissivity 

indicates that the simulated values better reflect the spatial variability, reversely, the estimated 

values are much smoother.  

Overall, the empirical analysis and numerical method are applied to solve the problems 

mentioned above. The satisfactory result is obtained by using empirical analysis method on the 

problem of linearly declining discharge of production well. Another empirical analysis method 

called well generalization method as a simplified new idea which is used to solve the multiple 

production wells problem is feasible when the observation well is a little far away from the center 

of the multiple production wells field. For analyzing the feasibility and the applicability of the 

well generalization method, numerical method is considered of. Geostatistics is used to solve the 

heterogeneity of aquifer. FEFLOW is applied to build the artificial type aquifer models and the 

carboniferous Taiyuan limestone aquifer model (a case study). As a result, the numerical method 

confirms the feasibility and the applicability of the well generalization method. 
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CHAPTER 1 INTRODUCTION 

1.1 Motivation 

China is rich in coal resources, however, mine safety production is in a serious situation. One 

significant factor threatening the safety production is mine flooding (Zheng et al., 1999), which is 

merely less than gas explosion especially methane (Terazawa et al., 1985) in the death toll and the 

frequency of occurrence. Mine flooding is a disaster during mining action, and results stupendous 

economic loss among the coal mine accidents. Since 1949, the found of People’s Republic of 

China, the cumulative loss has been more than 400 billion RMB (the currency of China), and from 

2000 to present, more than 2800 persons have been killed by coal mine flooding (retrieved from 

SACMS). This type of accidents not only makes irreversible personal injury and economic loss, 

but also leaves people endless pain, especially the pain of the families of the deceased. And it 

enormously destroys the balance of the groundwater and environment surrounding.  

In China, it is predicted that nearly 73.2% of the coal reserves locates at the depth of more 

than 1000 m (Hu et al. 2012). Recently, especially after the discussion of deep depth mining, many 

coal mines have to mine the coal resources deeper than 1000 m under the ground (Xie et al., 2012). 

That means the work place suffers threat of high rock pressure, high groundwater pressure and 

high temperature. As a typical example, the Liu-II coal pit located in An-Hui province is chosen 

for collecting research data set. Based on its hydrogeological condition, the high groundwater 

pressure derives from Ordovician limestone aquifer and Carboniferous limestone aquifer (detailed 

in section 1.2). In the research area (Liu-II coal pit), the Carboniferous limestone aquifer lies only 

about 45 m ~ 60 m below the main coal seam. The piezometric head of the Carboniferous 

limestone aquifer is above 3 MPa (Sun et al., 2010). There is no doubt that mining action under 

this condition is very dangerous. Given a case, a short-cut is created in a mine road of the coal pit 

which contacts with the underlying pressurized carboniferous limestone aquifer, a sudden ground 

water inrush will most probable be the result, which will flood the coal mine. It is as harmful as 

the flood we say in nature. Thus, it is necessary and instant to understand this aquifer’s condition 

clear, especially, the hydrodynamic condition of this aquifer.  

The best and most effective method to investigate the hydrogeological characteristics of one 

aquifer or one aquifer-group is conducting aquifer tests (Ferris, et al. 1962). Normally, 

above-ground aquifer tests are conducted. However, the aquifer tests of coal pits in China are 

assigned underground, and the discharge of the production well derives from high aquifer pressure 

rather than from a pump. Accordingly, a valve is installed at the end of the production well to 

control the discharge. In this thesis, this kind aquifer test is called artesian aquifer test (abbr. AAT) 

and will be analyzed in chapter two. In Liu-II coal pit, the AAT was conducted with four 

production wells and several observation wells. It is much special for an aquifer test in case of 

four production wells. It is the first time to use multiple production wells in an aquifer test 

conducted in a coal pit of China. This is one problem needed to deal with in this thesis. 

Furthermore, the discharge is not a constant when the AAT conducts. Because the taps of 

production wells are assigned underground, it is different with other aquifer tests. The 
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hydrological head at the tap of production well won’t decline rapidly to zero. It means that the 

constant drawdown method (Jacob and Lohman, 1952) will not be suitable for analyzing the test 

data. Thus, this is the second problem should be solved in this thesis. 

The third problem is the characteristics of aimed aquifer. After analyzing the data of 

potentiometric head of the observation wells it is clear that this aquifer is heterogenerous. How to 

reflect the true spatial variability of transmissivity of this aquifer will be addressed in this thesis. 

The transimissivity as one of the most important aquifer parameters indicates the capacity of an 

aquifer to transmit water through its entire thickness (Walton, 1970). 

In a word, the purpose of this thesis is to analyze these three problems and solve them. 

1.2  Background of test site: Liu-II coal pit 

1.2.1 Study Area 

Liu-II coal pit is located in the Northern part of An-Hui province, eastern of China (Figure 

1.1). The coordinates of this coal pit are 116°37’30’’ - 116°41’15’’ N, 33°54’30“-33°58’00’’ E. It 

covers an area of 19.0966 km
2
. The length in N-S direction is 6.2 km, and the width is 2.0 ~4.2 km 

(Sun et al., 2010). 

 This coal pit was built in 1984, and started production in 1993. The total amount of resource 

reserves is 104,869,100 tons. The workable amount of resource reserves is 52,017,600 tons. The 

designable capacity of production is 600,000 tons every year, but actually about 1,500,000 tons 

per year. It has 4383 members of staff. The depth of the major coal seam mined at present is 

approximately -640 m (Sun et al., 2010).  

The coal mining method of Liu-II coal pit is underground mining, which is defined as: 

mining coal resource which is buried hundreds of feet below the surface of the earth involves 

more elaborate mining techniques than shallower reserves. Underground mines consist of a series 

of shafts (or tunnels) and mine roads that are created to allow coal miners and equipment to reach 

the coal reserves deep underground. 
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Fig 1.1 The location of study area (Liu-II coal pit), and the solid line in research area from OB1 to OB2 

(in magnified frame) representing the typical hydrogeological cross section of the study area 

corresponding to Fig 1.3. 

The climate of this area is classified as sub-wet temperate. Mean annual temperature is 14.3 
o
C, the maximum temperature was 40.3 

o
C on July 8

th
 1988, and the minimum temperature was 

-10.9 
o
C on December 16

th
 1988. The annual average rainfall is 785 mm, most of the rainfall 

distributes in July and August (Sun et al., 2010). 

1.2.2 Geological condition of the study area 

Liu-II coal pit is located in the central part of Huaibei plain. The entire coal pit area is flat. 

The natural elevation of the surface changes from +30 m to +32 m, and sloping appreciably from 

NW to SE. The bedrock is not exposed, because it is overlain by thick unconsolidated Cenozoic 

layers (Sun et al., 2010). 

The lithology (Table 1.1) and the thickness of formations both are steady, and the series of 

strata is described from old to new as: Cambrian, Ordovician, Carboniferous, Permian, Jurassic, 

Cretaceous, Tertiary, Quaternary in the study area and adjacent area. However, the series of strata 

found in the study area is only Ordovician, Carboniferous, Permian, Tertiary and Quaternary. In 

this thesis, the aimed formations are Shanxi formation and Taiyuan formation (Sun et al., 2010). 
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Table 1.1 Stratigraphic unit and lithology of research area (the studied formations is marked in red) 

 

In Permian period, Shanxi formation (P1s) contains the major coal resource (Nr.6) mined 
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presently. This seam of coal resource was deposited in an environment of coastal plain swamp 

with a thickness variation of 0.55 m~5.93 m. Underlying this coal seam is Taiyuan formation (C3t), 

which deposit in Carboniferous period. The upper part of this formation consists of claystone and 

siltstone, which are marine deposits. It is compact and can be considered as impermeable (Sun et 

al., 2010). It is effective to restrict the flow of groundwater from the underlying limestone layers 

into the mine road. The thickness of this layer is contoured in figure 1.2. 

 

Fig 1.2 Contours of the thickness of the layer between Nr.6 coal seam and Taiyuan formation limestone 

aquifer. (Interpolated by Kriging. Data source: Liu-II coal pit) 

The lower part of Taiyuan formation mainly consists of limestone. The thickness of this part 

is about 115.55 m, and is drilled through by one borehole. This part formation contains 12 layers, 

top four layers of which are fractured with high density and high connectivity. Furthermore, these 

four layers develop some karstic caves. Other layers do not develop fractures or caves. The 

average thickness of these four layers is 20.8 m.The cross section is showed in figure 1.3. (Sun et 

al., 2010) 
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Fig 1.3 The cross-section of study area from OB1 to OB2 with the length of approximately 400 m, see 

Fig 1.1. (modified after Sun et al., 2010) 

Underlying Taiyuan formation is Benxi formation, which mainly consists of claystone. Its 

thickness varies from 14.18 m to 23.09 m. This formation could efficiently separate Taiyuan 

formation from Ordovician period formations. (Sun et al., 2010) 

1.2.3 Tectonic structure of the study area 

The study area is characterized by anticlines, synclines, reverse faults and normal faults. The 

principle orientation of tectonic structure is N-S (Figure 1.4). (Sun et al., 2010) 

 

Fig 1.4 The tectonic structure of study area.(Sun et al., 2010) 

There are a large number of faults in this area, and nearly 57 faults are confirmed by 
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drill-holes. Some major faults are list in table 1.2. It is confirmed that most of the fault zones are 

full filled by clay and silt, and do not deposit water (Sun et al., 2010). 

Table 1.2 Main faults detected in Liu-II coal pit (Sun et al., 2010) 

Name Type Trend 
Dip Throw Length 

Situation 
(°)  (m)  (km)  

Tulou  normal  NE  70 0-180  4.6 at the eastern wing of Tulou anticline  

Guxiaoqiao  reverse  NE  45 0-73  1.5 South-eastern of the area  

Lvlou  normal  NE  60 0-120  2.7 Southern of the area  

Mengkou  reverse  NW  25-30  0-65  3.7 In the center of the northern area  

DF5  reverse  NW  25-35  0-20  1.6 
at the western wing of Dinghe 

syncline  

F57  normal  NW  60 0-40  1.6 
at the north-eastern wing of Dinghe 

syncline  

BF4  normal  NE  55-60  0-25  1.4 
In the south-eastern part of Mengkou 

fault  

DF1  normal  NE  70 0-20  1.1 In the eastern of the area  

1.2.4 Hydrodynamic condition of research aquifer 

The Taiyuan formation limestone aquifer (abbr. TFLA) as a critical source of groundwater 

disaster affects the safety of mining activity in Liu-II coal pit. It is confined by 45 m~ 60 m 

thickness of clay and silt layers which are considered to be impermeable. The bedrock is not 

exposed in study area. The groundwater in this aquifer flows in a deep cycle, i.e.. it receives lateral 

recharge and discharge laterally to adjacent areas. Because some neighbor coal pits product 

groundwater from this aquifer, additionally, several mine roads flooding occurred in these coal pits, 

the potentiometric surface of this aquifer decreases year by year (Figure 1.5).  

 

Fig 1.5 Potentiometric head of three monitoring wells recorded from 1998 to 2005. (Data source: Liu-II 

coal pit) 
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1.3 Objective and approach 

The primary objective of this thesis is to solve following problems: 

(1) How to do the empirical analysis of the aquifer parameters focus on the pumping test or 

AAT with the linearly declining discharge. 

(2) How to deal with the multiple production wells problem in a pumping test or an AAT. 

(3) How to consider aquifer heterogeneity. 

In order to solve these problems, some analytical approaches and numerical approaches are 

proposed. When the discharge of a pumping test or an AAT is not constant but declines linearly, 

the Theis (1935) equation will not be suitable to estimate the aquifer parameters. Therefore, a new 

equation is obtained by mathematical substitution (Zhang, 2012). Based on this new equation, the 

type curve approach is applied to estimate the aquifer parameters. 

A central part of this thesis is the problem: how to deal with the multiple production wells 

problem in a pumping test or an AAT. It is certain that this problem can be solved by several 

approaches such as the superposition of production wells and the numerical simulation. However, 

a new approach called “Well Generalization Method” (abbr. WGM) is defined and analyzed. 

Furthermore, the numerical approach is applied to analyze the applicability of the WGM, and 

FEFLOW as the powerful simulation tool is used to solve this problem. 

Finally aquifer heterogeneity is considered by means of geostatistical methods. For 

geostatistics, a variogram is analyzed first to find a suitable model such as the spherical model. 

Based on this model, the ordinary kriging algorithm is used to interpolate the transmissivity 

distribution, additionally, the sequential Gaussian simulation method is applied to generate 

heterogeneous transmissivity fields. 

1.4 Outline of the thesis 

The chapters of this thesis are set based on these problems mentioned above, which will be 

solved one by one in the following chapters. 

In chapter 2, the AAT is introduced and described. Comparing the AAT with the pumping test, 

the exclusive difference is that the discharge of the production well in the AAT varies with time, 

reversely, it is constant in the pumping test. Thus, the AAT can be considered as the pumping test 

with variable discharge. Namely, the methods for analyzing the data of the pumping test can be 

used to solve the AAT problem just substituting the constant discharge with the variable values. As 

a case study, an AAT conducted in Liu-II coal pit is depicted. 

Chapter 3 is focused on the pumping test with linearly declining discharge problem. In this 

chapter, a hydrogeological conceptual model which is similar to Theis (1935) model but with the 

variable discharge is built. A general equation for any discharge variability is given. Its application 

for the linearly declining discharge is presented subsequently, and a type curve of this equation 

with linearly declining discharge is given as well. After that, a simple numerical model is built by 
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FEFLOW to simulate an artificial pumping test with the linearly declining discharge by assigning 

different parameter sets for transmissivity and storage coefficient. As a result, the potentiometric 

head data of this artificial pumping test will be analyzed by type curve method to estimate the 

transmissivity and storage coefficient, which will be compared with the values assigned in 

FEFLOW. 

In chapter 4, the WGM is declared firstly for solving the multiple production wells problem 

in the homogeneous aquifer. In this chapter, an artificial model is built to analyze the applicability 

of this method. Sequentially, the heterogeneous condition is considered of to analyze the 

applicability of the WGM in chapter 5.  

Chapter 6 is a case study of the application of the WGM. In this chapter, a numerical model 

of the TFLA of Liu-II coal pit is built. Then, the results of the simulation are compared with the 

results when the WGM is used. 

Chapter 7 summarizes all of the studies mentioned in this thesis, concludes the works with 

respect to those problems and discusses the inadequacy of the works. At last, some unsolved 

problems are mentioned for the outlook. 
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CHAPTER 2 ARTESIAN AQUIFER TEST 

CONDUCTED IN LIU-II COAL PIT 

2.1 Introduction of aquifer test 

The publication of Darcy’s law (1856), and the emergence of the first analytical solution to 

steady groundwater flow to wells in confined and unconfined aquifers provided by Dupuit(1863) 

built a theoretical basis for well test interpretation (Thiem 1906). During the past more than 100 

years, well testing was well established both in theory and practice. Its techniques have been 

applied for decades (Renard 2005). Aquifer testing is a common tool that hydrogeologists use to 

characterize a system of aquifers. The classical aquifer test is known as pumping test (Wilson, 

1995) which is conducted by pumping water from one well at a steady rate, while carefully 

measuring the water levels in the monitoring well(s). When water is pumped from the pumping 

well the pressure in the aquifer that feeds that well declines. This decline in pressure will show up 

as drawdown in an observation well. As the result of a pumping test, time-drawdown data will be 

interpreted to field the parameters of the aquifer. As mentioned in chapter one, the investigated 

aquifer TFLA is confined, therefore, the confined aquifer condition is analyzed in this thesis. 

2.1.1 Transmissivity and storage coefficient 

Transmissivity and storage coefficient which are referred to the most important 

characteristics of confined aquifer can be determined by means of pumping test (Walton, 1970). 

Transmissivity (T) is a measure of the amount of water that can be transmitted horizontally 

through a unit width by the full saturated thickness of the aquifer under a hydraulic gradient of 1. 

Aquifer transmissivity is a concept that assumes flow through the aquifer to be horizontal (Fetter, 

1994). 

The storage coefficient (S) is the volume of water that a permeable unit will absorb or expel 

from storage per unit surface area per unit change in head. It is a dimensionless quantity (Fetter, 

1994). 

In a pumping test a well is pumped and the rate of decline of the water level in nearby 

observation wells is noted. The time-drawdown data are then interpreted to yield the 

transmissivity and the storage coefficient of the aquifer. Thiem (1906) formula which was 

developed from Darcy’s law (1856) can be used to determine T when the flow to the pumping well 

reaches the steady-state. However, the flow to the pumping well is transient before it reaches the 

steady-state. When the drawdown data recorded under this condition, Theis (1935) formula can be 

used to determine T and S. 

2.1.2 Determination of T using Thiem (1906) formula 

The Thiem (1906) formula, in nondimensional form, can be written as 
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T                                                            (2.1) 

Where, T is transmissivity, in m
2
/s; r1 and r2 are the distances from the pumping well to the 

first and second observation wells, in m; s1 and s2 are the drawdown of the first and second 

observation wells, in m. (Ferris et al., 1962) 

The derivation of Eq 2.1 is based on the following assumptions: (a) the aquifer is 

homogeneous, isotropic, and of infinite areal extent; (b) the discharging well penetrates and 

receives water from the entire thickness of the aquifer; (c) the transmissivity is constant at all 

times and at all places; (d) pumping has continued at a uniform rate for sufficient time for the 

hydraulic system to reach a steady-state (i.e., no change in rate of drawdown as a function of time) 

condition; (e) the flow is laminar (Ferris et al., 1962). 

The procedure for application of Eq 2.1 is to select some convenient elapsed pumping time, t, 

after reaching the steady-state condition, and on semilog coordinate paper plot for each 

observation well the drawdown, s, versus the distance, r. By plotting the values of s on the 

arithmetic scale and the values of r on the logarithmic scale, the observed data should lie on a 

straight line for the equilibrium formula to apply. From this straight line an arbitrary choice of s1 

and s2 should be made and the corresponding values of r1 and r2 recorded. Eq 2.1 can then be 

solved for T (Ferris et al., 1962). 

Under steady-state conditions there is no change in head with time and water is not coming 

from storage. Hence, the Thiem (1906) formula cannot be used to determine S (Fetter, 1994).  

2.1.3 Determination of T and S using Theis (1935) formula  

Theis (1935) derived the nonequilibrium formula from the analogy between the hydrologic 

conditions in an aquifer and the thermal conditions in an equivalent thermal system (Ferris et al., 

1962). The nonequilibrium formula in nondimensional form is  

( ), ( )
4π

u

u

Q e
s W u W u du

T u




                                            (2.2) 

Where u=r
2
S/4Tt; s is the drawdown of an observation well in the vicinity of the pumping 

well, in m; Q is the discharge of a pumping well, in m
3
/min; T is the transmissivity, in m

2
/min; S is 

the storage coefficient, in m
3
/m

3
; r is the distance from the pumping well to the observation well, 

in m; t is the time since pumping started, in minute; W(u) is read “well function of u.” 

The nonequilibrium formula is based on the following assumptions: (a) the aquifer is 

homogeneous and isotropic; (b) the aquifer has infinite areal extent; (c) the discharge well 

penetrates and receives water from the entire thickness of the aquifer; (d) the transmissivity is 

constant at all times and at all places; (e) the well has an infinitesimal (reasonably small) diameter; 

and (f) water removed from storage is discharged instantaneously with decline in head (Ferris et 

al., 1962). 
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Theis (1935) developed a graphical means of solution to the Theis formula. The first step is 

to make a plot of W(u) as a function of 1/u on full logarithmic paper. This graph is known as a 

Theis type curve. Field data for drawdown, s, as a function of time, t, at an observation well are 

then plotted on logarithmic paper of the same scale as the type curve. The graph paper with the 

type curve is taped to a light table. The graph paper with the field data is laid over the type curve, 

keeping the sets of axes parallel. The position of the field-data graph is adjusted until the data 

points overlie the type curve, with the axes of both graph sheets parallel. A match point must then 

be selected. Any arbitrary point may be used; it does not have to be on the type curve. From the 

match point we obtain a set of values for W(u), 1/u, s, and t. The final step is to substitute the 

values of Q, s, and W(u) from the match point into Eq 2.2 to find the transmissivity of the aquifer. 

Once T is known, its value along with r and t and 1/u from the match point can be substituted into 

u=r
2
S/4Tt to find aquifer storage coefficient (Fetter, 1994). 

Jacob and Cooper (1946) observed that after the pumping well has been running for some 

time, u becomes small. If u<0.05, Theis (1935) equation can be written as: 

2

2.3 2.25
lg( )

4πT

Q Tt
s

r S
                                                         (2.3) 

The logarithmic Eq 2.3 will plot as a straight line on semilogarithmic paper if the limiting 

condition is met. This may be true for large values of t or small values of r. Thus, straight-line 

plots of drawdown versus time can occur after sufficient time has elapsed. In pumping tests with 

multiple observation wells, the closer wells will meet the conditions before the more distant ones. 

This graphic method can be used to determine T and S. The details of this method can be retrieved 

from Fetter (1994). 

2.2 Introduction of AAT 

AAT is one kind of aquifer tests. It is conducted in some particular spots or yield, in which, 

the aimed aquifer must be confined and the potentiometric surface must be higher than the tap of 

production well(s). For instance, the artesian aquifer test conducted above ground (figure 2.1) or 

underground (figure 2.2). 
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Fig 2.1 sketch map of AAT conducted above ground (modified after Fetter, 1994) 

 

Fig 2.2 sketch map of AAT conducted in a coal pit mine road (underground) 

There are two problems about AAT should be discussed. First one is the groundwater flows 

out of the production well with a certain discharge rate, which will decline while the groundwater 

pressure of confined aquifer drops down. The other one is that the drawdown of the production 

well is difficult to calculate because of the velocity of water-flow. This means that the discharge 

and drawdown of the production well both are non-constant. Nevertheless, the method mentioned 

in some textbooks (Walton, 1970; Xue, 1997) to evaluate the aquifer parameters is with respect to 

the constant drawdown. It is assumed that the hydraulic head of the production well drops 

instantaneously to the orifice level, and a constant drawdown is maintained thereafter for a certain 
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time. Afterwards, the Jacob and Lohman (1952) method can be applied to solve this problem. 

As mentioned above, the discharge and drawdown are variable before steady-state conditions. 

If the production well is conducted above ground, the water level probably drops instantaneously 

to the orifice level, and the corresponding drawdown may be constant. If the production well is 

conducted underground, such as in a mine road of a coal pit, the drawdown could not be constant 

because of the high groundwater pressure. For example, an AAT conducted in China was under 

the groundwater pressure as high as 3 MPa. In this condition, the constant-drawdown method will 

be not feasible.  

Comparing the AAT with the pumping test, the exclusive difference is that the discharge of 

the production well in the AAT varies with time, reversely, it is constant in the pumping test. Thus, 

the AAT can be considered as the pumping test with variable discharge. Namely, the methods for 

analyzing the data of the pumping test can be used to solve the AAT problem just substituting the 

constant discharge with the variable values. This problem will be analyzed in chapter 3. 

2.3 Conduction of an AAT in Liu-Ⅱ coal pit 

An AAT was conducted in Liu-II coal pit. The purpose is to investigate the characteristics of 

the TFLA, which sediment in Carboniferous period. Since the thickness of the considered 

impermeable layer between this aquifer and the major coal seam is only about 45 m to 60 m, 

additionally, the mining activity will inevitably destroy the integrity of the underlain formation, 

the effective thickness will be less. When this layer is not thick enough, the mine road will be 

connected with the aquifer, causing the ground water of this aquifer inrush the coal mine.  

Considered of this test, four production wells and sixteen observation wells were assigned in 

the same working level (figure 2.3). It was 600 m below the earth surface, except of OB16 which 

is assigned to observe hydraulic head of the Ordovician limestone aquifer, the other observation 

wells are assigned to observe the TFLA and all of them are full penetrating wells. The purpose of 

OB16 is to ensure whether the Ordovician aquifer is connected with the TFLA or not. During the 

test, the potentiomatric head of this observation well does not change. It implies that the 

Ordovician limestone aquifer does not connect with the upper aquifer. 
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Fig 2.3 wells assignment in study area. (PW is abbreviation of production well; OB is abbreviation of 

observation well) 

2.4 Results 

This AAT started at 14:30 on Dec 3
rd

, 2009. But we opened the valves of production wells 

two hours earlier before the AAT for a few minutes to make sure the production wells and the 

monitoring devices work favorably. Then, when the test started, we kept on discharging 

groundwater until 15:15 on Dec 7
th
, 2009, and observed the groundwater recovery until Dec 9

th
, 

2009. Thus, the total time for discharging water is 5805 minute, and the time of groundwater 

recovery of each observation well is a little different. 

During this test, we used four flowmeters to measure the velocity of outflow, which was used 

to arithmetize the discharge of four production wells (PW1, PW2, PW3, PW4). The results are 

scattered in figure 2.4. The potentiometric heads of observation wells (Figure 2.5) were obtained 
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by self recording apparatus. The accuracy and resolution of these devices will constrain the 

diagnostic capabilities of the analysis (Morin et al. 1988). Thus, some data of discharge and 

potentiometric heads may be inaccurate or even wrong. Furthermore, these data are useless for 

analyzing the characteristics of aquifer. 

 

Fig 2.4 Discharge scatter diagram of production wells (PW1, PW2, PW3, PW4) 

In figure 2.4, it indicates that the discharge of PW1 and PW2 is much larger than other two 

production wells. For PW1, the maximum discharge is 89.5 m
3
/h obtained as the first datum at the 

8
th

 minute and the minimum discharge is 50.72 m
3
/h arithmetized from the velocity datum at the 

2299
th
 minute, the average discharge is 68.76 m

3
/h. The recorded discharge of PW1 fluctuate 

much irregularly, especially after the 1000
th
 minute, it appears a big pit in the curve shape. For 

PW2, the maximum discharge is 80.65 m
3
/h obtained at the 4590

th
 minute, the minimum discharge 

is 51.13 m
3
/h recorded at the 2490

th
 minute and the average discharge is 65.75 m

3
/h. The last three 

data recorded are larger than 80 m
3
/h, which make the curve upturn as a tail. Since there is a 305 

minutes data-blank before these three data, and these three data are recorded every 60 minutes, 

these three data can be referred to null data to be ignored. For PW3, the maximum discharge is 

63.09 m
3
/h recorded at the 2314

th
 minute, the minimum discharge is 29.35 m

3
/h recorded at the 

3040
th
 minute, the average discharge is 35.46 m

3
/h. In the data set, there are two data more than 

50 m
3
/h, one is recorded as the maximum discharge, and the other one is 52 m

3
/h at the 8

th
 minute. 

From figure 2.4, it is easy to notice that the maximum datum is null, and it will be ignored for 

calculation. For PW4, the maximum discharge is 64.42 m
3
/h at the third minute, the minimum 

discharge is 29.36 m
3
/h at the 1680

th
 minute, the average discharge is 40.22 m

3
/h. The data of 

PW4 also fluctuate irregularly.  
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Fig 2.5 Line diagram of the potentiometric head of observation wells used to observe the TFLA. 

In figure 2.5, the abscissa is intersected with ordinate at the 5805
th
 minute, which is the time 

when we stopped discharging groundwater.  

OB1 is only about 181 m southwestern away from the center of production wells. The 

potentiometric head of this observation well declined sharply in the first 15 minutes from -282 m 

to -512 m, whereafter, declined slowly till -527 m at the 1465
th
 minute and kept steady. When the 

valves were shut off, the potentiometric head recovered fast to -282 m in 200 minutes and kept on 

recovering to -265.3 m. 

OB2 is only about 169 m northeastern away from the center of production wells. It is the 

nearest observation well. The potentiometric head of this observation well was -265.8 m before 

the AAT. While starting discharging groundwater, it declined quickly to -318 m in 400 minutes. 

Then, it kept on orienting to lower value but fluctuated slowly and keep steady approximately with 

the value of -317 m at around 800
th
 minute. During water level recovery, the potentiometric head 

recovered rapidly to the original value in 140 minutes and kept on rising to -246.7 m. 
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OB3 is about 824 m northern away from the center of production wells. The original 

potentiometric head was -261 m. While discharging groundwater, the potentiometric head did not 

change until the 60
th
 minute. It jumped downward to -269 m suddenly and kept this value until 

1000 minutes. Subsequently, the potentiometric head started to decline normally. When the valves 

were shut off, the potentiometric head declined to -281 m, and kept on declining until -283.6 m at 

the 6118
th

 minute, 313 minutes after closed the valves. After that, it started to recover slowly, and 

the water level recovered to -275.5 m when the test ended. 

OB4 is about 1256 m southwestern away from the center of production wells. The 

potentiometric head of this observation well was -223.6 m before the test started. When started 

discharging groundwater, there was not data recorded for first 150 minutes. However, the 

potentiometric head fluctuated between the maximum amplitude around 0.7 m and the minimum 

amplitude around 0.1 m during the whole test.  

OB5 is about 1680 m southern away from the center of production wells. The potentiometric 

head was -234.7 m before discharging groundwater, and began to decline slowly at the 64
th

 minute. 

However, it stopped to decline anymore for nearly 900 minutes when the test is at around 600
th

 

minute. After the long time standstill, it declined again to the lowest value of -246 m. When the 

valves were shut off, the potentiometric head started to recover. When it reached the 7804
th

 minute, 

the potentiometric head stopped to rise anymore, but declined again from -240.4 m to -242 m. 

OB6 is nearby OB5. It is about 1732 m away from the center of production wells. The curve 

shape of the potentiometric head is similar to that of OB5. The similarity is that there is a terrace 

during discharging groundwater. It is also remarkable in OB7, OB11 and OB12. The 

potentiometric head of OB6 started to decline at the 23
rd

 minute. The terrace occurred at about 

700
th
 minute when the potentiometric head declined to around -234 m. About 500 minutes later, 

the potentiometric head declined again with a little fluctuation. The lowest value of potentiometric 

head is -238 m, recorded at the 4758
th

 minute, but it is ignored after analyzing. Therefore, the 

reliable lowest value is -236.4 m recorded when closed the valves. After that, the potentiometric 

head recovered to initial value -228.4 m. 

OB7 is about 1296 m eastern away from the center of production wells. The original value of 

potentiometric head was -230.5 m before started the test. It started to decline at the 20
th
 minute. 

When it declined to -236.4 m at the 634
th
 minute, as mentioned above the terrace occurred. It 

lasted about 360 minutes, subsequently, the potentiometric head declined again slowly to -238 m. 

After closed the valves, the potentiometric head started to recover and kept on rising when its 

value recovered to -230.5 m at the 7054
th
 minute. At last, it rose to -229.4 m. 

OB8 is nearby OB7. It is about 1394 m away from the center of production wells. The initial 

value of potentiometric head was -224.6 m. It started to decline at the 126
th
 minute, and the rate of 

decline became much slowly from the 581
st
 minute when the potentiometric head declined to 

-228 m. When the valves were shut off, the potentiometric head declined to -230 m, however, it 

kept on declining until -230.4 m at the 5808
th

 minute and kept constant for nearly 52 minutes. 

After that, it started to recover until the initial value. 

OB9 is about 2067 m northern away from the center of production wells. The initial value of 
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potentiometric head was -313.8 m. During discharging groundwater, it fluctuated all the time, but 

reached to the lowest value as -315 m when shut off the valves, and kept this value for about 343 

minutes. Hereafter, it started to recover to -314.2 m. 

OB10 is about 3093 m southern away from the center of production wells. When the test 

started, the potentiometric head was -232.8 m. After 360 minutes, it started to decline and 

decreased 1.6 m when the valves were shut off. In 60 minutes hereafter, it declined again to 

-234.9 m. After that, it recovered to -233.5 m. 

OB11 is about 1565 m western away from the center of production wells. When the test 

started, the potentiometric head declined from -295.2 m to -316.6 m. After shut off the valves, it 

started to recover and reached to -289 m. 

OB12 is about 2776 m southeastern away from the center of production wells. The original 

value of potentiometric head was -213.1 m. When it declined to -215.8 m at the 637
th
 minute, the 

terrace occurred. This terrace lasted about 390 minutes, hereafter it declined again to -217.3 m. 

When closed the valves, it started to recover and reached to -213 m at last. 

OB13 is about 3110 m northeastern away from the center of production wells. The 

potentiometric head kept approximately constant at -155 m during the whole test, although it 

fluctuated a little. 

OB14 is about 2510 m eastern away from the center of production wells. The initial 

potentiometric head was -313.1 m. After the potentiometric head declined to -313.8 m at the 200
th

 

minute, it started to fluctuate until the end. The largest amplitude of fluctuation is 0.4 m. 

OB15 is about 3113 m eastern away from the center of production wells. The curve shape of 

potentiometric head was much similar to OB14. The potentiometric head declined to -304.9 m at 

the 350
th
 minute, hereafter, it started to fluctuate until the end of the test. The largest amplitude of 

fluctuation was 0.8 m. 

2.5 Discussion 

For a suddenly uncapped production well the discharge continuously decreases (Ojha, C., 

2004), it likes leaking water from a water tank. During this AAT, the discharge of four production 

wells trends to decrease linearly (Figure2.6).  
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Fig 2.6 The scatter diagram of discharge of four production wells and the simple regression line. 

In figure 2.6, it illustrates that the discharge of each production well trends to decline linearly. 

The coefficient of determination denoted R
2
 indicates how well the data fit the regression line 

(Rawlings, Pantula and Dickey, 1998). It shows that the value of R
2
 refers to each production 

wells is 0.2283, 0.4163, 0.0771 and 0.175, respectively. 

Figure 2.6 shows that the discharge of PW2 and PW3 is much stable and the slopes of the 

regression lines of them are -0.0016 and -0.001, respectively. These two production wells are 

arranged together with the distance of 37 meters. It also indicates that the fractures around these 

two production wells are with high density and favorable connection. Reversely, the discharge of 

PW1 and PW4 fluctuates a lot. The slopes of the regression lines of PW1 and PW4 are -0.0032 

and -0.0018, respectively. In this AAT, PW1 and PW4 are arranged together with the distance of 

48 meters. Although PW1 and PW2 are so close to each other, the discharge of PW1 is much 

larger. From figure 2.6, the higher amplitude of fluctuation and the different discharge may be 

caused by rock debris which is moved by flow while discharging groundwater. The debris will 

obstruct the flow. On the other hand, some fractures which are with bad or without connection 

originally may connect with each other because the highly speedy flow will enlarge the fractures 

or rush through some fractures to connect with other fractures.  

From figure 2.5, the potentiometric heads of OB1, OB2, OB6, OB7, OB8, OB10, OB11 and 

OB12 are with good curve-shape. Especially OB1 and OB2, they keep the drawdown steady for a 

long time after a sharp decline. These data of potentiometric heads is appropriate to estimate the 

aquifer parameters using log-log curve method.  

The potentiometric head of OB3 is weird. It is not affected in the first one hour, but declines 

about 8 m suddenly and keep constant for several hours. One hypothetical scenario is that the 

pressure is higher around OB3 but the fractures in this area are isolated by another area with lower 
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pressure. This lower pressure area is also isolated. The flow in these areas does not connect with 

each other. While discharging water, the pressure of this aquifer changed, some original isolated 

fractures are connected. Thus, in the first one hour, the first barrier between high pressure area and 

low pressure area was eliminated, and the potentiometric head of OB3 dropped suddenly from 

-261 m to -269 m. But the lower pressure area is still isolated by some barriers or closed fractures, 

and the groundwater in the lower pressure area could not flow out until the potentiometric head of 

OB3 begins to decrease at the 1000
th
 minute. 

The potentiometric head of OB4 fluctuates with the amplitude less than one meter during the 

test. It illustrates that the fractures around OB4 do not develop or connect with other fractures. The 

fluctuation may be caused by the variation of pressure. 

The potentiometric heads of OB5, OB6, OB7, OB8, OB11 and OB12 illustrated in figure 2.5 

have the same curve shape. There is a terrace during discharging water. That means the 

potentiometric head decreases much more slowly or even stops. There may be two scenarios for 

explaining, one is that the distant recharge increase and the other one is that the flow speed 

declines. It is possible that the distant recharge increase when some distant closed fractures are 

opened and connect with other fractures. The groundwater deposited in these fractures will 

become the new recharge in a short time. The increased groundwater will lead to slower decrease 

of potentiometric head around these observation wells. The other scenario may be caused by the 

rocky debris which moves with groundwater. Some smaller fractures may be jammed by these 

debris and cause the flow speed declines. 

OB9 is arranged on the hanging wall side of Mengkou fault. The fluctuation of 

potentiometric head may be affected by this reverse fault. . It indicates that this fault may be 

impermeable.  

There are several faults such as Lvlou normal fault, DF5 reverse fault and F57 normal fault 

around OB10. The amplitude of potentiometric head is about 2 meters despite it is 3093 m away 

from the center of production wells. It indicates that these faults may be permeable and there are 

not barriers which obstruct groundwater flowing through the fractures. 

The potentiometric head of OB13 hardly varied during the test. It is the highest value among 

the observation wells. After analyzing the initial potentiometric head of observation wells, the 

groundwater of this aquifer ought to flow from south to north. However, OB13 is located in 

northern near the northeastern boundary of Liu-II coal pit. It implicates that the groundwater in the 

area around OB13 is insulated and stagnant. Although the AAT could change the groundwater 

pressure which may reopen some closed fractures, this area was not affected any more. 

OB14 and OB15 are located at eastern part of study area and also eastern of the Tulou 

anticline and the Tulou normal fault. The amplitudes of potentiometric head of these two 

observation wells are both less than one meter, and fluctuate much during the test. 

Notwithstanding the Tulou anticline could be a watershed, virtually it does not affect the 

groundwater to recharge production wells. Thus, the Tulou fault which obstructs the eastern part 

groundwater to recharge the production wells may be impermeable. 
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2.6 Conclusions 

This AAT aimed at the TFLA. After analyzing the discharge of four production wells, it 

indicates apparently that the Taiyuan formation limestone aquifer is enormously filled of 

groundwater, in spite of the recharge is merely derived from the lateral formations. The discharge 

of each production well fluctuate a little but with a trend to decline linearly. The discharge of PW2 

and PW3 is more stable, and the PW1 and PW4 are affected much more by unstable fractures. It 

means that the hydraulic characteristic of these fractures will change when the hydrogeological 

environment changes. In this test, the balance of groundwater flow is broken during discharging 

groundwater, and some closed fractures are connected with other fractures, some opened fractures 

are blocked by rock debris which causes these fractures lost the capacity of conducting 

groundwater. 

The fifteen observation wells are distributed in the whole investigated area. After analyzing 

the potentiometric head of these observation wells, it indicates that the radius of influence of this 

AAT is more than 3000 m and the potentiometric head of southern part is higher than northern part. 

It demonstrates that the groundwater flows from south to north in this area. 

There are five observation wells named as OB4, OB9, OB13, OB14 and OB15 which are 

hardly affected by this AAT. Except OB4 locates nearby the western boundary of Liu-II coal pit, 

the other four observation wells locate in the northeast part. It implies that the Mengkou fault and 

Tulou fault are considered to be impermeable. As a result, the investigated area will be divided 

into three regional parts (Figure 2.7). 
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Fig 2.7 Three divided regional parts of the study area based on the potentiometric head of observation 

wells 

These three parts are separated by closed fractures, faults or matrix without fractures. Most of 

the observation wells locate in part I, including four production wells. In part I, all of the 

observation wells are affected by discharging groundwater. It means this part develops lots of 

fractures and these fractures connect well with each other. The range of part II is unclear since 

there is only one observation well (OB4), but the range of part III is clear. It is separated by 

Mengkou fault. There is only one observation well (OB4) in part II, thus, it is difficult to confirm 

the range of this part, and it is also difficult to explain the development and the connection of the 

fractures in this part. However, it can be confirmed that OB4 was not affected by this AAT. It is 

apparent that part II is permeable and filled with groundwater since the potentiometric head of 

OB4 fluctuates around -224 m, if there is no groundwater in part II, the potentiometric head of 

OB4 will be zero. Part III is fenced out by Mengkou fault which is the primary factor makes those 

observation wells not be affected by this AAT. In this part, there are four observation wells (OB9, 
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OB13, OB14 and OB15). The potentiometric head of these four observation wells fluctuate all the 

time during the AAT. There is a question why the potentiometric head of these observation wells 

of part II and part III fluctuate during the AAT. As mentioned before, the possible answer is that 

the aquifer pressure of the investigated area changed during the AAT. 
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CHAPTER 3 TYPE CURVE AND NUMERICAL 

SOLUTIONS FOR ESTIMATION OF 

TRANSMISSIVITY AND STORAGE COEFFICIENT 

WITH VARIABLE DISCHARGE CONDITION 

3.1 Introduction 

As mentioned in chapter two, the solutions of Theis (1935) and Cooper and Jacob (1946) are 

applied widely to determine hydrogeological parameters in pumping tests. However, all of these 

methods are based on a constraint condition as constant discharge. Besides, for AAT, Jacob and 

Lohman (1952) gave their analytical solution but with a condition of constant drawdown. 

Pityingly, this method is not applicable for the AATs conducted in most coal mines of China, just 

because the velocity of flow out of the production well could not descend rapidly to zero. It is 

more reasonable if analyzing this type test as a pumping test but with variable discharge. Hence, 

the classical Theis solution or the Cooper and Jacob solution will not be applicable any more. 

The attention has been focused on analyzing this problem since 1963 (Sternberg 1968). 

Abu-Zied and Scott (1963), and Hantush (1964) proposed their solutions for decreasing discharge 

with different types. Sternberg (1968) considered of the recovery data at an observation well, and 

presented an approximate solution for the decreasing discharge conditions. Lai et al. (1973) 

presented the exact solution for the drawdown in and around a well with variable discharge, 

namely linear and exponential, respectively. And in his paper, the effect of the storage capacity of 

the well is also taken into consideration. Sharma et al. (1985) gave a type curve method to analyze 

the pumping test with linearly decreasing discharge, and simulated this test on a horizontal 

Hele-Shaw model. Sen and Altunkaynak (2004) presented a general solution for an aquifer test 

with variable discharge, and compared the values of aquifer parameters, namely transmissivity and 

storage coefficient, which were obtained from variable discharge case and constant discharge case 

respectively.  

The purpose of this chapter is to rebuild that hydrogeological conceptual model, namely a 

model being similar with Theis model but with variable discharge, and to obtain a general 

equation for any discharge variability. The linear case will be focused on, and a type curve 

solution of this case is given later. After that, the linearly decreasing discharge will be simulated 

by FEFLOW, and the values of hydrogeological parameters (transmissivity and storage coefficient) 

given in FEFLOW will be compared with them evaluated by using the type curve approach. 

3.2 Theoretical considerations 

The hydrogeological conceptual model for variable discharge is based on some assumptions 

which are similar to Theis model (see chapter 2). These assumptions were also described by 
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Sharma et al. (1985).But only one assumption is different that the discharge is variable, namely 

the flow rate is a function of time. The conceptual model is shown in Fig 3.1. 

 

Fig 3.1 Hydrogeological conceptual model for variable discharge. (modified after Xue, 1997) 

Mathematically, the drawdown around the well can be obtained by solving the following 

unsteady-state differential equation in cylindrical coordinates: 
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In which 

Q(t) is variable discharge, in m
3 
/s; s is drawdown, in m; r is distance from pumped well to 

observation point, in m; T is transmissivity, in m
2
/s; S is coefficient of storage; t is time after 

discharge started, in s. 

The solution of Eq 3.1 at any point after using Eq 3.2 is  
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Where Q(t)is the variable discharge; t is the time since pumping started; and t is the time 

from beginning of pumping to time t. Eq 3.3 is the general equation for any variable discharge. 

3.3 Linearly decreasing discharge 

It is assumed that the well starts to be pumping at a linear rate, as: 

0( ) (1 )Q t Q t α                                                           (3.4) 

For a finished test, the total time is definite, and the initial rate of flow is also definite. 

Giving: 

tβ α                                                                    (3.5) 

Thus, b is constant when time (t) is given. 

Also putting 
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Apparently, u is constant for a given time (t), x is variable. 

Then, Eq 3.3 will be transformed as: 
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Integrating Eq 3.8 partially, the equation of drawdown will become: 

 0 (1 ) ( ) exp( )
4π

Q
s u W u u

T
β β β                                         (3.9) 

where W(u) is the well function. 

For convenience, Eq 3.9 is transformed as: 
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where  

( , ) (1 ) ( ) exp( )F u u W u u    β β β β                                    (3.11) 

Wenzel (1942) provided a table of the values of W(u) and a type curve of W(u) versus 1/u. So, 

this table can be used to tabulate the values of F(u, β). The similar type curves for different values 

of β are shown in Fig 3.2. 

 

Fig 3.2 The type curve of F(u,β) with different values of β. 

From Eq 3.3, we know that the drawdown (s) is a function of r and t. The Eq 3.5 tells us that 

b is a function of t. Thus, when giving several values of time, the corresponding values of b 

could be obtained, then, the type curves of different values of b could be plotted by solving Eq 

3.11. 

The best way to calculate transmissivity and storage coefficient by analytic approach is that 

plotting the standard curve derived from F(u, b) with different values of b, then plotting the 

drawdown obtained simultaneously at different observation wells, lastly using match-curve 

technique to estimate these parameters. 
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In terms of a finished pumping test or a finished AAT, this type curve can be used to evaluate 

the values of aquifer parameters (T and S). It is named match-curve. 

Firstly, taking the logarithms of the both sides of Eq 3.6 and Eq 3.10: 

 0log log log ( , )
4π

Q
s F u

T
β

 
  

 
                                          (3.12) 
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                                               (3.13) 

From Eq 3.12 and Eq 3.13, it is apparent that the curve of s versus r
2
 and the curve of F(u, β) 

versus u are similar, if drawing both of the curves in a log-log graph paper. It is same as the Theis 

matching technique. This technique is introduced in chapter two.  

Then, the best match point can be obtained with the values of F(u, β), u, s and r
2
, 

respectively. Substituting them into Eq 3.6 and Eq 3.10, the values of transmissivity (T) and 

storage coefficient (S) will be calculated at different given time. Because the aquifer is isotropic 

and homogenous, those values of T and S calculated at different time should be the same. 

If this aforesaid approach is precise, the same value or the value with much small error will 

be obtained by simulating in a physical model or a numerical model. It is not perfect that using a 

physical model to verify this analyzing solution. Since one of the assumptions of this solution is 

that the target aquifer is infinite. But every physical model faces the same problem that the test 

field is constraint and the boundary is also constraint. The other reason is that this approach needs 

the values of drawdown data obtained from many different observation wells simultaneously. It 

means that the more the observation wells the more the drawdown data, at last, the more the 

precise result. Normally, it is difficult to arrange a lot of observation wells in a physical model. 

Consequently, the physical model can only be used to simulate the test with a small range of time 

and less requirement of precision. These problems can be solved easily by using the numerical 

model, because the test field assumed in a numerical model can be set as large as needed to certify 

the front of the cone of depression not affect the boundary of this study area. We can also arrange 

as many as observation wells in the simulated area. It is also easy to obtain the values of 

drawdown from different wells simultaneously. Thus, a numerical model (built by FEFLOW that 

is one of the most valuable tools of groundwater modeling) will be used for simulating this type 

test mentioned above. The numerical model will be referred to an artificial pumping test in an 

artificial type aquifer (abbr. ATA). 

It is explicit that the ATA is confined, isotropic, and homogeneous. The flow condition is 

transient. The area is horizontal with the range of 20 km  20 km (Fig.3.3). In the center of the 

ATA, an assumptive production well is set. On the right of the production well, 25 observation 

wells are set with the distance away from the production well 3 m, 5 m, 8 m, 11 m, 15 m, 20 m, 

25 m, 30 m, 40 m, 50 m, 60 m, 70 m, 80 m, 90 m, 100 m, 120 m, 140 m, 160 m, 180 m, 200 m, 

250 m, 300 m, 350 m, 400 m, 500 m, respectively. Since the closer distance between observation 
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well and production well, the more variation of drawdown in observation well. Consider of that, 

more observation wells are assigned near to the production well. There is also an assumptive 

observation well near the boundary of the study area. It is used to observe whether the front of the 

cone of depression will affect the boundary of this area.  

 

Fig 3.3 Artificial type aquifer with assumptive wells. PW and OBs are the abbreviation of production 

well and observation wells respectively. 

Subsequently, the necessary parameters of this artificial pumping test are set randomly under 

the precondition of real situation. Accordingly, assuming the initial discharge rate (Q0) is 300 m
3
/d. 

The time period of the test is one day (24 h).The initial hydraulic head is 100 m. Thus, the linearly 

decreasing discharge (Q(t)) is shown in Fig.3.4. The corresponding slope (a) is 3.47E-5 day
-1

. 

And several values of b (Table 3.1) are chosen arbitrarily to obtain the values of drawdown which 

will be used to estimate the T and S by matching curve technique. 

Table 3.1 Values of b chosen arbitrarily 

a, day-1 t, day b 

 

3.47E-05 

3.06E-01 1.06E-05 

6.60E-01 2.29E-05 
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a, day-1 t, day b 

 

 
1.00E+00 3.47E-05 

The aquifer parameters: transmissivity (T) and storage coefficient (S) are set in the FEFLOW 

model will be used to compare with the values of them matched by type curve. Different groups of 

T and S set in FEFLOW are list in table 3.2. 

 

Fig 3.4 Variation of discharge with time. 

Table 3.2 Values of transmissivity and storage coefficient set in FEFLOW. 

Transmissivity (T) Storage 

coefficient (S) 

Transmissity (T) Storage 

coefficient (S) m2/d m2/d 

4.32 2.00E-05 17.28 2.00E-05 

6.912 2.00E-05 17.28 5.00E-05 

17.28 2.00E-05 17.28 8.00E-05 

43.2 2.00E-05 17.28 5.00E-04 

69.12 2.00E-05 17.28 8.00E-04 

It is known that FEFLOW divides the study area into a large number of small finite-elements. 

During the simulation, results are computed on each node of finite-element and linearly 

interpolated within the finite elements. Taking into account of water flow problem only, if the 

elements are triangular, an unknown value of hydraulic head (h) in the element should be 

calculated as: 

1

φ
N

i i

i

h h


                                                                (3.14)
 

Where, h is the approximation value of h; hi is the hydraulic head computed on the node; N 

is the number of nodes, and fi is the basis function which is the linear function (Xue and Xie, 

2007). It is easy to understand that the smaller the element, the less the error between h andh, 

namely, the denser the elements the better the numerical accuracy. For better understanding of that, 
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an intuitional comparison of results yielded by using different finite elements. For convenience, 

the condition of target aquifer and the parameters needed in this simulation will be used to do this 

work. The ATA is horizontal with the range of 20 km  20 km. Those parameters are the discharge 

rate Q, the time period of simulation t, the initial hydraulic head h0, transmissivity, the storage 

coefficient, the distance of an observation well from production well D, respectively. The values 

of those parameters are 300 m
3
/d, 1 day, 100 m, 17.28 m

2
/d, 2E-5, 100 m, respectively. By 

convenience for comparison, three groups of the numbers of finite elements are chosen arbitrarily. 

They are 5373, 12533, 19751, respectively. 

The comparison of hydraulic head of that observation well (Fig 3.5) indicates that the values 

of the hydraulic head of that observation well as the simulated result are much larger when the 

number of finite elements is 5373. If these data are used to estimate the T and S, these parameters 

will be overestimated. When the numbers of finite elements are 12533 and 19751, the results are 

less different and are good enough to estimate the T and S. Thus, it is necessary in every 

simulation by FEFLOW to divide the area denser and denser. But, it will need more time to 

compute. In this simulation, the number of finite elements is 19751. 

 

Fig 3.5 Comparison of drawdown obtained from that observation well by simulation with different 

numbers of finite elements. 

The time steps also yield errors. The number of time steps is as the number of result data. On 

this simulation case, because the flow is transient, when the test starts, the drawdown will change 

sharply during the beginning period of time, it will need the time steps be much dense, namely, the 

initial time step length should be small. In FEFLOW, the automatic time step control button 

“AB/TR time integration scheme” could deal with this problem well (Diersch, 2002). This scheme 

is second order in time. The initial time step length set in this simulation is 1E-6 day. It could 

provide enough data for calculation. 
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3.4 Results and discussion 

The results of this simulation are the values of hydraulic head in different observation wells. 

These data are used to obtain the analytical values of T and S by matching point technique (Fig 3. 

6). 

 

Fig 3.6 Superimposing the scatter points of drawdown (s) versus square of distance away from 

production well (r2) on the type curve on log-log paper. 

This technology will yield error when matching point. Because it needs us move the curve to 

find the best matching point in experience, different persons will obtain different matching results 

and yield different errors. Thus, it is needed to compare the results obtained by analytical method 

and numerical method to ensure the errors are as small as possible. 

After superimposing, several groups of F(u,β), u, s, and r
2
 are obtained. Substituting these 

values of parameters into Eq 3.6 and Eq 3.10, the analytical values of transmissivity and storage 

coefficient will be obtained (Table 3.3). 

Table 3.3 The values of transmissivity and storage coefficient obtained by matching point. 

Time chosen arbitrary 

in the process of 

simulation 

Values of parameters by matching point 
Transmissivity 

(T), 

Storage 

coefficient 

(S) F(u,β) u 

Drawdown 

(s), 

The square of distance away 

from the production well (r2) 

day m m2 m2/d 
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Time chosen arbitrary 

in the process of 

simulation 

Values of parameters by matching point 
Transmissivity 

(T), 

Storage 

coefficient 

(S) F(u,β) u 

Drawdown 

(s), 

The square of distance away 

from the production well (r2) 

day m m2 m2/d 

3.056E-01 1 0.01 5.49 2784.7  4.35  1.91E-05 

6.597E-01 1 0.01 5.37 5680.1  4.45  2.07E-05 

1.000E+00 1 0.001 5.45 900.0  4.38  1.95E-05 

3.056E-01 1 0.01 3.46 4439.3  6.90  1.90E-05 

6.597E-01 1 0.01 3.32 9623.0  7.19  1.97E-05 

1.000E+00 1 0.01 3.38 14237.7  7.07  1.99E-05 

3.056E-01 1 0.01 1.44 1134.9  16.59  1.79E-04 

6.597E-01 1 0.01 1.44 2270.2  16.59  1.93E-04 

1.000E+00 1 0.01 1.39 3530.2  17.18  1.95E-04 

3.056E-01 1 0.01 1.42 11579.7  16.82  1.75E-05 

6.597E-01 1 0.01 1.39 23104.6  17.18  1.89E-05 

1.000E+00 1 0.01 1.37 38405.8  17.43  1.79E-05 

3.056E-01 1 0.01 1.4 436.6  17.06  4.78E-04 

6.597E-01 1 0.01 1.38 1019.6  17.31  4.48E-04 

1.000E+00 1 0.01 1.38 1576.2 17.31  4.39E-04 

3.056E-01 1 0.01 1.45 4439.3  16.47  4.54E-05 

6.597E-01 1 0.01 1.39 9426.2  17.18  4.81E-05 

1.000E+00 1 0.01 1.37 15892.7  17.43  4.39E-05 

3.204E-01 1 0.01 1.4 3022.9  17.06  7.23E-05 

6.597E-01 1 0.01 1.43 5858.5  16.70  7.52E-05 

1.000E+00 1 0.01 1.38 9623.0  17.31  7.19E-05 

3.056E-01 1 0.01 0.54 26449.4  44.23  2.04E-05 

6.597E-01 1 0.01 0.54 56998.1  44.23  2.05E-05 

1.000E+00 1 0.01 0.54 89319.5  44.23  1.98E-05 

3.056E-01 1 0.01 0.35 44018.7  68.24  1.90E-05 

6.597E-01 1 0.01 0.34 100000.0  70.25  1.85E-05 

1.000E+00 1 0.01 0.33 158274.8  72.38  1.83E-05 

Then, comparing the values of transmissivity and storage coefficient with the values of them 

set in the numerical model, showing in Fig 3.7 and Fig 3.8. 
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Fig 3.7 Errors of transmissivity between matching point and modeling. 

                   

 

Fig 3.8 Errors of storage coefficient between matching point and modeling. 

Figure 3.7 demonstrates that the max-error of transmissivity between matching point and 

modeling is less than 4.72%. Figure 3.8 shows that the max-error of storage coefficient between 

matching point and modeling is less than 12.45%. Although the error of storage coefficient is a 

little large, the results are also good enough, since the storage coefficient is much small, and its 

magnitude is 1E-4 or 1E-5. That means a very small fluctuation will lead to a large 
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percentage-error. There are some cases which cause the errors. The first is the FEFLOW itself, the 

numbers of grids divided in FEFLOW will affect the result. The second is the distance of 

monitoring wells from the pumping well. Because the drawdown will decrease when the distance 

increase, and the small drawdown will be more sensitive to generate larger error when it is used to 

estimate the aquifer parameters. There is also another case which may be the key reason to cause 

these errors. That is the personal problem which causes these errors. Although matching point is 

an analytical approach, different users will get different result of transmissivity and storage 

coefficient. This approach depends on the experience and the proficiency of the users.  

The results show that the values of transmissivity and storage coefficient estimated by 

analytical method mentioned above compare very well with the values set in FEFLOW. 

3.5 Conclusions 

The AAT conducted in China are similar to pumping tests, but the difference is that the 

discharge is variable. Normally, the discharge decreases linearly. This chapter proposes a general 

analytical solution for any variable discharge. Then, the linearly decreasing discharge is taken into 

account, and type curve technique is used to obtain the aquifer parameters (T and S). For verifying 

the correctness of this approach, a numerical model is built in FEFLOW. After comparing the 

values of transmissivity and storage coefficient with the values of them set in FEFLOW, the errors 

are very small. It indicates that this analytical method is reasonable and feasible. Thus, it can be 

used to estimate the values of aquifer parameters in the field test. Pityingly, there is no comparison 

between constant discharge and variable discharge in this chapter. But it is considered by Sen and 

Altunkaynak (2004). He presented that if the discharge is variable but the constant discharge 

evaluation techniques are used in hydraulic parameter estimations, then the transmissivity will be 

overestimated while the storage coefficient will be underestimated.  
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CHAPTER 4 THE “WELL GENERALIZATION” 

METHOD FOR ESTIMATING TRANSMISSIVITY 

AND STORAGE COEFFICIENT FROM MULTIPLE 

PUMPING WELLS WITH HOMOGENEOUS 

AQUIFER CONDITION 

4.1 Introduction 

Since the first pumping test had been conducted after the publication of Darcy’s law (1856), 

countless pumping tests have been conducted all over the world. One purpose of pumping tests is 

evaluating the aquifer parameters, such as hydraulic conductivity and storage coefficient for 

confined aquifer conditions (Bennett and Patten, 1964; Bardsley et al. 1985; Jiao, 1995; Sallam, 

2006; Tse and Amadi, 2008), as well as specific yield for unconfined aquifer conditions (Neuman, 

1987; Ramsahoye and Lang, 1993). The other purpose is to assess the groundwater reserves 

(Enslin and Bredenkamp, 1963). Assuming homogeneous and isotropic conditions at small 

observation scales, either the Dupuit (1863) equation for steady state flow conditions or the Theis 

formula (1935) for transient flow-conditions is used to estimate aquifer parameters. Both of these 

approaches are explained in detail in hydrogeological textbooks (Bruin and Hudson JR, 1961; 

Kruseman and de Ridder, 1994). 

Although the pumping tests developed rapidly in past decades, pumping tests are usually 

conducted with one production well and a number of monitoring wells (Mijic et al. 2012) 

surrounding the production well at increasing distances and in symmetric setting. There are 

reasons why only one pumping well is designed in pumping tests. The main reason for the rare 

application of multi-well aquifer tests is the high cost, particularly if great distances to water table 

are to be spanned (Belcher et al. 2001). Another critical factor is that processing pumping test data 

will be complex if several pumping wells are arranged in the test field. There is an approach 

defined as superposition to resolve this problem exists (Bear, 1979; Kruseman and de Ridder, 

1994; Orient, 2000; Schwartz and Zhang, 2002). This approach could be applied with some 

commercial software. However, a new method will be defined and analyzed in this chapter, which 

is named as “Well Generalization” method (abbr. WGM). It is a new idea to use an imaginary well 

to instead of multi-pumping wells, which simplifies the multi-pumping wells problem to an 

exclusive pumping well. Therefore, it will be much easy to estimate the aquifer parameters if this 

method is feasible. In this chapter, the aquifer condition is homogeneous and isotropic. The 

heterogeneous problem will be analyzed in next chapter. Firstly, as a basis it is necessary to 

introduce the method of superposition. 
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4.2 Superposition method 

The principle of superposition is that the hydraulic head or drawdown in one monitoring well 

affected by several pumping wells which pump water simultaneously, equals to the sum of the 

hydraulic head or drawdown affected by an individual pumping well. The mathematic form is: 

1

n

i i j

j

s s


                                                              (4.1) 

Where, si is the drawdown at any point i of the test field, sij is the drawdown at point i and 

generated by pumping well j. For two pumping wells operating simultaneously a sketch of 

drawdown is shown in Fig 4.1. 

 

Fig 4.1 Sketch of superimposed drawdown generated by two pumping wells. 

For confined-steady flow, the Dupuit (1863) equation is: 

ln
2

Q R
s

T r
                                                               (4.2) 

In which, Q is discharge, in m
3
/s; s is drawdown, in m; r is distance from operating well to 
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observation point, in m; T is transmissivity, in m
2
/s; R is the range of influence, in m. 

For multiple pumping wells operating simultaneously, Eq 4.1 and Eq 4.2 transform to the 

following form: 

1 1 1

1
ln ln

2 2

n n n
j j j

i j j

j j jij ij

Q R R
s s Q

T r T r   

                                       (4.3) 

If discharge rate and affected range of each pumping well are equal for all pumping wells, Eq 

4.3 becomes: 

ln
2

i

i

nQ R
s

T r 
                                                              (4.4) 

Where, 1 2
n

i i i inr r r r    . (i=1, 2, …, m), n is the number of pumping wells. 

 Eq 4.4 is also the Dupuit equation. In it, the drawdown at any observation point is si, the 

discharge is nQ, the range of influence is R, the distance from production well to observation point 

is ri
◇

. 

Under transient flow conditions, Theis (1935) formula is adopted to estimate the aquifer 

parameters in pumping test with one pumping well. The mathematic form is: 

( )
4

Q
s W u

T
                                                              (4.5) 

Here, W(u) is the well function,.u=r
2
S/4Tt, S is the storage coefficient, t is the time since 

pumping started. 

Similarly, if there are multiple pumping wells, Eq 4.5 becomes: 

1 1

[ ( )]
4

n n
j

i i j i j

j j

Q
s s W u

T 

   (i=1,2,…,m; j=1,2,…,n)                             (4.6) 

Eq 4.6 is so complex that it can be hardly simplified. But the modified method of 

Cooper-Jacob (1946) resolves this problem effectively (Kruseman and de Ridder, 1994). The 

mathematic form of Cooper-Jacob method is: 

2

0.183 2.25
lg( )

Q Tt
s

T r S
                                                       (4.7) 

If there are n pumping wells operate simultaneously, Eq 4.7 will be: 

2
1 1

0.183 2.25
lg( )

n n
i

i

i i i

Q Tt
s s

T r S 

                                               (4.8) 
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Here, defining the total discharge as 
†Q (

†
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Q Q


 ), and discharge weight of each 

pumping well as  (
†
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). 

Then transforming Eq 4.8 and the modified Cooper-Jacob equation becomes: 
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Defining
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† 2 2 2
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, Eq 4.9 becomes: 

†

† †
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lg( ) lg

s T t

Q T S T r

 
   

 
                                       (4.10) 

Thus, Eq.4.10 is the modified Cooper-Jacob equation. 

However, since the Cooper-Jacob method is valid only for u<0.05, the respective condition 

of uij<0.05 (i=1,2,…,m; j=1,2,…,n) must be introduced. 

4.3 Well Generalization method 

The general idea behind the method of superposition is to substitute multiple pumping wells 

by one imaginary well. The subsequent determination of aquifer parameters, i.e. the well test 

interpretation is thus as simple as Eq 4.2. However, it is still crucial to determine a position for the 

imaginary-generalization well. Suppose that this imaginary-generalization well exists, ri
◇

must 

intersect at one point. For instance, given two pumping wells with a distance of 10 m and three 

observation wells (OB1, OB2, OB3) arranged as shown in Fig 4.2a. For OB1, if that 

imaginary-generalization well exists, it must be on circle C1 (Fig.4.2b), whose radius is 10 m. 

This radius is calculated using ri
◇

. 
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Fig 4.2 Illustration of the possible generalization well of two pumping wells with three observation 

wells. a, the position of pumping wells (PW1 and PW2) and observation wells (OB1, OB2, OB3); b, c, d 

and e, possible configurations of generalization well (C1 in b, C2 in c, C3 in d). 

Similarly, for OB2, the imaginary-generalization well should be on circle C2 (Fig 4.2c), 

whose radius is 10 m; for OB3, the imaginary-generalization well should be on circle C3 (Fig 4. 
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2d), whose radius is 10 2 14.14 m .If for all of these observation wells, an 

imaginary-generalization well exists, then there is a well that can substitute two pumping wells 

and generate the same flow field when pumping water from it. Additionally, it must be at the point 

intersected by three circles (C1, C2, C3). Apparently, this point does not exist. The intersection of 

the three circles is not a point (the black area in Fig.4. 2e). If the fourth observation well is 

considered of, the intersection could not exist. It means that there is not an imaginary well which 

can instead of all of the pumping wells to generate the same cone of the depression (Fig 4.3).  

 

Fig 4.3 The sketch map of the difference of drawdown fenced by two pumping wells generated by two 

wells and generalization well (GW). 

In figure 4.3, it illustrates that the cone of depression generated by generalization well (GW) 

is big different from the cone of depression generated by two pumping wells, especially in the 

pumping wells field. Otherwise, if we focus on the region where the distance is a little far from the 

pumping wells, the value of drawdown will be much smaller. It implies that the drawdown here is 

less affected by pumping activity, in figure 4.3, it is apparent that the drawdown of this region 

caused by GW deviates little to the drawdown caused by two pumping wells, i.e., using one 

imaginary pumping well to substitute all of the pumping wells may be a feasible method. This 

method is defined as well generalization method and that imaginary well is defined as 

generalization well. It is obvious that the substitution will generate deviation of drawdown. 
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However, if the value of deviation is much small, it will be a good way for field test performance. 

At least, the deviation of drawdown will gradually decrease while the distance between 

observation well and pumping wells increases. If this method is feasible, when the whole 

discharge is known but the weight of each pumping wells is unknown, this method could be used 

to analyze the weight of each pumping well. There is another problem how to confirm the position 

of that imaginary well. Since the discharge of each pumping well is different, that means every 

well has different discharge weight. The weight is the ratio of total discharge divided by each 

pumping well. Thus, the weights will be used to confirm the position of the imaginary well.  

The principle is: (1), choosing two pumping wells randomly, using one imaginary well 

denoted as IW1 to substitute these two pumping wells. The discharge of IW1 is the summary of the 

discharge of two pumping wells, the weight of IW1 is the summary of the weights of two pumping 

wells. Furthermore, the position of IW1 is the point (assuming the radius of pumping well could be 

neglected) at where the ratio of the distances between IW1 and the two pumping wells is equal to 

the inverse corresponding ratio of the weights of the two pumping wells. (2), choosing another 

pumping well, using another imaginary well denoted as IW2 to substitute this pumping well and 

IW1. In this step, the discharge, the weight and the position of IW2 are confirmed by the first step. 

(3), repeating step two till the last pumping well is analyzed. Until now, the last IWn-1 is the 

generalization well which could substitute all of the pumping wells. This principle is illustrated in 

figure 4.4. 

 

Fig 4.4 The principle of confirming the position of the imaginary well. PW and IW are the abbreviation 

of pumping well and imaginary well respectively. Q is the discharge; W is the weight of discharge; D is 

the distance of imaginary well to pumping well, and D1/D2=W2/W1. 

When the position of the generalization well is confirmed, this generalization well will 

substitute all of the pumping wells and its discharge will be the total discharge of these pumping 

wells. The next problem is whether the well generalization method is feasible or not.  
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4.4 Analysis and discussion of the feasibility of WGM with 

homogeneous aquifer condition 

To solve this problem and analyze the feasibility of this method, the simulation method will 

be the best choice. The finite-element code FEFLOW (Diersch, 1993) is used to simulate an 

artificial confined aquifer which covers an area of 10 km by 10 km. This aquifer is homogeneous 

and isotropic. 

With the statistical purposes, 120 monitoring wells are regularly positioned 

(X = Y = 200 m) in the center of the model domain in an area of 2000 m by 2000 m. The model 

domain is shown in Fig 4.5, and the monitoring wells are named as OB1, OB2, etc. 

 

Fig 4.5 Scale of test field including of the positions of observation wells and the geometric types of 

pumping wells. 

Different model designed with respect to the geometry configuration of pumping wells and 

the discharge weights of each production well are proposed. In order to minimize errors which 

originate from spatial and temporal discretization in the finite-element scheme of FEFLOW 

(Zhang, 2012), the model domain is subdivided into small elements with side lengths less than 150 

m. Elements surrounding the wells are refined to side lengths between 20 to 30 meters. The initial 

time step length is set as 10
-6

 day (= 0.0864 s), and the automatic time step which is enforced by 

the semi-implicit nondissipative trapezoid rule with a second-order accuracy is chosen to control 

the time step (Diersch, 2002). The values of initial hydraulic head, transmissivity and storage 
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coefficient are set as 100 m, 0.0002 m
2
/s and 0.00005, respectively. The period of test is three 

days.  

Three scenarios are taken into account. The first one is the ideal condition, which is assumed 

as the geometric symmetrical configuration of the pumping wells with the same discharge. The 

second one is just considered of four pumping wells with the geometric symmetrical configuration 

but the discharge of every pumping well is different.It means that each pumping well is with 

different discharge weight. The last one is considered of the asymmetric configuration of four 

pumping wells with different discharge weights. 

4.4.1 The first scenario: geometric symmetrical configuration of pumping wells with 

same discharge rate 

The application of WGM requires an optimal position of the generalization well (GW). 

Firstly, the simplest configuration of pumping wells is designed geometric symmetry. Four 

geometric schemes of pumping wells are chosen to assign the pumping wells, i.e., two-wells, 

three-wells (equilateral triangle), four-wells (square), five-wells (regular pentagon), respectively. 

In each of these well-configurations, GW is positioned at the center of the geometric well schemes, 

which is confirmed base on the generalization principle. The coordinates of the wells are listed in 

Table 4.1. The total discharge of pumping wells in each scheme is 600 m
3
/h. 

Table 4.1 The coordinates of pumping wells and the GW of the first scenario. 

Well type Well number 
X coordinate 

(m) 

Y coordinate 

(m) 

two wells 
1 14900.000  15000.000  

2 15100.000  15000.000  

equilateral triangle 

1 14887.781  14935.211  

2 15112.219  14935.211  

3 15000.000  15129.579  

square 

1 14900.000  14900.000  

2 14900.000  15100.000  

3 15100.000  15100.000  

4 15100.000  14900.000  

regular pentagon 

1 15000.000  15150.000  

2 14857.342  15046.353  

3 14911.832  14878.648  

4 15088.168  14878.648  

5 15142.659  15046.353  

generalization well 1 15000.000  15000.000  

As the result, drawdown data generated by multi-pumping wells and the generalization well 

will be used to do the feasibility analysis of WGM. Since the deviation of drawdown for each 

observation well is a function of time, the maximum deviation of drawdown of each observation 

well will be used to analyze the deviation distribution in the test field. Table 4.2 shows an example 

of the two-wells scheme with the maximum-deviation of drawdown in each observation well 



The “well generalization” method for estimating transmissivity and storage coefficient from 

multiple pumping wells with homogeneous aquifer condition 

46 

 

calculated. 

Table 4.2 Maximum deviation of drawdown in each observation well (two- wells scheme). 

Well 

number 

Maximum 

deviation of 

drawdown 

(m) 

Well 

number 

Maximum 

deviation of 

drawdown 

(m) 

Well 

number 

Maximum 

deviation of 

drawdown 

(m) 

Well 

number 

Maximum 

deviation of 

drawdown 

(m) 

OB1 0.005  OB31 0.013  OB61 0.896  OB91 0.015  

OB2 0.004  OB32 0.016  OB62 0.212  OB92 0.049  

OB3 0.004  OB33 0.015  OB63 0.093  OB93 0.069  

OB4 0.012  OB34 0.023  OB64 0.053  OB94 0.048  

OB5 0.018  OB35 0.029  OB65 0.034  OB95 0.014  

OB6 0.022  OB36 0.034  OB66 0.030  OB96 0.013  

OB7 0.019  OB37 0.029  OB67 0.045  OB97 0.016  

OB8 0.012  OB38 0.077  OB68 0.070  OB98 0.015  

OB9 0.004  OB39 0.161  OB69 0.113  OB99 0.009  

OB10 0.003  OB40 0.077  OB70 0.114  OB100 0.008  

OB11 0.005  OB41 0.029  OB71 0.611  OB101 0.004  

OB12 0.009  OB42 0.034  OB72 0.116  OB102 0.015  

OB13 0.008  OB43 0.029  OB73 0.114  OB103 0.030  

OB14 0.005  OB44 0.023  OB74 0.070  OB104 0.037  

OB15 0.015  OB45 0.030  OB75 0.045  OB105 0.029  

OB16 0.029  OB46 0.045  OB76 0.030  OB106 0.015  

OB17 0.037  OB47 0.070  OB77 0.023  OB107 0.005  

OB18 0.030  OB48 0.114  OB78 0.029  OB108 0.008  

OB19 0.015  OB49 0.116  OB79 0.034  OB109 0.009  

OB20 0.004  OB50 0.608  OB80 0.029  OB110 0.005  

OB21 0.008  OB51 0.113  OB81 0.078  OB111 0.003  

OB22 0.009  OB52 0.113  OB82 0.161  OB112 0.004  

OB23 0.015  OB53 0.070  OB83 0.077  OB113 0.012  

OB24 0.016  OB54 0.045  OB84 0.029  OB114 0.019  

OB25 0.013  OB55 0.030  OB85 0.034  OB115 0.022  

OB26 0.015  OB56 0.034  OB86 0.029  OB116 0.019  

OB27 0.048  OB57 0.053  OB87 0.023  OB117 0.012  

OB28 0.069  OB58 0.093  OB88 0.015  OB118 0.004  

OB29 0.049  OB59 0.213  OB89 0.016  OB119 0.004  

OB30 0.015  OB60 0.907  OB90 0.013  OB120 0.005  

The distribution of the maximum deviation of drawdown in test field is shown in Fig 4.6.  
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Fig 4.6 Maximum deviation of drawdown generated by different well schemes of the first scenario.  

Under the given conditions, the maximum deviations of drawdown of each type of well 

schemes are less than 1 m. The gray shading highlights areas with maximum deviations between 

0.1 m and 1 m. These areas are about 800 m~1000 m in length and width. The farer the distance 

between observation wells and multiple pumping wells field (abbr. MPWF), the smaller the 

drawdown deviation is. Obviously, the maximum deviations of drawdown in the area fenced by 

geometric wells of each scheme are much higher. 

Since the flow function applied to determine the characteristics of aquifer relies on the 

accuracy of drawdown data generated in the pumping test. It is obvious that the drawdown data 

generated by GW will cause the erroneous results of the estimated hydraulic parameters 

transmissivity and storage coefficient. The two-wells scheme is used to demonstrate the effect as 

follows. The scale of the MPWF (two pumping wells) is 200 m. Drawdown data of OB60, OB50, 

OB62, OB69, OB58 and OB68 are chosen for analyzing. When the maximum deviation of 

drawdown is different, the estimated parameters of the aquifer will be different. The distances of 

these six observation wells from MPWF are 100 m, 224 m, 300 m, 361 m, 500 m, 539 m, 

respectively. The values of distance are divided by the scale of MPWF (200m) are 0.5, 1.12, 1.5, 

1.81, 2.5, 2.7, respectively. The maximum deviations of drawdown of these observation wells are 
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0.907 m, 0.608 m, 0.212 m, 0.113 m, 0.093 m, 0.07 m, respectively.  

The drawdown data of these six observation wells will be used to estimate the transmissivity 

and the storage coefficient by matching point method. The matching point by using the drawdown 

data of OB50 is as an instance to show in Fig 4.7. 

 

Fig 4.7 Matching scatter point on Theis standard curve in log-log paper (OB50). 

As the result, the transmissivity and storage coefficient determined by the matching point 

method are listed in table 4.3.The errors of the estimated transmissivity and storage coefficient 

compared to the values set in FEFLOW referred to the true value are shown in Fig 4.8. 

Table 4.3 Estimated transmissivity and storage coefficient determined by matching point method. 

Well 

Number 

Maximum 

deviation of 

drawdown 

(m) 

Estimated 

Transmissivity 

(m2/day) 

Estimated 

Storage 

coefficient 

Note 

OB60 0.907 17.530  5.16E-06 The true value of 

transmissivity is 17.28 

m2/day, the true value of 

storage coefficient is 

5E-5. 

OB50 0.608 17.200  6.41E-05 

0B62 0.212 17.331  4.26E-05 

OB69 0.113  17.249  4.91E-05 

OB58 0.093  17.268  4.81E-05 



The “well generalization” method for estimating transmissivity and storage coefficient from 

multiple pumping wells with homogeneous aquifer condition 

49 

 

Well 

Number 

Maximum 

deviation of 

drawdown 

(m) 

Estimated 

Transmissivity 

(m2/day) 

Estimated 

Storage 

coefficient 

Note 

OB68 0.07 17.293  4.85E-05 

 

 

Fig 4.8 Errors of estimated transmissivity (left) and storage coefficient (right) compared to true values. 

Fig4.8 illustrates that the storage coefficient will be a little worse predicted when the 

observation well is much close to the pumping wells (such as OB60, the error of storage 

coefficient is 89.68 %) if using the well generalization method. The predicted transmissivity is 

much better (such as OB60, the maximum error is only 1.45 %). When the distance between 

observation wells and MPWF increases, the maximum deviation of drawdown decreases, and the 

predicted accuracy of aqufier parameters (transmissivity and storage coefficient) increase, despite 

there is a small wave at the tail. When the maximum deviation of drawdown declines to 0.093 m 

as OB58, the error of the estimated transmissivity compared to the true value is only 0.07 %, and 

the error of the estimated storage coefficient compared to the true value is only 3.78 %. When the 

maximum deviation of drawdown declines to 0.113 m as OB69, the error of the estimated 

transmissivity compared to the true value is only 0.18%, and the error of the estimated storage 

coefficient compared to the true value is only 1.73%. This means that when the maximum 

deviation of drawdown declines to 0.1 m, the error of estimated transmissivity compared to the 

true value is between 0.07 % and 0.18 %, the error of estimated storage coefficient compared to 

the true value is between 1.73 % and 3.78 %. Considering the method error (Zhang, 2012), when 

the maximum deviation of drawdown is less than 0.1 m, the estimated parameters of aquifer are 

fairly precise to use directly. Additionally, the area of large-deviation of drawdown is much close 

to the pumping wells. Suppose that there are some observation wells with the distance more than 

2.5 times the scale of MPWF away from the center of the MPWF, the deviation of drawdown will 

be less than 0.1 m. The good result will be obtained by using the well generalization method. 

In a word, with the assumptions that the aquifer is infinite, homogeneous and isotropic, and 
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the pumping wells are arranged geometric symmetrical, the discharge weights are identical When 

the distance between observation well and the center of the MPWF is more than 2.5 times the 

scale of the MPWF, the well generalization method will be satisfying to be used for estimating the 

aquifer parameters. However, these assumptions are rare to appear in the real field. One for 

instance is that the discharge weights of pumping wells are not identical. Thus, the next work is to 

analyze whether this method is applicable when different weights are considered of.  

4.4.2 The second scenario: The square configuration of four pumping wells with 

different discharge weights 

When the discharge weights of pumping wells are different, the position of the generalization 

well will change according to the generalization principle. It will cause the different deviation of 

drawdown. In this scenario, the square configuration of four pumping wells is taken into account. 

The weights of four pumping wells are given in four different set as 1:1:1:2; 1:1:2:2; 1:1:2:3; and 

1:2:3:4. The total discharge is 600 m
3
/h. These four examples reflect almost all kinds of weight 

allocation. The first example is given as three pumping wells with the same weight. The second 

one is assigned as PW1 and PW2 are with the same weight, meanwhile, PW3 and PW4 are with 

the same weight. The third one is given as PW1 and PW2 are with the same weight, but PW3 and 

PW4 are allocated with different weights. The last example is given as four pumping wells are 

with different weights. For comparing easily with other scenarios, the other conditions for 

simulation are same as the assumptions mentioned above. The distribution of the maximum 

deviation of drawdown in the test field is shown in Fig 4.9. 

In figure 4.9, it illustrates that the deviation of drawdown is less than 0.7 m if using well 

generalization method, when these four groups of discharge weights of pumping wells are 

considered of. As mentioned before, the deviation of drawdown is insignificant in the area fenced 

by the pumping wells. Furthermore, the discharge weights of pumping wells make little effect on 

the deviation of drawdown. The gray area is less than 800 m in scale, in which the deviation of 

drawdown is more than 0.1 m. As discussed in the first scenario, it is obvious that the deviation of 

drawdown will decrease while the distance of observation well to pumping wells increases. It also 

illustrates that the imaginary well is much closer to the pumping well with the largest weight. It 

causes the deviation of drawdown is larger around that largest weighted pumping well. Thus, the 

contour maps of deviation of drawdown are with different shape in figure 4.9. 

When the weights are allocated as 1:1:1:2, it means there are three pumping wells with the 

same weight and the fourth one with larger weight. The imaginary well will be much close to the 

fourth pumping well showed as PW4 in figure 4.9 (a). It indicates that PW4 influence more on the 

deviation of drawdown, causing the contour of deviation of drawdown looks like the ellipses 

centered with the imaginary well. The largest deviation of drawdown is 0.49 m generated in OB51. 

Because of the elliptical shape, along or reverse the direction from PW1 to PW3, the deviation of 

drawdown is smaller than that in other direction. 

When the weights are allocated as 1:1:2:2 showed in figure 4.9 (b), it means that PW1 and 

PW2 are with the same weight, PW3 and PW4 are with the same weight. It causes the discharge 

configuration to be symmetric and the imaginary well locates on the axis of symmetry but much 
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closer to PW3 and PW4. Because of the symmetric configuration, the contour of deviation of 

drawdown is symmetric and the largest value is 0.55 m generated in OB61. 

When the weights are allocated as 1:1:2:3 showed in figure 4.9 (c), it means PW1 and PW2 

are with the same weight, the discharge weight of PW3 is larger and the discharge weight of PW4 

is the largest. The imaginary well is closest to PW4 because of its largest weight. It illustrates that 

the contour shape of deviation of drawdown becomes irregularly if the weights are allocated 

randomly, additionally, the pumping well with the largest weight will affect the deviation of 

drawdown most. The largest value of deviation of drawdown is 0.66 m generated in OB61. 

The last example is that the weights are allocated as 1:2:3:4 showed in figure 4.9 (d), it gives 

the discharge of pumping wells randomly. Because the discharge of pumping wells is different in 

practice, this example can better reflect the real problem. The imaginary well is closest to PW4 

base on the principle of confirming the position of the generalization well. From this figure, it 

indicates that the contour shape of deviation of drawdown is like the first scenario, but more 

irregular, and the largest value of deviation of drawdown is 0.63 m generated in OB61.  

Comparing this scenario with the first one, the deviation of drawdown increases a little when 

different discharge weights are allocated to the pumping wells. However, the area with the 

deviation of drawdown more than 0.1 m does not expand. For different discharge weights, the 

scale of this area is about 800 m. It means if the observation wells are arranged 400 m (about 2 

times the scale of the MPWF) away from the center of the pumping wells field, the aquifer 

parameters estimated by the WGM will be much close to the real value. As analyzed in the first 

scenario, the error of transmissivity and storage coefficient will be less than 0.18% and 3.78% 

respectively.   
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Fig 4.9 Maximum deviation of drawdown generated by different discharge weights of four pumping 

wells in homogeneous aquifer. a, 1:1:1:2; b, 1:1:2:2; c, 1:1:2:3; d, 1:2:3:4. 

In a word, the discharge weight allocated to different pumping wells affects the deviation of 

drawdown when using well generalization method. However, if the distance of observation well to 

the center of the MPWF is more than 2 times the scale of the MPWF, the deviation of drawdown 

which is less than 0.1 m can be used for estimating the aquifer parameters. 

4.4.3 The third scenario: The asymmetric configuration of four pumping wells with 

different discharge weights. 

In practice, the discharge weights of pumping wells are different, and the configuration of 

pumping wells is irregular and asymmetric. Thus, the irregular configuration of pumping wells 

should be considered of. It is impossible to analyze every kind of configurations, thus, only one 

configuration mentioned in chapter 2 is taken into account (figure 4.10). The position of the 

generalization well is confirmed base on the generalization principle. 
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Fig 4.10 The position of the generalization well and pumping wells with the asymmetric configuration 

Since the discharge of these four production wells changes with time, the discharge weights 

of these four production wells are calculated base on the average value of discharge as 

33:31:17:19. Four kinds of total discharge as 200 m
3
/h, 300 m

3
/h, 400 m

3
/h, 500 m

3
/h are 

considered for analysis and comparison. Other parameters and conditions do not change. As the 

result, the contours of deviation of drawdown are showed in figure 4.11. 

In figure 4.11, it illustrates that the contour shape of maximum deviation of drawdown looks 

like the superposition of two orthogonal ellipses. When the total discharge increases, the 

maximum deviation of drawdown and the range of influence increase correspondingly. However, 

the maximum deviation of drawdown will not increase unendingly in practice, which is limited by 

the aquifer properties and the capacity of the test devices.  

When the total discharge is 200 m
3
/h, the contour of deviation of drawdown is showed as 

figure 4.11 (a), and the range of influence is much small. The area in which the deviation of 

drawdown is larger than 0.1 m is a little more than 400 m in scale. The largest value of deviation 

of drawdown is 0.14 m generated in OB61. 

In figure 4.11 (b), the total discharge is 300 m
3
/h and the range of influence become larger. 

The area in which the deviation of drawdown is larger than 0.1 m is about 600 m in scale. The 

largest value of deviation of drawdown is 0.2 m generated in OB61. 

When the total discharge is 400 m
3
/h, the range of influence expands further and the area in 

which the deviation of drawdown is larger than 0.1 m is slightly larger to about 700 m in scale. 

The largest value of deviation of drawdown is 0.27 m generated in OB61. 

The figure 4.11 (d) shows that the total discharge is 500 m
3
/h, and the area in which the 

deviation of drawdown is larger than 0.1 m is about 800 m in scale. The largest value of deviation 

of drawdown is 0.34 m generated in OB61. 
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Fig 4.11 Maximum deviation of drawdown with different kinds of total discharge. a, 200 m3/h; b, 

300 m3/h; c, 400 m3/h; d, 500 m3/h.  

After analyzing, it is obvious that different weights of discharge and the arbitrary position of 

production wells will influence the deviation of drawdown. However, the range of influence is less 

than 800 m when the deviation of drawdown is larger than 0.1 m.   

4.5 Conclusions 

The Well Generalization method is a new idea to analyze pumping test problems. Although 

this method is just an approximate way to estimate transmissivity and storage coefficient, it is high 

potential to be an easy-to-use method. If homogeneous aquifer conditions can be assumed, the 

result of using the WGM will be fairly sufficient. 

When the configuration of pumping wells are geometric symmetrical and the discharge of 
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each well is same, if the distance between observation wells and multiple pumping wells field is 

reasonably large, the maximum deviation of drawdown will much small, furthermore, the errors of 

estimated transmissivity and storage coefficient is fairly small. As an example, when a two-wells 

scheme is discussed, and the observation well is assigned more than 2 times the scale of the 

MPWF away from the center of the MPWF, the maximum deviation of drawdown will be less 

than 0.1 m, the error of estimated transmissivity is between 0.07 % and 0.18 %, and the error of 

estimated storage coefficient is between 1.73 % and 3.78 %. However, the discharge of pumping 

wells is different in practice. Therefore, each pumping well will be assigned with different 

discharge weight.  

Since it is difficult to confirm how the discharge weight could be, four classical weight sets 

are used to do the analysis. It is obvious that different discharge weights will influence the 

distribution of the maximum deviation of drawdown. Based on the generalization principle, the 

generalization well will much close to the pumping well with high discharge weight. It causes the 

high maximum deviation of drawdown near that pumping well. As mentioned above, the area with 

the maimum deviation of drawdown larger than 0.1 m is less than 800 m in scale no matter how 

the discharge weight allocated to these pumping wells. If the drawdown data is got from the 

observation well which is more than 400 m (about 2 times the scale of the MPWF) far away from 

the center of the MPWF, the WGM will be much satisfying to estimate the aquifer parameters.  

Normally, the position of pumping wells is asymmetric and irregular in practice. However it 

is difficult to analyze all kinds of configurations of pumping wells, only one kind of configuration 

mentioned in chapter two is analyzed in this chapter. Furthermore, the maximum deviation of 

drawdown will be influenced by the total discharge, thus, different values of total discharge such 

as 200 m
3
/h, 300 m

3
/h, 400 m

3
/h and 500 m

3
/h are set in the simulation model to analyze the 

maximum deviation of drawdown. It presents that the range of influence will increases while the 

total discharge increases, meanwhile, the maximum deviation of drawdown will increase 

correspondingly. However, the discharge depends on the properties of aquifer and the capacity of 

pumping devices, it is impossible that the discharge increases unendingly. As the result, when the 

total discharge is 500 m
3
/h, the range of the maximum deviation of drawdown larger than 0.1 m is 

about 800 m in scale.  

Thus, based on the conditions mentioned above, the WGM is feasible when the observation 

wells which are with the distance more than 2 times the scale of the MPWF away from the center 

of the MPWF, are used for estimating the transmissivity and the storage coefficient. 

The WGM can also be applied to estimate the discharge weights of pumping wells when the 

aquifer parameters and total discharge are known. Based on this condition, the position of 

generalization well will be easy to confirm. After that, the generalization principle can be used 

conversely to confirm the discharge weight of each pumping well. However, it will be much 

difficult to confirm the discharge weights of pumping wells if there are more than four pumping 

wells. 

In a word, the well generalization method is a feasible and effective method to determine 

aquifer parameters from multiple pumping well tests. Moreover, it could be used to estimate the 
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discharge weights of pumping wells. Only homogeneous aquifer conditions are considered in this 

chapter, the heterogeneous condition will be discussed in next chapter. 



Well generalization method for estimating transmissivity and storage coefficient with the 

heterogeneous aquifer condition 

57 

 

CHAPTER 5 WELL GENERALIZATION METHOD 

FOR ESTIMATING TRANSMISSIVITY AND 

STORAGE COEFFICIENT WITH THE 

HETEROGENEOUS AQUIFER CONDITION 

5.1 Introduction 

As analyzed in chapter 4, the WGM is feasible to estimate the transmissivity of the 

homogeneous and isotropic aquifer. The reverse application of the well generalization principle is 

a feasible approach to calculate the discharge weights of production wells. In this chapter, the 

aquifer heterogeneity will be considered of. The purpose of this chapter is discussing the 

feasibility of the well generalization method with heterogeneous aquifer condition. 

For heterogeneous aquifer, transmissivity and other aquifer parameters required by 

distributed aquifer models are highly variable in space and can exhibit large-scale trends, 

small-scale variations together with discontinuities between zones(Mantoglou, 2003). How to 

estimate these parameters is more complicate than under the assumption of the homogeneous 

aquifer conditions, and the methods that give continuous or smooth estimates of transmissivity 

would be more appropriate then (e.g. spatial interpolation, Mantoglou, 2002, or pilot point and 

Kriging methods, RamaRao et al. 1995). Neural networks were proposed by Cybenko (1989, 

Murata (1996), Kanevsky et al. (1996) and Candés (1999) for approximating multi-dimensional 

spatial functions while Torfs and Bier (2000) used neural networks with a sigmoidal transfer 

function for parameterizing the transmissivity in the context of inverse aquifer modeling. 

The spatial structure of the hydraulic conductivity of heterogeneous aquifer cannot be 

completely defined using field experiments, and from the practical point of view, the 

hydrogeologist seldom has sufficient field information to fit a particular probability distribution 

(Serrano, 1996). Thus, a stochastic approach is commonly applied in modeling groundwater flow 

and transport in heterogeneous aquifers. The traditional approach to solving stochastic partial 

differential equations has been the application of small perturbation methods. Under this approach 

the logarithm of the transmissivity, log T, is assumed to follow a Gaussian probability distribution, 

the spatial variability of log T is assumed to be “small”, and members of the differential equation 

are eliminated to obtain a closed form solution (Bakr et al., 1978; Dagan, 1979; Gutjahr and 

Gelhar, 1981). An interesting recent development in this category is by Cheng and Ouazar (1995), 

who presented an extension to the Theis solution. Furthermore, the variability of T or K is usually 

much larger than the variability of S (Dagan, 1982; Oliver, 1993; Schad and Teutsch, 1994). Thus, 

the variability of T is only taken into account and the S is set as constant in this chapter. 

There are some other researchers who have done some works about the transmissivity in the 

heterogeneous aquifer. Warren and Price (1961) made a first attempt to investigate the effects of a 
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spatially uncorrelated heterogeneous conductivity field on three-dimensional, steady-state and 

transient flow. They found that the effective steady-state hydraulic conductivity agreed well with 

the geometric mean of the model grid values. Vandenberg (1977) concluded that for a two 

dimensional, uniformly distributed and also spatially uncorrelated transmissivity field, the 

time-drawdown behavior agreed well with the Theis solution. The analytically obtained 

transmissivity values, however, came close to the arithmetic mean of the model grid values. Butler 

(1991) reported a stochastic analysis of pumping tests in a confined aquifer using an exponential 

spatial correlation of block conductivities. He concluded that for a horizontally isotropic spatial 

correlation of the hydraulic conductivity, the variability of transmissivity values, as determined for 

observation wells located at distances of up to the order of the range of the stochastic process, is 

insignificant with respect to their angular position. However, the variability of transmissivity 

values was found to increase considerably with increasing distances between observation and 

pumping wells. Only very few investigations based on field pumping tests in heterogeneous 

aquifers have been described in the literature so far. Furthermore, conventional pumping tests are 

restricted to a single pumping well. Analysis of these tests provides hydraulic properties over a 

large influence zone, essentially an ellipse, between the production and observation wells (Butler 

and Liu, 1993; Gottlieb and Dietrich, 1995). The obtained transmissivity is a weighted average 

and does not provide detailed spatial information (Yeh and Liu, 2000). Barker and Herbert (1982) 

considered, in a combined numerical and experimental study, a pumping well centered in a 

cylindrical patch of uniform transmissivity T1 surrounded by a matrix of transmissivity T2, Their 

numerical pumping tests yielded the transmissivities T1 and T2 for early and late drawdown data, 

respectively, using an appropriate analytical solution for the evaluation of the calculated 

drawdown curves. Herweijer and Young (1991) presented a qualitative model of aquifer 

heterogeneity for the interpretation of temporal and spatial variability of hydraulic parameters 

derived from pumping tests in a heterogeneous fluvial aquifer. If considered the well effect, Leven 

and Dietrich (2005) present that the early time data of drawdown can be used for parameter 

evaluation since well effects are not present. However, such effects may influence early time data 

in field applications and appropriate interpretation methods should be considered in such cases 

(e.g. Kruseman and DeRidder, 1994).  

In the past few decades, geostatistics is applied to solute some hydrogeological problems and 

is considered as a useful tool for characterizing spatial variability of a variable such as 

transmissivity (Nghia, 2008). Kriging as a group of geostatistics techniques has been used to 

estimate the spatial variability of groundwater variables (Kitanidis and Vomvoris, 1983; 

Hoeksema and Kitanidis, 1984; Schafmeister, 1999; Hu et al., 2005).  

In this chapter, a series of numerical simulations are performed to analyze the feasibility of 

the well generalization method. The analysis procedure consists of the following steps: (1) 

generation of two-dimensional heterogeneous T field, (2) simulation of transient radial flow 

toward the pumping wells (or generalization well) in this heterogeneous field using FEFLOW, (3) 

analysis of the result. 
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5.2 Methodology 

5.2.1 Variogram 

Variogram as an important component of kriging which will be discussed in the next section 

is a most effective tool for characterizing the spatial dependency of samples (Myers et al, 1982; 

Hoang, 2008). The function of variogram is destribed as 

( )
2

1

1
( ) 0.5 ( ( ) ( ))
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                               (5.1) 

Where N(h) is the number of pairs of data locations at distance h apart. 

Most geostatistical estimation or simulation algorithms require an analytical variogram model 

(Gringarten and Deutsch, 2001). The practice of variogram modeling and the principle of the 

linear model of regionalization have been covered in many texts (Journel and Huijbregts, 1978; 

Armstrong, 1984; Cressie, 1993; Olea, 1995; Goovaerts, 1997). In this chapter and next chapter, 

the spherical model is used as: 
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Where, C is sill, a is the influence range. The sill is the ordinate value at which the variogram 

stops increasing; the influence range, is the lag distance at which the sill is reached in variogram 

plots, which depends on distance as well as directions and is identified as the distance of 

dependence in the field (Hoang, 2008). 

However, there is a problem when building a variogram model. Sometimes, the data set is not 

enough to calculate, interpret, and model a reliable variogram (Cressie and Hawkins, 1980; 

Genton, 1998a). Especially for transmissivity considered in this thesis, generally the value of 

transmissivity is estimated by analyzing the drawdown data of observation wells. Indeed, there is a 

small number of observation wells conducted in practice. In this case, the variogram model will be 

less reliable and mostly depend on the modeler’s experience. 

5.2.2 Kriging 

Kriging is the geostatistical technique developed by Matheron (1971) which focuses on 

modeling spatial relationships between samples (Myers et al, 1982) and gives the best unbiased 

linear estimates of point values or of block averages (Armstrong, 1998). It was originally a linear 

predictor, with the developments in geostatistics, methods of optimal nonlinear spatial prediction 

have become part of the “kriging family” (Cressie, 1990). In kriging family, there are Simple 

Kriging (SK), Oridinary Kriging (OK), Universal Kriging (UK), Disjunctive Kriging (DK) and 

Indicator Kriging (IK). These methods have been developed to solve diversely complex problems. 
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In this chapter and next chapter, the OK method will be applied to estimate the value of 

transmissivity. Ordinary Kriging method works under simple stationarity assumptions and does 

not require knowledge of the mean, since in most practical situations the mean is not known 

(Chiles and Delfiner, 2012). 

The transmissivity is referred to the Regionalized Variable Z(x), with the assumption of 

stationary but unknown mean. For ordinary kriging, the unknown value Z(x0) is interpreted as a 

random variable located in x0, as well as the weighted values of neighbors samples Z(xi), i=1,…, 

N. The estimator Z*(x0) is also interpreted as a random variable located in x0, a result of the linear 

combination of the weighted variables: 

0
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i i
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Z x Z xλ


                                                        (5.3) 

Where, N is the number of samples, li is the weight attributed to the sample Z(xi). 

The following error committed while estimating Z(x) in x0 is declared: 

0 0 0( ) *( ) ( )x Z x Z xε                                                        (5.4) 

Since the mean is stationary, the respect of e(x0) denoted as E(e(x0)) should be zero. In order 

to ensure that this respect is unbiased, the sum of weights needs to be one.  

In order to obtain the value of estimator and the weights, the variance of the error is 

minimized to generate a set of linear equations called the ordinary kriging system. It is described 

as: 
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In matrix form: 
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Where, m is the Lagrange multiplier. 

The minimum squared error estimation is also a measure for the accuracy of estimates, which 

is known as estimation variance, or kriging variance, and is given by (Kumar and Remadevi, 

2006) 
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And its matrix form is  
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5.3 Geostatistics for generating heterogeneous T field 

In first step, the two-dimensional heterogeneous T field will be generated by geostatistics.  

Usually, the probability distribution of most groundwater variables is often positively skewed 

so that log-transformed data are often used in kriging estimation (Candela et al., 1988).  

As chapter 4, The ATA with the scale of 10 km * 10 km is designed. Differently, the ATA is 

heterogeneous, which means the transmissivity is not a constant. When the heterogeneity is 

discussed, the original data set of transmissivity is necessary to build a variogram model for 

interpolating by kriging. Thus, the original data set of transmissivity of the ATA will be given 

randomly but these values should fit the real conditions. Based on this precondition, the ATA is 

divided into 10000 element with the element size of 100 m by 100 m, furthermore, it is assumed 

that the original set of transmissivity follows the lognormal Gaussian distribution with the mean 

value of 0.0004 m
2
/s and the variance of 3.08e-7 (m

2
/s)

2
.  

Then, these artificial data of transmissivity are applied to build a variogram model as: 
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In eq 5.9, a is the influence range, and in this variogram model, it is 500 m.  

Based on this variogram model, the sequential Gaussian simulation (abbr. SGS) algorithm is used 

to simulate a random field of transmissivity data in order to reflect its small scale variability. SGS 

is the most commonly used form of geostatistical simulation for reservoir modeling for continuous 

variables (Soltani et al, 2013; Geboy et al, 2013). The SGS algorithm (simple kriging) uses the 

sequential simulation formalism to simulate a Gaussian random function. Thus, a non-Gaussian 

random function must first be transformed into a Gaussian random function (Remy et al, 2009). In 

addition, this algorithm calls for the variogram of the normal score not of the original data.   

Accordingly, 10000 data of transmissivity are generated as the simulated result and the histogram 
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of this result is showed in figure 5.1. 

 

Fig 5.1 The histogram of probability density function of transmissivity and the curve of cumulative 

distribution function of transmissivity 

Figure 5.1 shows that the simulated histogram of the transmissivity follows a lognormal 

Gaussian distribution.  

The resulting variogram matches the variogram model is illustrated in figure 5.2. 
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Fig 5.2 The variogram of transmissivity in different directions. Plot 1 is omni-direction, plot 2 is NS 

direction (Y), plot 3 is EW direction (X) 

In figure 5.2, the scatter of the result variogram matches the given variogram model well, 

which means the simulated values of transmissivity correspond with the designed purpose.  

Thus, the simulated value of transmissivity of the ATA will be used as the parameter of the 

heterogeneous aquifer, and the distribution of simulated value is showed in figure 5.3. 
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Fig 5.3 The distribution of simulated transmissivity in the ATA 

5.4 Simulation of transient radial flow using FEFLOW 

The ATA is same to the area designed in chapter 4 (Figure 4.5). Transient flow conditions are 

simulated. Different model designs with respect to the geometry of production wells and the 

discharge weights of each production well are proposed. In order to minimize errors which 

originate from spatial and temporal discretization in the finite-element scheme of FEFLOW 

(Zhang, 2012), the model domain is subdivided into small elements with side lengths of less than 

150 m. Elements surrounding the wells are refined to side lengths between 20 to 30 meters. The 

initial time step length is set 10
-6

 day (= 0.0864 s), and the automatic time step which is enforced 

by the semi-implicit nondissipative trapezoid rule with a second-order accuracy is chosen to 

control the time step (Diersch, 2002). The initial hydraulic head, storage coefficient are set as 

100 m and 0.00005, respectively. The period of test is three days. Since the aquifer is 

heterogeneous, the value of transmissivity is generated using geostatistics method mentioned in 

section of 5.2.1 and is supplied in a database file.  

There are also three scenarios taken into account as chapter 4. The first one is the ideal 

condition, which is assumed as the geometric symmetrical configuration of the pumping wells 

with the same discharge of every pumping well. The second one is just considered of four 

pumping wells with the geometric symmetrical configuration but the discharge of every pumping 

well is different, which means that each pumping well is with different discharge weight. The last 

one is considered of the asymmetric configuration of four pumping wells with different discharge 

weight. 
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The first scenario is considered with the geometric symmetrical configuration of pumping 

wells, and the discharge rate of each pumping well is same. The total discharge is 600 m
3
/h. The 

configuration is showed in figure 4.5. The coordinates of the pumping wells and the generalization 

well are listed in table 4.1. 

The second scenario is considered with the square configuration of four pumping wells, but 

the discharge of each pumping well is different, which means each pumping well has different 

discharge weights. Four different set of weights are analyzed, exampled as 1:1:1:2; 1:1:2:2; 

1:1:2:3; and 1:2:3:4. The total discharge is also 600 m
3
/h. 

The third scenario is considered with the asymmetric configuration of four pumping wells 

(Figure 4.10), and each pumping well has different discharge weight as 33:31:17:19. In this 

scenario, four kinds of total discharge as 200 m
3
/h, 300 m

3
/h, 400 m

3
/h, 500 m

3
/h are considered 

of. 

5.5 Results and discussions 

5.5.1 Results 

After simulating the first scenario, the maximum deviation of drawdown is illustrated in 

figure 5.4. The contour map of maximum deviation of drawdown is interpreted based on the 

observation data, therefore, the range of contour is 2000 m * 2000 m. 
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Fig 5.4 Maximum deviation of drawdown generated by different well types arranged geometrically 

symmetrical in the heterogeneous aquifer 

In figure 5.4, the maximum deviation of drawdown is larger than 0.5 m in the gray area.  

For two-wells scheme, the gray area is about 900 m * 700 m in scale. The peak value of 

maximum deviation of drawdown is 14.7 m generated in OB61. It illustrates that the maximum 

deviation of drawdown declines more quickly in the Y direction. Since there is not any 

observation wells arranged in the pumping region between the pumping wells, the peak value of 

maximum deviation of drawdown locates on the right side of PW2. 

For three-wells scheme, the gray area is about 1600 m * 800 m in scale, however the 

lengthwise direction is not parallel to the X direction but minus 45 degree to it. The peak value of 

maximum deviation of drawdown is 4.3 m generated in OB51. The maximum deviation of 

drawdown generated in OB60 is 3.8 m, which makes the contour of maximum deviation of 

drawdown appear two peaks. Along the crosswise direction of the gray area, the maximum 
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deviation of drawdown decrease more quickly.  

For four-wells scheme, the gray area is about 900 m * 750 m in scale. The peak value of 

maximum deviation of drawdown is 3.6 m generated in OB60. It indicates that the maximum 

deviation of drawdown declines faster in Y direction. 

When the number of pumping wells is five, the gray area expands to nearly 1000 m * 800 m 

in scale. The peak value of maximum deviation of drawdown is 7.7 m generated in OB61. It 

illustrates that the maximum deviation of drawdown decreases faster in Y direction. 

The second scenario takes into account the discharge weight, and the square well 

configuration is used to analyze the maximum deviation of drawdown. The contour map of 

maximum deviation of drawdown is showed in figure 5.5.  

 

Fig 5.5 Maximum deviation of drawdown generated by different discharge weights of four pumping 

wells in the heterogeneous aquifer. a, 1:1:1:2; b, 1:1:2:2; c, 1:1:2:3; d, 1:2:3:4.  

In figure 5.5, it illustrates that the maximum deviation of drawdown is larger than half meter 

in the gray area. Since the discharge weights of pumping wells are different, the position of 
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generalization well is correspondingly different. It causes the difference of contour map of 

maximum deviation of drawdown. 

When the discharge weight of four pumping wells is 1:1:1:2, the gray area is about 800 m * 

800 m in scale. The peak value of maximum deviation of drawdown is 2.1 m generated in OB51. 

If the discharge weight of four pumping wells is changed to 1:1:2:2, the gray area is still 800 m * 

800 m in scale, but the peak value of maximum deviation of drawdown is larger as 4.2 m 

generated in OB61. It illustrates that the maximum deviation of drawdown declines faster in X 

direction. For the third kind, namely, the discharge weight of four pumping wells is 1:1:2:3, the 

gray area becomes slightly larger as 900 m * 800 m. The peak value of maximum deviation of 

drawdown becomes 4.9 m generated in OB61. It is obvious that the maximum deviation of 

drawdown declines faster in X direction. However it declines more slowly in X direction after the 

maximum deviation of drawdown declines to 0.2 m. When the discharge weight of four pumping 

wells is 1:2:3:4, the gray area expands to about 900 m * 900 m, and the peak value of maximum 

deviation of drawdown is 8.7 m generated in OB61. It indicates that the maximum deviation of 

drawdown decreases faster in X direction.  

As mentioned in chapter 4, the third scenario with asymmetric configuration of pumping 

wells and different discharge weights is encountered mostly in real aquifer test. After simulation, 

the distribution of maximum deviation of drawdown in research area is showed in figure 5.6. 
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Fig 5.6 Maximum deviation of drawdown with different kinds of total discharge under heterogeneous 

condition. a, 200 m3/h; b, 300 m3/h; c, 400 m3/h; d, 500 m3/h. 

In figure 5.6, it illustrates that the maximum deviation of drawdown is larger than 0.5 m in 

the gray area. The range of this area becomes larger and the peak value of maximum deviation of 

drawdown becomes larger when the total discharge increases. In Y directions of the gray area, the 

maximum deviation of drawdown decreases faster. 

 As showed in figure 5.6 (a), the total discharge is 200 m
3
/h, and the gray area is about 

500 m * 300 m in scale. The peak value of maximum deviation of drawdown is 1.8 m generated in 

OB61. In figure 5.6 (b), the total discharge is 300 m
3
/h, and the gray area is about 600 m * 400 m 

in scale and the peak value of maximum deviation of drawdown is 2.7 m generated in OB61. The 

figure 5.6 (c) illustrates that the gray area is about 700 m * 450 m in scale, and the peak value of 

maximum deviation of drawdown is 3.6 m generated in OB61. When the total discharge is 

500 m
3
/h, the gray area will expand to about 750 m * 500 m in scale, the peak value of maximum 

deviation of drawdown becomes 4.5 m generated in OB61. It is obvious that the gray area expand 

more in X direction.  
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5.5.2 Discussions 

The purpose of analyzing the maximum deviation of drawdown is to estimate the aquifer 

parameters such as transmissivity and storage coefficient. If the maximum deviation of drawdown 

is small enough, the aquifer parameters estimated by well generalization method will be as good 

as them estimated by other analytical method. In chapter 4, we have discussed the feasibility of 

well generalization method in homogeneous aquifer, but here, we will discuss the feasibility of 

this method in heterogeneous aquifer. In first scenario, the configuration of pumping wells is 

symmetric, the maximum deviation of drawdown is obviously larger compared to it in 

homogeneous aquifer. The gray area means that the maximum deviation of drawdown is larger 

than 0.5 m. Considered of the homogeneous aquifer, when the maximum deviation of drawdown 

is less than 0.5 m, the errors of estimated transmissivity and storage coefficient will less than 0.46% 

and 28.2% respectively (Figure 4.8). In this chapter, the storage coefficient is set constantly as 

0.00005. Thus, the transmissivity is merely set with different values in this heterogeneous aquifer. 

The scheme of three pumping wells is chosen to discuss the error of estimated transmissivity when 

the well generalization method is used, and OB93 is the exclusive observation well in these 120 

observation wells whose maximum deviation of drawdown is 0.5 m. Therefore, the drawdown 

data of OB93 will be used to discuss the feasibility of well generalization method in 

heterogeneous aquifer, and based on the Theis (1935) equation the match point method is applied 

to estimate the transmissivity (Figure 5.7). 
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Fig 5.7 Matching scatter point on Theis standard curve in log-log paper (OB93). 

In figure 5.7, the value of 1/u, W(u), s and t are 10, 1, 1.914 m, 2990 min, respectively. At the 

point of OB93, the transmissivity value set in model referred to the real value is 0.00029 m
2
/s, and 

the estimated value of transmissivity by matching point is 0.000289 m
2
/s. The error of estimated 

transmissivity is 0.44%. 

When the maximum deviation of drawdown decreases, the error of estimated transmissivity 

will decrease correspondingly. Figure 5.4 shows when the observation wells do not locate in that 

gray area, the maximum deviation of drawdown will less than 0.5 m. It presents that the estimated 

transmissivity will be much satisfying and the error of estimated transmissivity will less than 

0.44%. It is obvious that the gray area of the equilateral triangle scheme is much larger than other 

schemes. It is better to arrange the observation wells in Y direction away from the center of the 

MPWF more than 2 times the scale of the MPWF for two wells scheme, square scheme and 

regular pentagon scheme, but for the equilateral triangle scheme, it is better to arrange the 

observation wells in X direction away from the center of the MPWF more than about 2.5 times the 

scale of MPWF in X direction.  

If we change the discharge weights of pumping wells (figure 5.5), the gray area which means 

the maximum deviation of drawdown is more than 0.5 m will be affected by different weights of 

pumping wells. Since the square scheme of pumping wells is taken into account, compared figure 
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5.5 with figure 5.4, the gray area is much more regular in figure 5.5. It means the scale of the gray 

area is almost same in X and Y direction. It indicates that there is not priority of arranging the 

observation wells in which direction. In despite of the higher deviation of drawdown generated 

because of the different discharge weights, the area with the maximum deviation of drawdown 

more than 0.5 m does not expand a lot. Indeed, the most effect by discharge weights is to make the 

position of the generalization well different. Moreover, only four sets of discharge weights are 

considered for analyzing the feasibility of the well generalization method, it is not rigorous to 

result the influence of discharge weights to the maximum deviation of drawdown. But one thing 

could be confirmed that the estimated transmissivity will be much close to the real value when the 

observation wells are arranged a little far away from the pumping wells. In this chapter, when the 

distance between observation well and the center of the MPWF is larger than about 400 m- 450 m 

(about 2 – 2.5 times the scale of the MPWF), the maximum deviation of drawdown is less than 0.5 

m, correspondingly the estimated transmissivity will be 0.44% smaller than the real value. As 

analyzed by matching point, the estimated value is 0.000001 m
2
/s smaller than real value. Hence, 

the transmissivity estimated by WGM is valuable enough to be used directly. 

The third scenario considers of both the discharge weights and the configuration of pumping 

wells. Thus, it coincides with the real pumping test. Indeed, it bases on the AAT conducted in 

Liu-II coal pit which is mentioned in chapter 2. Comparing figure 5.6 with figure 4.11, there is 

something in common that the maximum deviation of drawdown will increase when the total 

discharge increases, however, the maximum deviation of drawdown contoured in figure 5.6 is 

larger than that contoured in figure 4.11. The gray area in figure 5.6 suggests that the maximum 

deviation of drawdown is larger than 0.5 m. As mentioned above, out of the gray area, the error of 

transmissivity estimated will be less than 0.44%.In this case, if the observation wells are arranged 

away from the center of the MPWF with the distance between 1.25 times to 2 times the scale of 

the MPWF, the corresponding drawdown data obtained can be used to estimate transmissivity by 

WGM. The distance is influenced by the total discharge of pumping wells. 

In a word, comparing the analysis of three scenarios under heterogeneous condition and 

homogeneous condition, the maximum deviation of drawdown is influenced more by the 

heterogeneity of aquifer. It is obvious that the maximum deviation of drawdown is larger in a 

heterogeneous aquifer. In this chapter, the area with the maximum deviation of drawdown more 

than 0.1 m is too large to discuss. Thus, the maximum deviation of drawdown more than 0.5 m is 

discussed. When the maximum deviation of drawdown is 0.5 m, the corresponding error of 

estimated transmissvity is 0.44%. The problem is that the range of the area with the maximum 

deviation of drawdown more than 0.5 m is affected by the number of pumping wells, the 

configuration of pumping wells and the discharge of pumping wells. After analyzing, if the 

observation well with the distance to the center of the MPWF more than 2-2.5 times the scale of 

the MPWF, the transmissivity estimated by WGM will be satisfying. 

5.6 Conclusions 

The purpose of this chapter is analyzing the feasibility of the well generalization method in 

the heterogeneous aquifer, thus a heterogeneous aquifer is assumed with different value of 
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transmissivity in the ATA. The geostatistics method is applied to generate different values of 

transmissivity by assuming the transmissivity distributes as log-normal Gaussian distribution and 

the variogram of transmissivity coincides with the spherical model. As same to chapter 4, three 

scenarios are taken into account.  

When the configuration of pumping wells are geometrical symmetric, and the discharge of 

each pumping wells is equivalent, if using well generalization method to estimate transmissivity, 

the maximum deviation of drawdown is larger than that in homogeneous aquifer, However, the 

common thing is that the maximum deviation of drawdown is larger in the area nearby the 

pumping wells. There is a range of maximum deviation of drawdown analyzed to ensure the 

estimated value of transmissivity is satisfying enough. It is illustrated as gray area with the 

maximum deviation of drawdown larger than 0.5 m. As mentioned above, if the maximum 

deviation of drawdown is 0.5 m, the estimated value of transmissivity will be 0.44% smaller than 

real value. Another conclusion is that the configuration of pumping wells influences the 

distribution of maximum deviation of drawdown. It is obvious that the two pumping wells scheme 

generates the highest peak value of maximum deviation of drawdown but with smallest gray area. 

For three pumping wells, the peak value of maximum deviation of drawdown is small but the gray 

area is the largest. As a result, if arranging the observation wells out of that gray area, the 

maximum deviation of drawdown will be less than 0.5 m, the corresponding error of estimated 

value of transmissivity will be less than 0.44 %. Based on this condition, the well generalization 

method is feasible if the configuration of pumping wells are geometrical symmetric and the 

discharge of each pumping wells is equivalent.  

In practice, restricted by some problems, the discharge of pumping wells could not be 

equivalent. Indeed, the discharge weights of pumping wells are different. Thus, the second 

scenario takes into account of the discharge weight which is designed as 1:1:1:2, 1:1:2:2, 1:1:2:3, 

1:2:3:4, respectively. As a result, the peak value of maximum deviation of drawdown increases 

when the discharge weights are more different. However, the gray area with the maximum 

deviation of drawdown larger than 0.5 m does not expand a lot. Under this condition, the 

estimated value of transmissivity will be satisfying enough if the observation wells are arranged 

with the distance more than 2 – 2.5 times the scale of the MPWF away from the center of the 

MPWF.  

The third scenario takes into account of both the position of pumping wells and the discharge 

weights. Based on the AAT conducted in Liu-II coal pit, the configuration of pumping wells is 

asymmetric, the discharge weights are different. When the total discharge increases, the peak 

value of maximum deviation of drawdown will increase correspondingly, and the gray area 

illustrated as the maximum deviation of drawdown more than 0.5 m expands larger 

correspondingly. In this case, if the observation wells are arranged away from the center of the 

MPWF with the distance between 1.25 times to 2 times the scale of the MPWF, the corresponding 

drawdown data obtained can be used to estimate transmissivity by WGM. The distance is 

influenced by the total discharge of pumping wells. 

As a result, based on the conditions mentioned above, if the observation wells are arranged 

more than 2.5 times the scale of the MPWF away from the center of the MPWF, the maximum 
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deviation of drawdown generated in these observation wells will be much small, and the estimated 

value of transmissivity will be much reasonable. 

In a word, the well generalization method is feasible for heterogeneous aquifer. Despite that it 

is not precise by using one generalization well to instead of all of the pumping wells, this method 

is still greatly adequate to evaluate the aquifer parameters. 
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CHAPTER 6 A CASE STUDY OF APPLICATION OF 

WELL GENERALIZATION METHOD BASED ON 

THE ARTESIAN AQUIFER TEST CONDUCTED IN 

LIU-II COAL PIT 

6.1 Introduction  

In chapter 4 and chapter 5, the feasibility of well generalization method is clarified in 

artificial homogeneous and heterogeneous aquifers. The goal of this chapter is applying the well 

generalization method in practice and analyzing whether this method is accurate enough to solve 

practice problem. An AAT conducted in Liu-II coal pit is mentioned in chapter 2. The data 

collected in Liu-II coal pit is applied to build a hydrodynamic model of TFLA. This model will 

verify the feasibility of well generalization method in practice problem. The spatial dimensionality 

(1D or 2D or 3D) depends on the physical situation and the aim of modeling (Holzbecher and 

Sorek, 2005). In addition, in most application conceptualization problems and uncertainty 

concerning the data are the most common sources of error (Konikow, 1992). For this chapter, 

since the data collected is not enough to build a 3-D model, just a 2-D model is build by 

FEFLOW. 

FEFLOW is a fully integrated 3-D finite element model, which excels in cases that involve 

complex geological structures, unsaturated flow, density-dependent flow (saltwater intrusion) or 

thermal convection (Diersch, 2002). It is used not only for fluid, mass and heat transport, but also 

for saltwater infiltration simulation, for both porous and discontinuity (under conditions) media 

(Diersch, 2002). The available element types include the quadrilateral and the triangular elements, 

where groundwater level is calculated in each mode (Diersch, 1998). In FEFLOW, it allows the 

user to perform local mesh refinements only in the areas of interest thus avoiding creation of 

excessive number of elements. Amongst the advantages of the finite element method is the ability 

to represent key features of the modeling domain (geological contacts, boundary conditions, main 

stress zones, etc) with high precision (Istok, 1989; Raptanova et al., 2007) 

6.2 Development of the mathematical model 

In chapter 1, the geological and hydrogeological conditions of study area are presented. 

According to the characteristics of the aimed aquifer formation and the groundwater flow 

circumstance, the hydrogeologic conceptual model is developed. It is depicted that the aimed 

aquifer is confined, fractured and heterogeneous (the faults are simplified as a factor makes the 

aquifer heterogeneous, thus, except parts of the faults are considered as the boundary, others are 

referred to with different value of transmissivity rather than as the boundary). Despite the aquifer 

is fractured, the Darcy’s law is still appropriate. There is only the lateral recharge from the same 
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formation, and the discharge derives from production wells and thelateral formation. In chapter 2, 

the study area is divided into three parts, and there is no hydrodynamic correlation between part I 

and part II or part III. Thus, only part I is applied to build this numerical model (Figure 6.1). 

 

Fig 6.1 The problem domain for building numerical model (part I of study area) 

Based on the mentioned hydrogeologic conceptual model, the corresponding mathematic 

equation set is presented as (Bear, 1977) 
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Where T is transmissivity , in m
2
/d; S is storage coefficient without unit; h is potentiometric 

head, in m; W is the discharge of production wells, in m
3
/d; W is the domain of the model, G1 and 
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G2 denote the first type boundary and the second type boundary respectively, n is the outward 

normal vector. 

6.3 Development of the numerical model 

There are different numerical techniques by which computer algorithms are derived from 

equations that govern the model. In order to obtain a numerical model, the mathematical (e.g. 

differential) formulation for continuous variables has to be transformed into discrete form 

(Holzbecher and Sorek, 2005). Several types of numerical methods have been used to solve such 

kind of mathematic model of groundwater problem, the two principal ones being the “finite 

difference method” and “finite element method” (Istok, 1989). In this chapter, the simulation 

software of FEFLOW is based on the finite element method, thus the finite element method is 

discussed merely hereafter.  

The first step in the solution of a groundwater flow problem by the finite element method is 

to discretize the problem domain. This is done by replacing the problem domain with a collection 

of nodes and elements referred to as the finite element mesh, and the shape of element is triangle 

used in FEFLOW for simulation. It is obvious that a coarse mesh has a smaller number of nodes 

and will give a lower precision than a fine mesh. However, the larger the number of nodes in the 

mesh, the greater will be the required computational time. Sometimes, a moderate number of 

nodes are precision enough. Thus, 16687 mesh nodes and 32937 mesh elements are generated in 

this numerical model. The second step in the finite element method is to derive an integral 

formulation for the governing groundwater flow. This integral formulation leads to a system of 

algebraic equations that can be solved for values of the field variable such as hydraulic head or 

potentiometric head at each node in the mesh. Several methods can be used to derive the integral 

formulation for a particular differential equation, and the method of weighted residuals is a more 

general approach that is widely used in groundwater flow modeling. The third step is to evaluate 

the matrix-integral expression such as the equations for the saturated form of the element 

conductance matrix leaded by applying the method of weighted residuals. The fourth step is to 

solve the systems of equations to obtain values of hydraulic head or potentiometric head at each 

node in the mesh. Based on these steps, a computer program is needed to calculate since the 

meshes designed are with thousands of nodes, it is impossible to do a hand calculation.  

6.3.1 Initial conditions 

Before the AAT, we switched on the valves of production wells for nearly two hours to 

ensure every well works regularly, thus the initial potentiometric heads of observation wells are 

not the value of static water level (table 6.1). 

Table 6.1. The initial potentiometric head of observation wells 

OB Num 
Coordinate Potentiometric 

head, m X Y 

OB1 39467973  3758152  -281.87  

OB2 39468273  3758314  -265.76  
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OB Num 
Coordinate Potentiometric 

head, m X Y 

OB3 39468564  3758958  -260.75  

OB5 39467838  3756609  -234.74  

OB6 39468097  3756535  -228.40  

OB7 39469110  3757442  -230.47  

OB8 39469370  3757669  -224.60  

OB10 39467337  3755272  -232.82  

OB11 39466900  3759259  -295.20  

OB12 39469234  3755728  -213.12  

In the problem domain, all of the initial potentiometric heads of observation wells are used 

for interpolation. In FEFLOW, the Akima inter/extrapolation technique is chosen to interpolate the 

initial potentiometric heads of the problem domain.  

The Akima interpolation (Akima, 1970) is a continuously differentiable sub-spline 

interpolation. It is built from piecewise third order polynomials. Only data from the next neighbor 

points is used to determine the coefficients of the interpolation polynomial. There is no need to 

solve large equation systems and therefore this interpolation method is computationally very 

efficient. Because no functional form for the whole curve is assumed and only a small number of 

points are taken into account this method does not lead to unnatural wiggles in the resulting curve. 

The monotonicity of the specified data points is not necessarily retained by the resulting 

interpolating function. By additional constraints on the estimated derivatives a monotonicity 

preserving interpolation function can be constructed (Hyman, 1983).  

The contours of initial potentiometric heads in problem domain are showed in figure 6.2. 



A case study of application of well generalization method based on the artesian aquifer test 

conducted in Liu-II coal pit 

79 

 

 

Fig 6.2 The contours of the initial potentiometric heads in the problem domain, the unit is meter  

From figure 6.2, it illustrates that the potentiometric heads in the problem domain decline 

from SE to NW which means the principal direction of groundwater flow is from SE to NW. 

6.3.2 The boundary conditions 

In Eq 6.1, the involved boundary is the first type boundary and the second type boundary. 

The first type boundary is named also the Dirichlet boundary, and the second type boundary is 

named also the Neumann boundary (Cheng and Cheng, 2005). In the model domain (figure 6.1), 

the boundary AB and the boundary CD are defined as the second type boundary with zero flux, the 

AC boundary and the BD boundary are defined as the first type boundary controlled by OB11 and 

OB12. In FEFLOW, the production wells are defined as the well boundary. As mentioned in 

chapter 2, OB9, OB13, OB14 and OB15 are not affected remarkably, and the Mengkou reverse 

fault is considered impermeable, based on these conditions there is no flux flow in/out of the 

boundary AB. In addition, the potentiometric head of OB4 is not influenced by AAT as discussed 

in chapter 2. This is because this part of aquifer (part III of the problem domain) has been grouted, 

which causes this part does not connect with other part of the investigated aquifer. Thus, in figure 

6.1, boundary CD is considered as the zero flux-boundary. Since the flow direction is from ES to 

WN, groundwater recharges the investigated aquifer from BD boundary and the groundwater 
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discharge from AC boundary if it does not occur roadway flooding or none other AATs conducted. 

When the AAT started, AC boundary and BD boundary would both be the recharge boundary. 

6.3.3 Estimation of transmissivity and storage coefficient 

Since the TFLA is heterogeneous, the estimation of transmissivity will be the most important 

work. In large scale regional groundwater studies, groundwater flow in fractured rocks can be 

approximated using the equations for flow in an unconsolidated porous medium (Sen, 1985).Thus, 

the rough value of transmissivity is estimated by Cooper and Jacob (1946) solution and 

interpolated by geostatistics. However, it will be revised in reverse modeling (calibration of 

model). Normally, the process of revision need to repeat several times till the value is good 

enough for modeling. In FEFLOW 6.0, the option of Kriging interpolation is not satisfying to 

obtain the value of transmissivity at each node, since FEFLOW applies a basic Kriging procedure 

and calculates the variogram automatically from the base data. Thus, it is necessary to do a 

simulation of transmissivity in order to obtain enough values before using the interpolating 

method in FEFLOW. 

The problem domain is divided into 20 by 33 squares with 200 m length (Figure 6.3). 

 

Fig 6.3 Division of problem domain, the length of element is 200 m. 

The revised transmissivity of chosen observation wells is list in table 6.2. In these 

http://www.aqtesolv.com/aquifer-tests/aquifer-testing-references.htm#Cooper,%20H.H.%20and%20C.E.%20Jacob,%201946
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observation wells, OB3 is not considered of for estimating transmissivity or storage coefficient. It 

is concluded that the part of aquifer around OB3 is closed since the potentiometric head of OB3 

pulsed downward suddenly as discussed in chapter 2. When the AAT started, this part of aquifer is 

not influenced until it is connected with other part of aquifer.  

Table 6.2 The revised value of transmissivity and storage coefficient 

OB Num 
Coordinate Transmissivity, 

10-4 m2/s 

Storage 

coefficient 
X Y 

OB1 39467973 3758152 1.0 1.00E-06 

OB2 39468273 3758314 2.2 1.90E-05 

OB5 39467838 3756609 7.6 3.00E-05 

OB6 39468097 3756535 4.8 1.70E-04 

OB7 39469110 3757442 9.0 1.50E-04 

OB8 39469370 3757669 4.8 6.00E-04 

OB10 39467337 3755272 11.7 9.40E-04 

OB11 39466900 3759259 3.0 3.00E-05 

OB12 39469234 3755728 3.3 3.20E-05 

In table 6.2, the unit of transmissivity is 10
-4

 m
2
/s, and it will be the unit of the estimated 

value and the simulated value. The histogram of transimissivity and cumulative distribution 

function (CDF) curve are illustrated in figure 6.4. 
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Fig 6. 4 the histogram of pdf and cdf curve of transmissivity.  

Figure 6.4 shows that it is not the Gaussian distribution. The mean value of transmissivity is 

5.27x10
-4

 m
2
/s and the corresponding variance is 12.23x10

-8
 (m

2
/s)

2
. Based on these nine data of 

transmissivity, a variogram model is built as: 

3

3 1

( ) 2 2
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h h
if h a

h a a

otherwise

γ

  
      



                                     (6.2) 

In Eq 6.2, a is the influence length, the value of which is 1080 m in this model. The model is 

illustrated in figure 6.5. 
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Fig 6.5 The variogram model of transmissivity. a: omni-direction; b: E-W direction with tolerance of 45o; 

c: N-S direction with tolerance of 45o 

Based on 9 data points (Figure 6.4, Table 6.2), a reliable spatial structure (variogram) of 

transmissivity cannot be modeled. However, these values have been used as a first approach to 

modeling a variogram. This variogram model presents that it is isotropic. Based on this variogram 

model, the Ordinary Kriging method is applied to interpolate the transmissivity distribution, and a 

stochastic simulation algorithm called Sequential Gaussian Simulation (abbr. SGS) is used to 

simulate a random field of transmissivity data in order to reflect its small scale variability. SGS is 

the most commonly used form of geostatistical simulation for reservoir modeling for continuous 

variables (Soltani et al, 2013; Geboy et al, 2013). The SGS algorithm (simple kriging) uses the 

sequential simulation formalism to simulate a Gaussian random function. Thus, a non-Gaussian 

random function must first be transformed into a Gaussian random function (Remy et al, 2009). In 

addition, this algorithm calls for the variogram of the normal score not of the original data. 

The revised value of storage coefficient is listed in table 6.2, and be interpolated by Akima 

method in FEFLOW.  

6.3.4 Model calibration 

After the model built, it must be calibrated firstly before application (Bobba, 1993; Ting et al, 
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1998; Rejani et al, 2008). The standard procedure of model calibration is that the computed values 

of hydraulic head or potentiometric head should closely match these measured at selected points 

(observation wells) in the aimed aquifer, the model parameters are adjusted till the simulation is 

consistent with the analyst’s understanding of the groundwater system and all available data. 

Usually, the model is considered calibrated when it reproduces historical data within some 

acceptable level of accuracy, of course, subjectively (Konikow, 1996). As an example, a maximum 

of 5 m deviation between modeled and monitored hydraulic heads is assumed acceptable at the 

stage of calibration by Koukidou and Panagopoulos (2010). In this chapter, the potentiometric 

head data of OB2, OB5, OB10, OB11 and OB12 are applied to calibrate this model. 

6.3.5 Simulation with the generalization well 

When this model is validated as good enough for depicting the aquifer of the problem domain, 

it can be used to predict the development of this aquifer such as how the groundwater level will 

fluctuate. However, this model will be applied to analyze the applicability of the well 

generalization well method in this chapter. Thus, a generalization well will be set in FEFLOW to 

instead of the production wells (Figure 4.10) and running this model again to obtain the data of 

potentiometric heads of each observation wells.  

6.4 Results and discussion 

6.4.1 Estimation and Simulation of transmissivity 

The result of estimated transmissivity by Ordinary Kriging method is illustrated in figure 6.6. 

 

Fig 6.6 The result of estimated transmissivity by Ordinary Kriging method. The left map is the estimated 

value of transmissivity, and the right map is the variance of the estimated value 

Figure 6.6 shows the estimation result of transmissivity and the corresponding variance. It 

indicates that the estimated value of transmissivity is larger in the southwestern part of the study 
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area. Its value is between 9x10
-4

 m
2
/s and 11.7x10

-4
 m

2
/s. In northwestern part, the corner of 

southeastern and the region around OB1 and OB2, the estimated value is smallest and less than 

3x10
-4

 m
2
/s. In most part of the study area, the estimated value of transmissivity is more than 

3x10
-4

 m
2
/s and less than 8x10

-4
 m

2
/s. The distribution of the estimated value is compared with the 

values used as the hard data by “Q-Q plot” method (Figure 6.7). In statistics, a “Q-Q plot” (Wilk 

and Gnanadesikan, 1968) is a probability plot, which is a graphical method for comparing two 

probability distributions by plotting their quantiles against each other. If the two distributions 

being compared are identical, the Q-Q plot follows the 45
o
 line y=x. If the two distributions agree 

after linearly transforming the values in one of the distributions, then the Q-Q plot follows some 

line, but not necessarily the line y=x. 

 

Fig 6.7 Q-Q plot compares the original transmissivity value (abscissa) with the estimated value 

(ordinate) 

In figure 6.7, the plot shows a stairstep shape, however, it can be referred to a linear shape. It 

shows that the plot approximately fits to the 45
o
 line, but most plots are up the line. Since there are 

only nine data as the original values of transmissivity, the distribution of estimated value is more 
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dispersed than the original values. It indicates that the estimated value of transmssivity is credible 

to be used for aquifer modeling. 

The simulation result is showed in figure 6.8.  

 

Fig 6.8 The simulation result of transmissivity with SGS algorithm.  

Figure 6.8 shows the simulation result of transmissivity. It suggests that the higher value parts 

locate mainly in western and eastern of the study area. In northern part, there are also some values 

are larger than 10x10
-4

 m
2
/s. Since the simulation of transmissivity is based on the variogram 

model, comparing figure 6.8 and figure 6.6, it indicates that the simulated values are more detailed, 

and reflects better in regional value distribution, reversely, the estimated values are much 

smoother. Since the estimation requires only the mean and the covariance function. Normally, the 

covariance function does not tell us much about the length of the trajectories, which is improved 

by simulation (Lantuejoul, 2002). That is why the simulated result is more precise and credible.  

Furthermore, the Q-Q plot method is used again to compare the simulation result with the original 

distribution of transmissivity as figure 6.9. 
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Fig 6.9 Q-Q plot of original distribution of transmissivity (abscissa) and the simulation result (ordinate) 

In figure 6.9, the plots also show a stairstep shape, and approximately fit to the 45
o
 line. 

Compared with figure 6.6, the plots in figure 6.9 fit to the 45
o
 line better. It indicates that the 

simulated value is more precise. After that, the simulated value of transmissivity is used to analyze 

the variogram model as figure 6.10. 
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Fig 6.10 The variogram of simulated result and the original variogram model in W-S direction and N-S 

direction 

Figure 6.10 shows the variogram generated by using simulated results and the original 

variogram model built with the data of table 6.2. It suggests that the simulated variogram basically 

fits the original model. Thus, based on the original variogram model, the simulated result is 

satisfying and credible. 

After doing the estimation and simulation of transmissivity, it is necessary to compare the 

results. Thus, the Q-Q plot method is applied to compare the estimated result with the simulated 

result in figure 6.11. 

 

Fig 6.11 Q-Q plot of estimated result (abscissa) and simulated result (ordinate) 

Figure 6.11 shows that the plots fit a line but not the 45
o
 line. This line is steeper than 45

o
 line, 

which indicates that the simulated result is more dispersed than the estimated result. After 

comparing figure 6.6 and figure 6.8, the same result can be obtained. Despite the estimation of 

transmissivity and the simulation of transmissivity are based on the same variogram model, it is 

obvious that the simulated value is more precise and credible. 
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6.4.2 Numerical simulation of TFLA 

One of the important steps is calibrating the model. The potentiometric head data of OB2, 

OB5, OB10, OB11 and OB12 are applied to calibrate this model, the comparison of observed 

value and the simulated value is illustrated in figure 6.12. 

 

Fig 6.12 The comparison of potentiometric head between observed value and simulated value. 

Figure 6.12 shows the comparison of potentiometric head between observed value and the 

simulated value. Five observation wells are chosen to calibrate the numerical model as OB2, OB5, 

OB10, OB11 and OB12 respectively. In figure 6.12, considered of OB2, the observed value is 

steeper than the simulated value in early days of the AAT, which causes the simulated value larger 

than the observed value. When the test is conducted in two days, the simulated value is coincided 

with the observed value. While considering of OB5, the simulated value declines smoothly. It is 

obvious that the observed value fluctuated during the test and declines steeper than the simulated 

value in first day of the test. However, the simulated value mainly coincides with the observed 

value. For OB10, the simulated value does not coincide with the observed value so good. It 
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suggests that the simulated value is steeper than the observed value. Although there is a little 

fluctuation during the test, the observed value keeps decline as a line. Because OB11 and OB12 is 

nearby the boundary of the problem domain, the simulated value of these two observation wells is 

well coincided with the observed value. 

For numerical model, if the deviation of potentiometric head of simulation and observation is 

much small, then it can be said that the numerical model is ready for application. Thus, the 

deviation of ptentiometric head of simulation and observation will be discussed, and it is 

illustrated in Figure 6.13 

 

Fig 6.13 The deviation of potentiometric head generated by simulated value minus observed value. 

In figure6.13, it indicates that the deviation of potentiometric head between simulated value 

and the observed value is much small except the OB2. Because OB2 is nearest to the production 

wells, which causes the large amplitude of potentiometric head, therefore, in first day of the test, 

the deviation of potentiometric head is more than 5 m. However, the deviation decreases almost to 

zero in the later days. For OB5, the scatter of deviation value is less than 2 m during the AAT. It 

shows that the deviation is larger in first day of the test. However, it declines soon and waves 

around abscissa (y=0), except the last wave is with almost one meter amplitude, the amplitudes of 
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other waves are less than 0.5 m. Considered of OB10, the deviation of potentiometric head 

increases to almost 0.2 m in first day and decreases to zero in half days, subsequently, it increases 

linearly to about 1.6 m. For OB11, the deviation of potentiometric head is less than 0.7 m during 

the test. It keeps increase to about 0.7 m and decreases slowly to 0.5 m, but rises about 0.2 m at 

the tail. The deviation of OB12 is less than 0.3 m during the test. In the first half day, it reaches to 

the highest value as 0.27 m and keeps the decrease trend to about 0.1 m.  

There is something else we can obtain from figure 6.13. After the deviation of potentiometric 

head of each observation well increases to the largest value in the first day of AAT, it starts to 

decrease, although the value fluctuates or even rise again at the tail, it also keep the decrease trend, 

except OB2. As discussed before, this observation well is the nearest one to the production wells 

field. It is most affected by this AAT. 

6.4.3 Application of the well generalization method 

When this model is calibrated as good enough to simulate the aimed aquifer, it will be used to 

do forecasting and calculating. In this chapter, it will be applied to discuss the applicability of the 

well generalization method. Thus, using the generalization well to instead of the production wells, 

keeping the other conditions without change, and doing the simulation again, after that, compare 

the simulated value with observed value and the result is illustrated in figure 6.14. 
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Fig 6.14 the deviation of potentiometric head generated by simulated value minus observed value (the 

production well is the generalization well) 

In figure 6.14, as the same, OB2, OB5, OB10, OB11 and OB12 are chosen to discuss the 

deviation of potentiometric head generated by comparing the observed value with the simulated 

value using well generalization method. It illustrates that the deviation of potentiometric head of 

OB2 is the largest compared with other observation wells. In first day of the test, the deviation of 

potentiometric head of OB2 increases fast to nearly 20 m, but decreases as the logarithm curve to 

5 m. For OB5, the deviation of potentiometric head waves along the abscissa (y=0), and the 

largest amplitude is about 1.8 m at the first wave. In second and third waves, the amplitudes are 

less than 0.5 m, but it increase to about 1 m at the last wave. For OB10, the deviation of 

potentiometric head increases to 0.2 m then declines to zero, but increases again to about 1.6 m. 

Considered of OB11, the deviation of potentiometric head increases quickly to about 4 m and does 

not change during the rest days of test. For OB12, the lowest deviation value of potentiometric 

head is about 0.15 m, the largest value is about 0.75 m. Despite that the deviation value fluctuates 

remarkably, the trend of the deviation is decline.  

Comparing figure 6.14 and figure 6.13, it suggests that the simulation with the generalization 

well generates larger deviation of potentiometric head, and the error of potentiometric head is 
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illustrated in figure 6.15, if comparing the simulated results of four production wells with the 

simulated results of the generalization well. 

 

Fig 6.15 The error of potentiometric head generated by simulated value (generalization well) minus 

simulated value (four production wells) 

From figure 6.15, it suggests that the error of potentiometric head increases sharply to about 

3.7 m and keeps on increase slowly to about 5 m when considered of OB2. For OB5, the error of 

potentiometric head is less than 0.2 m and there are two waves in the first three days of AAT. The 

amplitude of the first wave with small length is less than 0.025 m, as a comparison, the amplitude 

of the second wave with large length is about 0.5 m. After that, the error value increases fast to 

about 0.17 m. For OB10, the error value increases as same as the cumulative distribution function 

curve of Gaussian distribution, But it decreases quickly to about 0.01 m after the error value 

increases to the peak about 0.09 m. Considered of OB11, the error value increases to 5 m after a 

little fluctuation and decreases steeply to zero, nonetheless, it increases again until 3.4 m and 

keeps this value basically unchanged in spite there are some fluctuation. For OB12, the error of 

potentiometric head increases sharply to 0.4 m and keeps on increasing slowly to about 0.93 m, 

subsequently, the value fluctuates back to 0.7 m. 
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After analyzing figure 6.15, the error of potentiometric head of OB2 and OB11 is large, but 

the error is small for other observation wells. Especially for OB5 and OB10, the error of 

potentiometric head is less than 0.2 m. 

6.5 Conclusions 

In this chapter, the purpose is to analyze the applicability of the WGM in practice. Thus, a 

numerical model of TFLA in Liu-II coal pit based on an AAT is built. As the parameter of aquifer, 

the value of transmissivity is analyzed and discussed. Since the aimed aquifer is heterogeneous, 

the geostatistic method is used to estimate and simulate the transmissivity. After building the 

variogram model, the ordinary kriging algorithm is applied to estimate the value of transmissivity. 

It is concluded that the estimated result of transmissivity is credible. Furthermore, the distribution 

of estimated value is coincided with the original value. Then, the sequential Gaussian simulation 

algorithm is applied to simulate the transmissivity. It is concluded that the simulated value of 

transmissivity is also credible and the distribution of simulated value is more detailed than the 

estimated value.  

Since numerical methods provide only approximate solutions (Konikow and Bredehoeft, 

1992), the result of figure 6.13 is considered to be acceptable at the stage of calibration, and the 

corresponding model is good enough subjectively for application. In this chapter, this model will 

be used to analyze the applicability of the WGM. Hence, a generalization well is set in the model 

to instead of the production wells. Running this model again, the corresponding results are applied 

to do comparison. As a result, the simulation with the generalization well generates larger 

deviation of potentiometric head. The corresponding error of potentiometric head showed in figure 

6.15 is large in OB2 and OB11, but less than 0.2 m in OB5 and OB10. It indicates that the 

potentiometric head data of OB5 and OB10 can be used to estimate transmissivity of the aquifer if 

using WGM. The distances of OB5 and OB10 to the center of the production wells are 1680 m 

and 3093 m, respectively. Both of the distances are larger than 2.5 times the scale of production 

wells field. 

As a word, the well generalization method is applicable. Although the large error is generated 

when using the observation wells near to the pumping wells or the production wells. But the error 

will be much small to be acceptable if the observation wells are a little far away from the 

production wells field. 
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CHAPTER 7 CONCLUSIONS AND OUTLOOK 

7.1 Conclusions 

This thesis is derived from the real world problem the hydrogeologists are facing right now 

especially in some coal pits of China. The problem is how to achieve the safety mining when the 

mine roads of coal pit are threatened by the underlying aquifer(s). The effective idea is keeping the 

layers between the mine roads and the aquifer(s) unbroken, therefore, the groundwater deposited 

in the aquifer(s) will not inrush the mine roads. However, the mining activity will destroy these 

layers and lead to the thickness of these layers becomes thinner. Thus, making clear of the 

characteristics of the underlying aquifer(s) will be the important factor for solving this problem. It 

is obvious that the aquifer test is the best way to analyze the characteristics of aquifer. 

Thus, the goal of this thesis is analyzing the characteristics of the aimed aquifer based on an 

AAT. To do this, one of the important aquifer parameters named transmissivity is analyzed and 

estimated in different chapters. Furthermore, a new method called well generalization method is 

defined and discussed. This method is an easy way to estimate the transmissivity in some aquifer 

tests. In this thesis, several problems are solved and the corresponding conclusions are obtained 

as: 

(1) The AAT conducted in Liu-II coal pit indicates that the aimed aquifer (TFLA) is 

heterogeneous. The study area is divided into three parts which do not connect with each other, 

and the problem domain is the first part that includes the production wells and some observation 

wells. (chapter 2) 

(2) The AATs are similar to pumping tests, but one difference is that the discharge is variable. 

Normally, the discharge decreases linearly, and a general analytical solution for any variable 

discharge is proposed. Then, the linearly decreasing discharge is taken into account, and the type 

curve technique is used to obtain the aquifer parameters (T and S). For verifying the correctness of 

this approach, a numerical model is built in FEFLOW. After comparing the values of 

transmissivity and storage coefficient with the values of them set in FEFLOW, the errors are small. 

It indicates that this analytical method is available. Thus, it can be used to calculate the values of 

aquifer parameters in the field test. Pityingly, there is no comparison between constant discharge 

and variable discharge. But it is considered by Sen and Altunkaynak (2004). He presented that if 

the discharge is variable but the constant discharge evaluation techniques are used in hydraulic 

parameter estimations, then the transmissivity will be overestimated while the storage coefficient 

will be underestimated. (chapter 3) 

(3) The well generalization method is a new idea to analyze pumping test (or AAT) problems. 

Although this method is just an approximate way to estimate transmissivity and storage coefficient, 

it is high potential to be an easy-to-use method. When the homogeneous aquifer is considered of, 

the WGM appears to be a feasible and effective method to determine aquifer parameters from 

multiple pumping (or production) wells tests. Moreover, it can be used to estimate the discharge 

weights of pumping (or production) wells. For heterogeneous aquifer, this method generates a 
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little larger error compared with that used in homogeneous aquifer when estimating the 

transmissivity. Nevertheless, if the observation wells are arranged more than about 2.5 times the 

scale of the MPWF away from the center of the MPWF, the maximum deviation of drawdown 

generated in these observation wells will be less than 0.5 m, and the estimated value of 

transmissivity will be 0.44% smaller than real value. Despite it is concluded under the conditions 

mentioned in chapter 4 and chapter 5, the well generalization method is also feasible in estimating 

the transmissivity of heterogeneous aquifer.  

Finally, a case of AAT conducted in Liu-II coal pit is used to build a numerical model of the 

aimed aquifer (TFLA) to analyze the applicability of the well generalization method. As a result, 

the well generalization method is applicable. Although the large error is generated when using the 

observation wells near to the production wells. But the error will be much small to be acceptable if 

the observation wells are a little far away from the center of the production wells. 

7.2 Outlook 

Although the problems mentioned in chapter 1 is mainly dealt with, there are some other 

problems without discussion or unsolved.  

The first one is the declining discharge of a pumping test or an AAT. In this thesis, only the 

linearly declining discharge is taken into account which is the easiest problem to be solved. In 

practice, especially for an AAT, the discharge may not decline linearly. With this condition, the 

general equation (Eq 3.3) will be more complex to be solved. It means that it is impossible to 

obtain an equation as similar as the Theis equation, in addition, the type curve approach will not 

be suitable to estimate the transmissivity. Thus, it is needed to do more work in this point. 

The second one is that the aquifer condition is infinite when the WGM is discussed in this 

thesis. If the boundary conditions are considered of, whether this method is feasible or not will be 

doubtable. It is obvious that the boundary conditions will be much complex in practice, therefore, 

the work to analyze every kind of boundary conditions will be a daunting task. However, if 

assuming the boundary as a line, it will be easy to analyze the applicability of the WGM. Thus, it 

is another point of future work. 

The last one is about the numerical model of the aimed aquifer. Actually, the data collected 

for building this numerical model is not enough, which causes the model not satisfying. 

Sometimes, this problem is difficult to solve. 
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Time, 

min 

Discharge, m3/h Time, 

min 

Discharge, m3/h Time, 

min 

Discharge, m3/h Time, 

min 

Discharge, m3/h 

PW 1 PW 2 PW 3 PW 4 PW 1 PW 2 PW 3 PW 4 PW 1 PW 2 PW 3 PW 4 PW 1 PW 2 PW 3 PW 4 

1  \  \  31.57  \  340  65.80  67.00  \  43.23  1500  58.92  \  \  \  2920  \  \  \  37.12  

3  \  70.42  35.82  64.42  360  \  \  44.21  \  1505  \  \  \  35.59  2970  66.18  63.87  \  31.18  

5  \  70.75  41.60  \  370  65.57  65.60  \  38.20  1530  62.03  \  32.09  33.27  2980  \  \  31.19  \  

8  89.50  73.59  52.00  56.81  390  \  \  44.50  \  1535  \  63.86  \  \  3030  64.27  62.72  \  36.43  

11  74.65  \  \  \  400  62.80  66.25  \  36.47  1560  61.51  \  \  37.74  3040  \  \  29.35  \  

12  \  69.99  32.62  \  420  \  \  42.80  \  1590  57.87  \  31.12  32.86  3090  62.59  62.17  \  34.75  

13  \  \  \  39.01  425  \  64.62  \  \  1595  \  63.25  \  \  3100  \  \  30.18  \  

15  76.64  68.90  33.60  \  430  61.45  \  \  35.86  1620  52.96  \  \  30.65  3150  64.06  62.34  \  33.29  

18  \  \  \  41.10  450  \  \  40.51  \  1650  \  \  32.26  32.84  3160  \  \  30.11  \  

20  85.91  67.69  32.29  \  455  \  60.12  \  \  1655  \  65.03  \  \  3210  65.73  62.41  \  35.78  

23  \  \  \  46.85  457  62.88  \  \  \  1680  54.67  \  \  29.36  3220  \  \  30.47  \  

25  69.87  67.57  31.72  \  460  \  \  \  35.49  1710  57.72  \  32.13  32.24  3270  67.05  62.59  \  34.44  

28  \  \  \  41.74  480  \  \  42.27  \  1715  \  64.20   \  \ 3280  \  \  30.01  \  

30  66.08  68.05  33.22  \  485  69.00  63.82  \  \  1718  \  \  \  \  3390  66.74  62.47  \  35.88  

33  \  \  \  52.41  490  \  \  \  40.49  1740  52.69  \  \  30.75  3570  \  63.15  30.27  \  

35  84.10  66.25  32.38  \  540  72.47  66.38  42.12  38.72  1770  54.71  \  33.21  31.08  3750  73.50  \  \  45.70  

38  \  \  \  45.09  570  76.66  66.62  42.73  43.53  1775  \  64.81  \  \  3925  75.21  62.34  31.27  \  

40  82.76  69.51  36.27  \  600  73.27  67.10  41.54  41.27  1830  57.06  \  32.47  31.28  3932  71.67  62.23  34.17  41.33  

43  \  \  \  44.49  630  74.55  66.20  32.29  41.54  1835  \  64.53  \  \  3938  67.53  \  \  \  

45  81.46  68.80  30.16  \  660  74.62  66.46  32.20  43.64  1942  51.66  \  \  \  3940  \  \  \  40.81  

48  \  \  \  49.30  690  76.24  66.97  32.40  42.98  1950  \  \  \  37.16  3985  \  60.20  \  \  

50  83.46  68.27  30.37  \  720  75.33  66.92  33.79  40.26  1954  \  64.66  \  \  3992  \  \  36.60  \  

53  \  \  \  46.52  750  75.26  67.15  34.25  41.33  1959  \  \  30.46  \  3998  64.76  \  \  \  
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Time, 

min 

Discharge, m3/h Time, 

min 

Discharge, m3/h Time, 

min 

Discharge, m3/h Time, 

min 

Discharge, m3/h 

PW 1 PW 2 PW 3 PW 4 PW 1 PW 2 PW 3 PW 4 PW 1 PW 2 PW 3 PW 4 PW 1 PW 2 PW 3 PW 4 

55  84.40  68.14  32.52   \ 780  72.14  64.97  29.88  39.74  2087  \  \  \  \  4000  \  \  \  42.93  

58   \  \  \ 49.40  810  74.57  66.49  33.52  39.42  2091  \  \  \  \  4045  \  62.67  \  \  

60  84.24  67.63  36.72  \  840  73.27  66.85  33.31  41.51  2130  \  63.08  \  \  4052  \  \  39.54  \  

63   \  \  \ 45.79  870  75.14  67.04  34.46  40.27  2135  \  \  31.54  \  4058  66.51  \  \  \  

90  84.66  67.94  30.40  \  900  72.37  65.40  33.67  41.33  2295  \  \  \  36.88  4060  \  \  \  41.56  

93  \  \  \  46.48  930  73.25  63.72  32.59  42.14  2299  50.72  \  \  \  4105  \  63.27  \  \  

120  80.66  66.49  45.20  \  960  76.41  60.72  31.63  41.07  2311  \  \  30.46  \  4112  \  \  33.04  \  

123  \  \  \  44.95  990  71.03  58.04  34.41  39.27  2314  \  63.09  \  \  4118  59.32  \  \  \  

150  \  66.47  43.27  \  1020  73.67  67.50  33.23  40.46  2490  51.13  \  \  \  4120  \  \  \  40.35  

153  \  \  \  45.97  1050  62.70  \  \  \  2500  \  \  \  37.18  4165  \  63.54  \  \  

180  \  66.67  46.51  \  1132  \  66.40  \  44.34  2505  59.63  \  \  \  4172  \  \  37.05  \  

183  \  \  \  44.30  1138  \  \  30.08  \  2509  \  \  \  43.27  4178  67.20  \  \  \  

193  82.58  \  \  \  1153  62.70  \  \  \  2610  \  59.79  \  \  4180  \  \  \  40.72  

198  82.53  \  \  \  1182  \  \  29.60  \  2615  \  \  30.11  \  4225  \  63.26  \  \  

210  79.15  \  \  \  1188  \  67.50  \  \  2625  54.95  \  \  \  4232  \  \  34.20  \  

213  \  \  \  44.67  1198  \  \  \  46.97  2630  \  \  \  40.82  4238  70.04  \  \  \  

240  \  66.53  44.96  \  1200  63.12  \  \  \  2670  \  64.98  \  \  4240  \  \  \  41.51  

270  72.75  \  \  \  1466  \  \  34.62  \  2740  \  \  30.13  \  4470  \  \  33.99  \  

273  \  \  \  44.41  1468  \  63.86  \  \  2745  \  61.73  29.84  \  4475  \  \  \  40.26  

300  \  \  46.59  \  1469  \  \  \  \  2850  60.13  \  \  \  4530  67.00  80.00  40.00  37.00  

310  68.40  66.67  \  42.68  1470  60.64  \  34.62  \  2855  \  \  \  37.25  4590  \  80.65  \  \  

330  \  \  45.07  \  1475  \  \  \  36.44  2910  54.95  \  \  \  4650  66.30  80.24  40.78  34.57  
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Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

1 3.67  393 241.44  960 258.47  1797 246.43  2584 246.11  5810 123.67  6454 -10.32  7384 -15.19  

3 101.39  424 241.52  964 258.43  1800 246.44  2614 246.10  5813 96.25  6484 -10.66  7414 -15.26  

5 155.65  450 242.15  990 258.47  1804 246.44  2644 246.10  5817 75.51  6514 -10.91  7444 -15.38  

8 198.29  453 243.26  994 258.46  1830 246.42  2674 246.11  5820 64.32  6544 -11.21  7474 -15.43  

12 223.69  484 251.30  1020 258.37  1834 246.44  2704 247.87  5825 53.96  6574 -11.40  7504 -15.46  

15 229.91  514 254.89  1024 258.59  1864 246.49  2734 247.44  5830 47.47  6604 -11.70  7534 -15.57  

19 233.49  540 256.43  1054 255.98  1894 246.47  2764 246.98  5835 42.38  6634 -11.80  7564 -15.66  

25 236.95  544 255.93  1084 254.30  1924 246.49  2794 246.72  5840 38.54  6664 -12.01  7594 -15.74  

30 238.99  570 256.33  1114 254.03  1938 246.34  2824 246.59  5845 35.38  6694 -12.20  7624 -15.77  

35 240.62  600 254.90  1144 253.78  1942 246.49  2854 246.56  5850 32.46  6724 -12.49  7654 -15.69  

40 241.94  604 257.03  1161 253.57  1954 246.49  2884 246.52  5855 30.17  6754 -12.71  7684 -15.71  

45 242.96  630 257.24  1465 247.14  1984 246.35  2910 246.39  5860 33.78  6784 -12.90  7714 -15.80  

50 243.88  634 257.17  1470 247.15  2014 246.28  2914 246.38  5865 26.27  6814 -13.12  7744 -15.90  

55 244.60  660 257.04  1474 247.04  2044 246.32  2970 246.50  5939 9.51  6844 -13.27  7774 -16.14  

60 245.21  664 257.23  1500 246.90  2074 246.29  3030 246.51  5944 8.91  6874 -13.33  7804 -16.23  

65 245.79  690 257.55  1506 246.93  2104 246.25  3090 246.41  5974 5.10  6904 -13.39  7834 -16.18  

80 247.26  694 257.33  1530 246.99  2134 246.22  3150 246.44  5993 3.51  6934 -13.36  7864 -15.98  

94 248.31  720 257.65  1560 247.05  2164 246.19  3210 246.50  6004 2.47  6941 -13.41  7894 -16.12  

116 249.83  724 257.51  1564 246.86  2194 246.25  3270 246.36  6034 0.44  6960 -13.67  7924 -16.21  

124 250.29  750 257.65  1590 246.74  2224 246.25  3390 246.69  6064 -1.16  6964 -13.50  7954 -16.18  

150 251.53  754 257.64  1594 246.74  2254 246.22  3570 246.76  6067 -1.20  6994 -13.67  7984 -16.17  

154 251.71  780 258.06  1620 246.50  2284 246.19  3750 246.62  6094 -2.67  7024 -13.87  8014 -16.20  

184 252.80  784 257.78  1624 246.69  2314 246.14  3920 246.74  6124 -3.85  7054 -13.97  8044 -16.23  
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Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

210 253.57  810 257.96  1650 246.68  2317 246.05  4225 246.92  6154 -4.86  7084 -14.00  8074 -16.29  

214 253.66  814 257.91  1654 246.65  2322 246.13  4341 246.90  6184 -5.79  7114 -14.21  8104 -16.27  

244 254.37  840 258.06  1680 246.87  2344 246.14  4410 246.83  6214 -6.56  7144 -14.30  8134 -16.38  

270 248.17  844 258.00  1684 246.49  2374 246.10  4470 246.86  6244 -7.15  7174 -14.45  8164 -16.42  

274 247.51  870 258.16  1710 246.39  2404 246.14  4530 246.86  6274 -7.67  7204 -14.56  8194 -16.38  

304 244.88  874 258.13  1711 246.49  2434 246.11  4590 246.88  6304 -8.22  7234 -14.65  8224 -16.45  

330 242.66  900 258.16  1740 246.46  2464 246.10  4650 246.90  6334 -8.77  7264 -14.74  8254 -16.54  

334 243.00  904 258.21  1744 246.50  2494 246.10  5805 209.53  6364 -9.20  7294 -14.89  8284 -16.58  

364 242.21  930 258.37  1770 246.51  2524 246.06  5806 189.13  6394 -9.65  7324 -15.10      

390 241.43  934 258.32  1774 246.50  2554 246.08  5808 150.96  6424 -10.00  7354 -15.10      
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Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

Time

, min 

Drawdown

, m 

1 1.02 540 53.65 1235 50.53 2255 49.94 3245 49.84 4325 51.68 6155 -9.21 7385 -17.74 

3 3.06 570 52.84 1265 50.70 2285 49.82 3275 49.73 4355 51.71 6185 -9.78 7415 -17.81 

5 7.14 575 54.33 1295 50.86 2290 49.74 3275 49.81 4365 51.65 6215 -10.42 7445 -17.84 

8 11.22 600 53.14 1325 50.95 2294 49.73 3305 49.83 4410 51.61 6245 -10.88 7475 -17.96 

12 14.28 605 55.97 1355 50.87 2315 49.73 3335 49.97 4470 51.71 6275 -11.37 7505 -18.11 

15 15.30 630 54.37 1385 50.78 2345 49.69 3365 49.97 4530 51.80 6335 -12.52 7535 -18.08 

20 17.34 635 52.82 1415 50.70 2375 49.67 3390 49.16 4590 51.88 6365 -12.75 7565 -18.14 

25 19.38 660 56.00 1445 50.64 2405 49.64 3395 50.01 4650 51.77 6395 -13.10 7595 -18.23 

30 21.42 665 52.37 1475 50.54 2435 49.58 3425 49.93 5495 50.62 6425 -13.36 7625 -18.20 

35 23.46 690 52.84 1475 50.49 2465 49.55 3455 49.67 5565 50.76 6455 -13.62 7655 -18.32 

40 24.48 695 52.21 1479 50.41 2495 49.52 3485 50.20 5683 50.58 6485 -13.88 7685 -18.39 

45 25.50 720 52.43 1505 50.46 2525 49.57 3515 50.72 5805 48.31 6515 -13.98 7715 -18.39 

50 26.52 725 51.94 1533 50.38 2555 49.55 3545 51.12 5806 47.00 6545 -14.28 7745 -18.45 

55 27.54 750 52.22 1535 50.41 2585 49.58 3570 51.41 5808 42.11 6575 -14.50 7775 -18.54 

60 29.58 755 51.85 1565 50.43 2615 49.61 3575 51.52 5810 39.36 6605 -14.54 7805 -18.64 

69 31.24 780 52.02 1592 50.03 2645 49.54 3605 51.36 5813 36.34 6635 -14.75 7835 -18.70 

95 36.21 785 51.71 1652 50.14 2675 49.52 3635 51.43 5817 33.63 6665 -14.87 7865 -18.72 

95 36.06 810 51.92 1712 49.59 2705 49.58 3665 51.46 5820 31.80 6695 -15.41 7895 -18.75 

102 36.81 815 51.63 1717 49.57 2735 49.60 3695 51.50 5825 31.76 6725 -15.67 7925 -18.76 

120 42.84 840 51.82 1745 50.00 2765 49.52 3725 51.51 5830 26.43 6755 -15.72 7955 -18.73 

124 42.79 845 51.50 1772 50.35 2795 49.48 3750 51.20 5835 24.28 6785 -15.84 7985 -18.75 

150 45.70 870 51.51 1775 50.16 2825 49.45 3755 51.48 5840 22.26 6815 -16.00 8015 -18.79 

154 45.78 875 51.50 1805 50.31 2855 49.40 3785 51.46 5845 20.40 6845 -16.05 8045 -18.75 
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Time
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180 48.04 900 51.51 1829 50.40 2885 49.39 3815 51.51 5850 18.67 6875 -16.16 8075 -18.78 

184 48.10 905 51.30 1832 50.24 2915 49.49 3845 51.54 5855 17.14 6905 -16.21 8105 -18.88 

215 49.58 930 51.20 1835 50.32 2915 49.57 3875 51.54 5860 15.55 6935 -16.24 8135 -18.91 

244 50.59 935 51.33 1865 50.50 2925 49.35 3905 51.51 5865 14.24 6955 -16.51 8165 -18.94 

245 50.58 960 50.80 1895 50.59 2945 49.24 3935 51.50 5869 13.17 6960 -16.22 8195 -18.91 

275 51.14 965 51.16 1925 50.67 2975 49.20 3945 51.10 5885 9.86 6965 -16.52 8225 -18.94 

304 50.90 990 50.90 1955 50.70 2985 49.32 3965 51.25 5894 8.08 6995 -16.58 8255 -18.96 

308 50.74 995 50.70 1966 50.45 3005 49.34 3995 51.36 5915 4.80 7025 -16.71 8285 -19.02 

335 51.35 1020 51.10 1970 50.46 3035 49.39 4025 51.15 5932 2.45 7055 -16.70 
  

365 51.90 1025 51.01 1985 50.46 3045 49.99 4055 51.42 5945 0.99 7085 -16.76 
  

395 52.18 1055 51.19 2015 50.44 3065 49.37 4085 51.45 5975 -1.74 7115 -16.89 
  

400 52.22 1085 51.01 2045 50.32 3095 49.44 4115 51.51 6000 -3.55 7145 -16.95 
  

404 52.17 1115 50.96 2075 50.32 3105 49.52 4145 51.52 6005 -4.01 7175 -17.01 
  

425 52.40 1143 51.00 2105 50.16 3125 49.50 4175 51.56 6035 -5.60 7205 -17.19 
  

455 52.34 1149 50.73 2135 50.16 3155 50.04 4205 51.60 6051 -6.36 7235 -17.22 
  

460 52.33 1175 50.73 2165 50.13 3165 49.59 4235 51.65 6054 -6.12 7265 -17.37 
  

461 52.23 1179 50.54 2165 50.12 3185 49.59 4245 51.41 6065 -6.63 7295 -17.50 
  

485 52.83 1183 50.50 2195 50.26 3215 49.74 4265 51.56 6095 -7.56 7325 -17.47 
  

515 53.06 1205 50.53 2225 50.32 3225 49.90 4295 51.66 6125 -8.44 7355 -17.62 
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5 0 1027 8.6 2347 12.18 3667 15.51 5047 18.95 5891 21.01 6388 20.24 7708 17.51 

10 0 1057 8.67 2377 12.26 3697 15.61 5077 19 5896 21.05 6418 20.19 7738 17.35 

15 0 1087 8.73 2407 12.32 3727 15.67 5107 19.05 5901 21.1 6448 20.14 7768 17.27 

20 0 1117 8.81 2437 12.39 3757 15.75 5137 19.06 5906 21.17 6478 20.04 7798 17.19 

25 0 1147 8.88 2467 12.46 3787 15.88 5167 19.08 5911 21.18 6508 20.01 7828 17.1 

29 0 1177 8.95 2497 12.55 3817 15.92 5197 19.11 5916 21.26 6538 19.95 7858 17.02 

31 0 1207 9.01 2527 12.63 3847 16.01 5227 19.15 5921 21.39 6568 19.88 7888 16.92 

40 0 1237 9.09 2557 12.72 3877 16.04 5257 19.18 5926 21.77 6598 19.81 7918 16.84 

45 0 1267 9.16 2611 12.9 3907 16.13 5287 19.23 5931 22.45 6628 19.75 7948 16.76 

50 0 1297 9.19 2617 12.95 3937 16.21 5317 19.27 5936 22.4 6658 19.68 7978 16.68 

55 0 1327 9.25 2647 13.1 3967 16.26 5347 19.3 5941 22.51 6688 19.6 8008 16.6 

60 0 1357 9.29 2677 13.18 3997 16.42 5377 19.32 5946 22.54 6718 19.51 8038 16.51 

91 7.96 1387 9.38 2707 13.25 4027 16.47 5407 19.36 5951 22.61 6748 19.45 8068 16.45 

97 7.95 1417 9.45 2737 13.32 4057 16.51 5437 19.38 5956 22.63 6778 19.39 8098 16.39 

127 8.24 1447 9.52 2767 13.37 4087 16.6 5467 19.42 5961 22.65 6808 19.31 8128 16.31 

157 8.18 1477 9.6 2797 13.4 4171 16.92 5481 19.39 5966 22.67 6838 19.26 8158 16.24 

187 8.13 1531 9.89 2827 13.47 4177 17.02 5497 19.4 5971 22.68 6868 19.22 8188 16.19 

217 8.11 1537 9.95 2857 13.53 4207 17.17 5527 19.47 5976 22.7 6898 19.12 8218 16.1 

247 8.06 1567 9.97 2887 13.58 4237 17.23 5557 19.52 5981 22.78 6928 19.03 8248 16.04 

277 8.05 1597 10.03 2917 13.65 4267 17.24 5587 19.55 5986 22.72 6958 18.97 8278 15.98 

307 8.08 1627 10.11 2947 13.71 4297 17.3 5617 19.58 5991 22.74 6988 18.89 8308 15.92 

337 8.12 1657 10.2 2977 13.76 4327 17.36 5647 19.61 5996 22.72 7018 18.81 8371 16.09 

367 8.1 1687 10.28 3007 13.82 4357 17.42 5677 19.63 6001 22.81 7048 18.77 8398 16.01 
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397 8.1 1717 10.36 3037 13.89 4387 17.46 5707 19.69 6006 22.72 7078 18.66 8428 15.96 

427 8.11 1747 10.42 3067 13.98 4417 17.53 5791 20.08 6011 22.72 7108 18.58 8458 15.88 

457 8.11 1777 10.5 3097 14.08 4447 17.59 5796 20.13 6016 22.76 7138 18.5 8488 15.79 

487 8.12 1807 10.58 3127 14.16 4477 17.64 5801 20.19 6021 22.75 7167 0 8518 15.72 

517 8.09 1837 10.65 3157 14.26 4507 17.72 5806 20.24 6026 22.75 7168 18.44 8548 15.61 

547 8.07 1891 10.87 3187 14.35 4537 17.78 5811 20.29 6031 22.73 7198 18.35 8578 15.54 

577 8.09 1897 10.96 3217 14.44 4567 17.79 5816 20.35 6036 22.73 7228 18.28 8608 15.45 

607 8.09 1927 11.08 3247 14.52 4651 18.28 5821 20.4 6041 22.73 7258 18.2 8638 15.34 

637 8.12 1957 11.17 3277 14.59 4657 18.36 5826 20.47 6046 22.73 7288 18.13 8668 15.25 

667 8.13 1987 11.28 3307 14.67 4687 18.44 5831 20.52 6051 22.73 7318 18.06 8698 15.16 

697 8.16 2017 11.36 3337 14.74 4717 18.48 5836 20.57 6056 22.72 7348 17.98 8728 15.05 

727 8.18 2047 11.41 3367 14.81 4747 18.51 5841 20.63 6088 22.8 7378 17.92 8758 14.97 

757 8.21 2077 11.5 3397 14.89 4777 18.53 5846 20.67 6118 22.85 7408 17.86 8788 14.93 

787 8.26 2107 11.57 3427 15.01 4807 18.58 5851 20.73 6148 22.78 7438 17.77 8818 14.9 

817 8.32 2137 11.65 3457 15.06 4837 18.62 5856 20.78 6178 22.69 7468 17.72 8851 14.75 

847 8.32 2167 11.71 3487 15.12 4867 18.66 5861 20.81 6208 22.57 7498 17.66 8878 14.73 

877 8.37 2197 11.77 3517 15.23 4897 18.7 5866 20.84 6238 22.37 7528 17.61 
  

907 8.41 2227 11.84 3547 15.28 4927 18.73 5871 20.87 6268 21.39 7591 17.7 
  

937 8.46 2257 11.93 3577 15.33 4957 18.79 5876 20.92 6298 20.43 7618 17.72 
  

967 8.5 2287 12.01 3607 15.4 4987 18.85 5881 20.97 6328 20.36 7648 17.61 
  

997 8.56 2317 12.09 3637 15.47 5017 18.92 5886 20.98 6358 20.28 7678 17.59 
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151 0 937 0.6 1777 0.42 2587 0.55 3397 0.71 4207 0.18 5017 0.68 7414 0 

157 0.04 967 0.61 1807 0.44 2617 0.44 3427 0.69 4237 0.17 5047 0.67 7451 0.46 

211 0.22 997 0.6 1837 0.5 2647 0.35 3457 0.7 4267 0.15 5077 0.66 7531 0.34 

217 0.26 1027 0.6 1867 0.53 2677 0.29 3487 0.72 4297 0.18 5107 0.66 7571 0.45 

247 0.41 1057 0.58 1897 0.56 2707 0.23 3517 0.74 4327 0.21 5137 0.67 7631 0.46 

277 0.47 1087 0.58 1927 0.57 2737 0.08 3547 0.74 4357 0.22 5167 0.68 7691 0.44 

307 0.5 1117 0.56 1957 0.59 2767 0.14 3577 0.72 4387 0.25 5197 0.68 7751 0.44 

337 0.55 1147 0.53 1987 0.62 2797 0.08 3607 0.72 4417 0.28 5227 0.69 7811 0.45 

367 0.59 1177 0.5 2017 0.64 2827 0.07 3637 0.73 4447 0.33 5257 0.65 7871 0.45 

397 0.58 1207 0.46 2047 0.66 2857 0.08 3667 0.7 4477 0.37 5287 0.67 7931 0.43 

427 0.61 1237 0.42 2077 0.67 2887 0.03 3697 0.72 4507 0.41 5317 0.66 7991 0.45 

457 0.62 1267 0.36 2107 0.71 2917 0.1 3727 0.72 4537 0.45 5347 0.62 8051 0.46 

487 0.63 1297 0.3 2137 0.7 2947 0.11 3757 0.72 4567 0.47 5377 0.62 8111 0.44 

517 0.63 1327 0.25 2167 0.71 2977 0.17 3787 0.73 4597 0.48 5407 0.63 8171 0.43 

547 0.63 1357 0.24 2197 0.72 3007 0.24 3817 0.72 4627 0.52 5437 0.59 8231 0.44 

577 0.63 1387 0.2 2227 0.72 3037 0.33 3847 0.74 4657 0.54 5456 0.63 8291 0.45 

607 0.62 1417 0.2 2257 0.72 3091 0.38 3877 0.73 4687 0.55 6908 0.37 8371 0.34 

637 0.62 1447 0.17 2287 0.72 3097 0.39 3907 0.72 4717 0.59 6912 0.23 8411 0.38 

667 0.64 1477 0.14 2317 0.72 3127 0.51 3937 0.72 4747 0.57 6991 0.34 8471 0.37 

697 0.63 1507 0.14 2347 0.72 3157 0.56 3967 0.69 4777 0.62 7031 0.37 8531 0.36 

727 0.63 1537 0.14 2377 0.75 3187 0.58 3997 0.66 4807 0.63 7091 0.4 8591 0.37 

757 0.64 1567 0.16 2407 0.75 3217 0.58 4027 0.59 4837 0.64 7108 0 8651 0.36 

787 0.65 1597 0.22 2437 0.76 3247 0.65 4057 0.51 4867 0.68 7151 0.43 8711 0.41 
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817 0.67 1627 0.26 2467 0.76 3277 0.66 4087 0.43 4897 0.69 7211 0.44 8771 0.36 

847 0.59 1711 0.24 2497 0.76 3307 0.66 4117 0.34 4927 0.68 7271 0.4 8851 0.28 

877 0.62 1717 0.26 2527 0.73 3337 0.67 4147 0.29 4957 0.69 7331 0.43 
  

907 0.61 1747 0.37 2557 0.64 3367 0.67 4177 0.21 4987 0.69 7411 0.34 
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0 0.00 244 3.25 1174 4.94 2074 7.43 3004 8.53 5845 10.60 6634 6.11 7594 5.82 

1 0.10 274 3.60 1204 5.27 2104 7.42 3034 8.58 5850 10.51 6664 6.17 7624 5.92 

3 0.10 300 3.78 1223 5.41 2134 7.43 3047 8.57 5855 10.39 6694 6.02 7654 5.86 

5 0.00 334 4.03 1227 5.47 2164 7.49 3051 8.55 5860 10.24 6724 5.93 7684 5.71 

8 0.00 362 4.29 1234 5.40 2194 7.55 3064 8.59 5865 10.05 6754 5.82 7714 5.70 

12 0.10 394 4.57 1264 5.38 2224 7.49 3094 8.79 5870 10.03 6784 5.86 7744 5.70 

15 0.00 420 4.69 1294 5.38 2254 7.61 3124 9.19 5884 9.51 6814 6.01 7774 5.77 

19 0.04 424 4.76 1324 5.47 2284 7.61 3154 9.45 5914 8.64 6844 6.02 7804 5.64 

20 0.10 454 5.04 1354 5.53 2314 7.61 3184 9.65 5944 8.18 6845 6.12 7834 5.77 

24 0.14 484 5.15 1384 5.59 2344 7.58 3214 10.00 5975 7.63 6874 5.83 7864 5.92 

25 0.10 514 5.13 1414 5.50 2374 7.69 3244 9.90 6004 7.35 6904 5.68 7894 5.98 

29 0.22 544 5.18 1444 5.59 2404 7.70 3274 9.78 6034 7.21 6934 5.80 7924 6.08 

30 0.20 574 5.33 1474 5.52 2434 7.76 3304 9.59 6064 6.99 6964 5.68 7954 6.10 

34 0.17 604 5.58 1504 5.44 2464 7.73 3334 9.51 6094 6.74 6994 5.55 7984 6.20 

35 0.31 632 5.48 1534 6.41 2494 7.87 3351 9.42 6124 6.60 7024 5.47 8014 6.31 

39 0.27 637 5.50 1564 6.57 2524 7.98 4078 9.62 6154 6.45 7054 5.40 8044 6.28 

40 0.31 664 5.47 1594 6.59 2554 8.24 4314 10.16 6184 6.39 7084 5.47 8074 6.34 

45 0.41 694 5.40 1624 6.60 2584 8.33 5506 11.27 6214 6.32 7114 5.50 8104 6.35 

45 0.20 724 5.46 1654 6.59 2614 8.27 5764 11.27 6244 6.17 7144 5.43 8134 6.41 

50 0.41 754 5.47 1684 6.81 2644 8.25 5776 11.15 6274 6.08 7174 5.43 8164 6.45 

50 0.35 784 5.58 1714 6.77 2656 8.31 5794 11.24 6304 6.02 7204 5.27 8194 6.57 

54 0.45 814 5.50 1744 6.77 2661 8.33 5804 11.22 6334 5.95 7234 5.30 8224 6.50 

55 0.41 844 5.49 1774 6.78 2674 8.28 5805 11.19 6364 5.92 7264 5.31 8254 6.50 
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60 0.51 874 5.44 1804 7.05 2704 8.43 5806 11.19 6394 5.92 7294 5.43 8284 6.75 

60 0.59 904 5.43 1834 7.15 2734 8.24 5808 11.26 6409 5.92 7324 5.47 8314 7.06 

64 0.56 934 5.40 1864 7.20 2764 8.21 5810 11.23 6414 5.99 7354 5.52 8344 6.91 

94 1.09 964 5.19 1894 7.39 2794 8.18 5813 11.15 6424 5.95 7384 5.65 8374 6.99 

115 1.43 994 5.27 1924 7.29 2824 8.25 5817 11.21 6454 5.86 7414 5.65 8404 7.11 

124 1.58 1024 5.18 1954 7.23 2854 8.34 5820 11.06 6484 5.85 7444 5.47 8434 7.21 

154 2.12 1054 5.33 1985 7.17 2884 8.33 5825 11.04 6514 5.85 7474 5.56 8464 7.12 

185 2.55 1084 5.43 1987 7.29 2914 8.33 5830 10.97 6544 5.89 7504 5.67 8494 7.20 

214 3.01 1114 5.47 2014 7.29 2944 8.31 5835 10.88 6574 5.90 7534 5.62 
  

240 3.13 1144 5.25 2044 7.42 2974 8.43 5840 10.74 6604 6.04 7564 5.64 
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15 0 1733 5.8 2273 6.38 2813 6.4 3353 7.3 4803 7.91 5363 8.33 5903 6 

20 0.03 1738 5.79 2278 5.71 2818 6.41 3358 7.27 4808 7.91 5368 8.33 5908 5.9 

23 0.05 1743 5.8 2283 6.37 2823 6.6 3363 7.26 4813 7.88 5373 8.34 5913 5.83 

32 0.11 1748 5.8 2288 6.37 2828 6.52 3368 7.24 4818 7.87 5378 8.34 5918 5.75 

40 0.31 1753 5.79 2293 6.36 2833 6.54 3373 7.24 4823 7.87 5383 8.34 5923 5.66 

45 0.39 1758 5.77 2298 6.33 2838 5.81 3378 7.24 4828 7.84 5388 8.35 5928 5.56 

50 0.45 1763 5.79 2303 6.32 2843 5.79 3383 7.24 4833 7.84 5393 8.33 5933 5.5 

55 0.54 1768 5.83 2308 6.31 2848 5.84 3388 7.22 4838 7.86 5398 8.34 5938 5.41 

60 0.61 1773 5.86 2313 6.32 2853 7.67 3393 7.21 4843 7.84 5403 8.33 5943 5.33 

65 0.68 1778 5.89 2318 6.32 2858 6.05 3398 7.2 4848 7.83 5408 8.34 5948 5.25 

95 1.18 1783 5.93 2323 6.32 2863 6.28 3403 7.17 4853 7.82 5413 8.31 5953 5.17 

127 1.63 1788 5.97 2328 6.33 2868 6.37 3408 7.16 4858 7.83 5418 8.31 5958 5.09 

157 2.21 1793 6 2333 6.33 2873 6.32 3413 7.15 4863 7.83 5423 8.31 5963 5.04 

187 2.68 1798 6.05 2338 6.35 2878 6.3 3418 7.15 4868 7.82 5428 8.29 5968 4.96 

217 3.01 1803 6.1 2343 6.35 2883 6.3 3423 7.13 4873 7.83 5433 8.28 5973 4.91 

247 3.41 1808 6.12 2348 6.33 2888 6.3 3428 7.13 4878 7.84 5438 8.26 5978 4.83 

277 3.73 1813 6.13 2353 6.35 2893 6.3 3433 7.12 4883 7.88 5443 8.26 5983 4.78 

307 3.95 1818 6.13 2358 6.36 2898 6.28 3438 7.11 4888 7.9 5448 8.26 5988 4.75 

337 4.14 1823 6.13 2363 6.37 2903 6.3 3443 7.1 4893 7.92 5453 8.25 5993 4.68 

367 4.39 1828 6.13 2368 6.35 2908 6.3 3448 7.08 4898 7.93 5458 8.26 5998 4.63 

397 4.67 1833 6.16 2373 6.33 2913 6.19 3453 7.08 4903 7.97 5463 8.26 6003 4.58 

427 4.9 1838 6.17 2378 6.33 2918 6.24 3458 7.08 4908 7.98 5468 8.29 6008 4.53 

457 5.06 1843 6.18 2383 6.35 2923 6.42 3463 7.06 4913 8 5473 8.28 6013 4.47 
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487 5.19 1848 6.18 2388 6.37 2928 6.22 3468 7.04 4918 8.01 5478 8.26 6018 4.43 

517 5.24 1853 6.21 2393 6.37 2933 5.8 3473 7.02 4923 8.02 5483 8.26 6023 4.39 

547 5.3 1858 6.22 2398 6.36 2938 5.89 3478 7.01 4928 8.05 5488 8.25 6028 4.34 

577 5.46 1863 6.22 2403 6.35 2943 6.31 3483 6.99 4933 8.05 5493 8.23 6033 4.29 

607 5.62 1868 6.22 2408 6.33 2948 8.1 3488 6.98 4938 8.06 5498 8.23 6038 4.24 

637 5.65 1873 6.26 2413 6.31 2953 6.42 3493 6.97 4943 8.09 5503 8.21 6043 4.19 

667 5.6 1878 6.24 2418 6.3 2958 5.83 3498 6.97 4948 8.1 5508 8.23 6048 4.14 

697 5.48 1883 6.28 2423 6.28 2963 6.38 3503 6.96 4953 8.11 5513 8.23 6055 4.14 

727 5.47 1888 6.28 2428 6.3 2968 6.56 3508 6.97 4958 8.11 5518 8.19 6117 3.51 

757 5.53 1893 6.28 2433 6.3 2973 6.5 3513 6.97 4963 8.14 5523 8.19 6147 3.36 

787 5.56 1898 6.3 2438 6.3 2978 6.54 3518 6.94 4968 8.14 5528 8.19 6177 3.22 

817 5.57 1903 6.28 2443 6.28 2983 6.52 3523 6.97 4973 8.15 5533 8.18 6207 3.1 

847 5.58 1908 6.26 2448 6.3 2988 6.79 3528 6.96 4978 8.15 5538 8.19 6237 2.97 

877 5.52 1913 6.23 2453 6.31 2993 7.03 3533 6.96 4983 8.92 5543 8.19 6267 2.79 

907 5.51 1918 6.22 2458 6.33 2998 6.52 3538 6.96 5008 8.23 5548 8.18 6297 2.63 

937 5.44 1923 6.21 2463 6.35 3003 6.54 3543 6.93 5013 8.21 5553 8.16 6327 2.54 

967 5.32 1928 6.19 2468 6.36 3008 6.55 3548 6.94 5018 8.23 5558 8.16 6357 2.5 

997 5.24 1933 6.17 2473 6.4 3013 6.54 3553 6.94 5023 8.21 5563 8.15 6387 2.42 

1027 5.28 1938 6.16 2478 6.4 3018 6.55 3558 6.96 5028 8.2 5568 8.14 6417 2.37 

1057 5.44 1943 6.13 2483 6.44 3023 6.57 3563 6.93 5033 8.2 5573 8.14 6447 2.29 

1087 5.61 1948 6.13 2488 6.44 3028 6.59 3568 6.93 5038 8.21 5576 8.14 6477 2.21 

1117 5.65 1953 6.09 2493 6.47 3033 6.59 3573 6.93 5043 8.21 5583 8.14 6507 2.14 

1147 5.29 1958 6.16 2498 6.5 3038 6.63 3578 6.94 5048 8.21 5588 8.14 6537 2.16 
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1177 5.06 1963 5.8 2503 6.54 3043 6.63 3583 6.94 5053 8.23 5593 8.12 6567 2.14 

1207 5.41 1968 6.08 2508 6.56 3048 6.65 3588 6.93 5058 8.21 5598 8.1 6597 2.14 

1237 5.47 1973 6.09 2513 6.59 3053 6.66 3593 6.94 5063 8.2 5603 8.09 6627 2.17 

1267 5.42 1978 6.1 2518 6.63 3058 6.71 3598 6.93 5068 8.19 5608 8.07 6657 2.1 

1297 5.47 1983 6.41 2523 6.66 3063 6.78 3603 6.94 5073 8.18 5613 8.06 6687 2.03 

1327 5.56 1988 6.83 2528 6.68 3068 6.85 3608 6.93 5078 8.18 5618 8.06 6717 1.9 

1357 5.64 1993 5.52 2533 6.71 3073 6.92 3613 6.93 5083 8.18 5623 8.06 6747 1.81 

1385 5.66 1998 5.66 2538 6.73 3078 6.99 3618 6.93 5088 8.18 5628 8.02 6777 1.74 

1391 5.65 2003 5.48 2543 6.75 3083 7.03 3623 6.92 5093 8.19 5633 8.02 6807 1.75 

1398 5.65 2008 6.26 2548 6.79 3088 7.1 3628 6.91 5098 8.23 5638 8.01 6837 1.84 

1403 5.65 2013 5.97 2553 6.79 3093 7.16 3633 6.91 5103 8.23 5643 7.98 6867 1.9 

1408 5.69 2018 6.68 2558 6.79 3098 7.24 3638 6.89 5108 8.24 5648 7.98 6897 1.84 

1413 5.72 2023 6.27 2563 6.78 3103 7.27 3643 6.89 5113 8.26 5653 7.98 6927 1.84 

1418 5.72 2028 6.54 2568 6.75 3108 7.31 3648 6.88 5118 8.25 5658 7.97 6957 1.72 

1423 5.74 2033 6.22 2573 6.75 3113 7.36 3653 6.88 5123 8.26 5663 7.98 6987 1.52 

1428 5.7 2038 5.86 2578 6.73 3118 7.41 3658 6.88 5128 8.26 5668 7.97 7017 1.34 

1433 5.69 2043 6.21 2583 6.71 3123 7.44 3663 6.87 5133 8.26 5673 8 7047 1.2 

1438 5.67 2048 6.13 2588 6.68 3128 7.49 3668 6.88 5138 8.26 5678 7.98 7077 1.2 

1443 5.7 2053 5.98 2593 6.66 3133 7.53 3673 6.88 5143 8.28 5683 7.97 7107 1.19 

1448 5.67 2058 6.33 2598 6.65 3138 7.57 3678 6.87 5148 8.26 5688 7.95 7137 1.15 

1453 5.67 2063 6.27 2603 6.64 3143 7.6 3683 6.87 5153 8.26 5693 7.93 7167 1.05 

1458 5.69 2068 6.26 2608 6.64 3148 7.64 3688 6.87 5158 8.26 5698 7.93 7197 0.96 

1463 5.67 2073 6.26 2613 6.64 3153 7.65 3693 6.87 5163 8.26 5703 7.93 7227 0.85 
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1468 5.67 2078 6.26 2618 6.65 3158 7.71 3698 6.84 5168 8.25 5708 7.91 7257 0.78 

1473 5.67 2083 6.26 2623 6.66 3163 7.73 3703 6.84 5173 8.24 5713 7.9 7287 0.81 

1478 5.69 2088 6.24 2628 6.66 3168 7.77 3708 6.84 5178 8.25 5718 7.91 7317 0.82 

1483 5.67 2093 6.26 2633 6.68 3173 7.81 3713 6.83 5183 8.26 5723 7.9 7347 0.82 

1488 5.67 2098 6.28 2638 6.7 3178 7.86 3718 6.83 5188 8.26 5728 7.93 7377 0.82 

1493 5.67 2103 6.23 2643 6.7 3183 7.91 3723 6.84 5193 8.29 5733 7.95 7407 0.73 

1498 5.7 2108 6.26 2648 6.69 3188 7.96 3728 6.83 5198 8.3 5738 7.97 7437 0.68 

1503 5.72 2113 6.24 2653 6.68 3193 8.01 3733 6.83 5203 8.3 5743 8 7467 0.67 

1508 5.75 2118 6.26 2658 6.66 3198 8.06 3738 6.82 5208 8.31 5748 8.01 7497 0.68 

1513 5.76 2123 6.26 2663 6.66 3203 8.06 3743 6.8 5213 8.34 5753 8.01 7527 0.62 

1518 5.77 2128 6.28 2668 6.66 3208 8.04 3748 6.8 5218 8.34 5758 7.97 7557 0.53 

1523 5.81 2133 6.28 2673 6.65 3213 8.02 3753 6.8 5223 8.35 5763 7.97 7587 0.61 

1528 5.81 2138 6.28 2678 6.63 3218 7.97 3758 6.8 5228 8.37 5768 7.98 7616 0.63 

1533 5.83 2143 6.3 2683 6.63 3223 7.93 3763 6.79 5233 8.39 5773 7.97 7647 0.61 

1538 5.84 2148 6.31 2688 6.64 3228 7.9 3768 6.79 5238 8.39 5778 7.98 7677 0.48 

1543 5.85 2153 6.3 2693 6.61 3233 7.86 3773 6.79 5243 8.39 5783 8 7707 0.42 

1548 5.85 2158 6.31 2698 6.59 3238 7.82 3778 6.79 5248 8.4 5788 8.01 7737 0.34 

1553 5.85 2163 6.32 2703 6.59 3243 7.77 3783 6.8 5253 8.39 5793 8.02 7767 0.29 

1558 5.84 2168 6.3 2708 6.54 3248 7.74 3788 6.79 5258 8.39 5798 8.01 7797 0.36 

1563 5.85 2173 6.3 2713 6.52 3253 7.73 3793 6.78 5263 8.37 5803 8.01 7827 0.31 

1568 5.85 2178 6.3 2718 6.55 3258 7.71 3798 6.77 5268 8.35 5808 7.97 7857 0.38 

1573 5.81 2183 6.3 2723 6.51 3263 7.69 3803 6.78 5273 8.34 5813 7.93 7887 0.44 

1578 5.83 2188 6.31 2728 6.52 3268 7.65 3808 6.77 5278 8.34 5818 7.88 7917 0.45 
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1658 5.89 2193 6.32 2733 6.44 3273 7.63 3813 6.77 5283 8.34 5823 7.79 7947 0.48 

1663 5.89 2198 6.33 2738 6.46 3278 7.62 4708 7.81 5288 8.31 5828 7.69 7977 0.44 

1668 5.89 2203 6.33 2743 6.47 3283 7.6 4713 7.82 5293 8.3 5833 7.57 8007 0.44 

1673 5.89 2208 6.33 2748 6.45 3288 7.58 4718 7.84 5298 8.3 5838 7.45 8037 0.45 

1678 5.89 2213 6.36 2753 6.44 3293 7.55 4723 7.88 5303 8.3 5843 7.32 8067 0.45 

1683 5.89 2218 6.35 2758 6.44 3298 7.53 4728 7.91 5308 8.29 5848 7.24 8097 0.38 

1688 5.89 2223 6.35 2763 6.36 3303 7.49 4733 7.92 5313 8.28 5853 7.12 8127 0.34 

1693 5.89 2228 6.37 2768 6.42 3308 7.46 4738 7.93 5318 8.3 5858 7.02 8157 0.4 

1698 5.9 2233 6.37 2773 6.42 3313 7.44 4743 7.95 5323 8.31 5863 6.88 8187 0.38 

1703 5.89 2238 6.37 2778 6.4 3318 7.43 4748 7.95 5328 8.3 5868 6.74 8217 0.25 

1708 5.89 2243 6.37 2783 6.4 3323 7.41 4753 7.96 5333 8.31 5873 6.61 8247 0.25 

1712 0 2248 6.37 2788 6.4 3328 7.39 4758 9.57 5338 8.3 5878 6.5 8277 0.3 

1713 5.88 2253 6.38 2793 6.41 3333 7.36 4783 7.93 5343 8.29 5883 6.38 8307 0.42 

1718 5.85 2258 6.38 2798 6.42 3338 7.34 4788 7.95 5348 8.29 5888 6.27 8817 0.06 

1723 5.84 2263 6.38 2803 6.44 3343 7.31 4793 7.93 5353 8.3 5893 6.18 8845 0.09 

1728 5.81 2268 6.36 2808 6.46 3348 7.3 4798 7.91 5358 8.31 5898 6.08 8877 0.06 
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0 0.00 334 4.29 1204 5.69 2134 6.19 3034 6.52 5870 6.11 6694 0.78 7684 -0.79 

1 0.03 364 4.57 1234 5.78 2164 6.19 3064 6.56 5871 6.10 6724 0.68 7714 -0.83 

3 0.03 372 4.66 1264 5.78 2194 6.22 3094 6.70 5884 5.67 6754 0.59 7744 -0.91 

5 0.03 382 4.74 1294 5.78 2224 6.24 3124 6.99 5895 5.22 6784 0.49 7774 -0.94 

12 0.03 394 4.87 1324 5.89 2254 6.25 3154 7.23 5900 5.29 6814 0.47 7804 -0.89 

15 0.03 424 5.11 1354 5.95 2284 6.27 3184 7.42 5914 4.99 6844 0.58 7834 -0.92 

20 0.03 454 5.27 1384 5.98 2314 6.28 3214 7.65 5944 4.44 6874 0.62 7864 -0.86 

25 0.13 484 5.43 1414 5.98 2344 6.22 3244 7.71 5974 3.96 6904 0.58 7894 -0.85 

29 0.18 514 5.51 1444 6.01 2374 6.24 3274 7.54 6004 3.59 6934 0.53 7924 -0.82 

30 0.13 544 5.58 1474 5.91 2404 6.22 3304 7.45 6034 3.27 6964 0.43 7954 -0.79 

34 0.24 574 5.72 1504 5.85 2434 6.24 3334 7.29 6064 2.95 6994 0.24 7984 -0.83 

35 0.23 604 5.85 1534 5.92 2464 6.19 3364 7.22 6094 2.64 7024 0.13 8014 -0.85 

39 0.31 634 5.94 1564 5.97 2494 6.27 3394 7.13 6124 2.40 7054 -0.02 8044 -0.83 

40 0.23 660 5.71 1594 5.95 2524 6.40 3399 6.99 6154 2.21 7084 -0.02 8074 -0.83 

44 0.40 664 5.91 1624 5.92 2554 6.52 4011 6.61 6184 2.06 7114 -0.08 8104 -0.89 

49 0.47 694 5.81 1654 5.94 2563 6.45 4376 7.01 6214 1.93 7144 -0.11 8134 -0.94 

50 0.34 724 5.82 1684 5.98 2568 6.62 5441 7.60 6244 1.77 7174 -0.20 8164 -0.89 

55 0.44 754 5.85 1714 5.97 2584 6.67 5805 7.44 6274 1.59 7204 -0.28 8194 -0.91 

59 0.62 784 5.88 1744 5.95 2614 6.56 5806 7.48 6304 1.47 7234 -0.39 8224 -1.01 

60 0.54 814 5.88 1774 5.88 2644 6.53 5808 7.52 6306 1.38 7264 -0.45 8254 -1.01 

66 0.73 844 5.89 1804 5.95 2674 6.55 5810 7.53 6310 1.47 7294 -0.43 8284 -0.97 

90 0.64 874 5.82 1834 6.10 2704 6.50 5813 7.53 6334 1.38 7324 -0.40 8314 -0.89 

94 1.13 904 5.81 1864 6.15 2734 6.44 5817 7.48 6364 1.32 7354 -0.45 8344 -0.83 
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120 1.66 934 5.76 1894 6.19 2764 6.41 5820 7.45 6394 1.22 7384 -0.45 8374 -0.89 

124 1.74 964 5.66 1924 6.30 2794 6.34 5825 7.34 6424 1.19 7414 -0.54 8404 -0.97 

154 2.20 994 5.61 1954 6.19 2824 6.40 5830 7.22 6454 1.08 7444 -0.55 8434 -1.01 

184 2.70 1024 5.60 1984 6.13 2854 6.47 5835 7.09 6484 1.02 7474 -0.57 8464 -1.04 

205 2.99 1054 5.70 2005 5.95 2884 6.44 5840 6.96 6514 0.96 7504 -0.58 8494 -1.04 

209 3.10 1084 5.82 2011 6.15 2914 6.40 5845 6.83 6544 0.93 7534 -0.64 8524 -1.04 

214 3.28 1114 5.91 2028 6.13 2937 6.34 5850 6.70 6574 0.93 7564 -0.70 8554 -1.03 

244 3.46 1132 5.74 2044 6.19 2944 6.34 5855 6.58 6604 0.95 7594 -0.69 
  

274 3.82 1140 5.75 2074 6.21 2974 6.40 5860 6.44 6634 0.92 7624 -0.64 
  

304 4.10 1174 5.46 2104 6.22 3004 6.49 5865 6.30 6664 0.84 7654 -0.67 
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0 0.00 401 2.24 1301 3.92 2231 4.46 3131 4.76 5938 5.07 6838 1.46 7798 0.27 

1 0.00 431 2.44 1331 3.97 2261 4.46 3161 5.24 5968 4.83 6868 1.43 7828 0.23 

3 0.00 461 2.65 1361 4.03 2291 4.43 3191 4.92 5998 4.56 6898 1.41 7858 0.20 

6 0.10 491 2.84 1391 4.06 2321 4.46 3221 5.06 6028 4.31 6928 1.41 7888 0.21 

8 0.10 521 3.03 1421 4.09 2351 4.69 3251 5.14 6058 4.09 6958 1.40 7918 0.20 

11 0.10 551 3.18 1451 4.06 2381 4.28 3281 5.22 6088 3.88 6988 1.32 7948 0.21 

11 0.13 581 3.40 1481 4.12 2411 4.41 3311 5.25 6118 3.63 7018 1.25 7978 0.21 

14 0.10 611 3.57 1511 4.11 2441 4.66 3341 5.29 6148 3.43 7048 1.19 8008 0.21 

21 0.20 641 3.61 1541 3.86 2471 4.56 3371 5.27 6178 3.26 7078 1.12 8038 0.23 

26 0.20 671 3.67 1571 4.11 2501 4.43 3414 5.09 6208 3.11 7108 1.09 8068 0.21 

31 0.20 672 3.59 1601 4.12 2531 4.49 3995 4.78 6238 2.96 7138 1.01 8098 0.18 

36 0.20 701 3.77 1631 4.06 2553 4.26 4367 5.08 6268 2.78 7168 0.98 8128 0.15 

41 0.20 731 3.72 1661 4.12 2561 4.51 5435 5.39 6298 2.68 7198 0.92 8158 0.15 

41 0.12 761 3.72 1691 4.11 2591 4.79 5805 5.61 6316 2.31 7228 0.88 8188 0.12 

46 0.20 791 3.80 1721 4.37 2621 4.56 5806 5.71 6321 2.60 7258 0.79 8218 0.12 

51 0.20 821 3.77 1751 4.15 2651 4.66 5808 5.81 6328 2.59 7288 0.75 8248 0.08 

56 0.20 851 3.79 1781 4.14 2681 4.63 5810 5.81 6358 2.45 7318 0.72 8278 0.06 

61 0.20 881 3.80 1811 4.14 2711 4.69 5813 5.81 6388 2.39 7348 0.69 8308 0.05 

66 0.24 911 3.82 1841 4.17 2741 4.67 5817 5.81 6418 2.28 7378 0.66 8338 0.08 

71 0.16 941 3.84 1871 4.21 2771 4.66 5820 5.81 6448 2.20 7408 0.64 8368 0.08 

101 0.24 971 3.83 1901 4.28 2801 4.66 5825 5.92 6478 2.14 7438 0.61 8398 0.08 

126 0.08 1001 3.83 1931 4.37 2831 4.66 5830 5.81 6508 2.05 7468 0.55 8428 0.03 

131 0.22 1031 3.90 1961 4.46 2861 4.66 5835 5.81 6538 1.98 7498 0.52 8458 0.02 
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161 0.41 1061 3.79 1991 4.16 2891 4.63 5840 5.81 6568 1.92 7528 0.49 8488 0.02 

191 0.61 1091 3.82 2017 4.17 2921 4.66 5845 5.92 6598 1.90 7558 0.45 8518 0.02 

221 0.88 1121 3.88 2021 4.43 2945 4.39 5850 5.81 6628 1.86 7588 0.42 8548 -0.03 

251 1.10 1122 3.98 2051 4.44 2951 4.64 5855 5.81 6658 1.81 7618 0.40 8578 -0.01 

281 1.31 1151 3.97 2081 4.46 2981 4.56 5860 5.81 6688 1.74 7648 0.42 
  

300 1.43 1181 3.92 2111 4.46 3011 4.53 5865 5.30 6718 1.68 7678 0.37 
  

311 1.54 1211 3.84 2141 4.48 3041 4.58 5878 5.54 6748 1.59 7708 0.33 
  

341 1.69 1241 3.82 2171 4.46 3071 4.63 5889 5.48 6778 1.53 7738 0.28 
  

371 2.00 1271 4.09 2201 4.41 3101 4.64 5908 5.34 6808 1.47 7768 0.24 
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0 0 1087 0.31 2046 0.82 3082 0.74 4132 0.84 4792 1.21 5722 1.03 7774 0.86 

24 0.08 1117 0.21 2076 0.79 3151 0.67 4162 0.82 4822 1.2 5762 1.29 7834 0.83 

67 0 1147 0.37 2106 0.84 3172 0.89 4192 0.79 4882 1.29 5792 1.32 7894 0.82 

71 0 1177 0.2 2136 0.86 3202 0.91 4222 0.76 4912 1.24 5802 1.33 7954 0.84 

97 0.15 1207 0.26 2526 0.81 3232 0.95 4252 0.77 4942 1.31 5812 1.28 8014 0.82 

127 0.17 1237 0.25 2586 0.71 3262 0.94 4282 0.87 4972 1.34 6088 1.32 8074 0.78 

211 0.25 1267 0.19 2590 0.68 3292 0.95 4286 0.85 5002 1.37 6148 1.34 8134 0.84 

247 0.38 1297 0.25 2599 0.68 3322 0.98 4312 0.84 5062 1.32 6268 1.23 8194 0.74 

277 0.35 1327 0.25 2608 0.68 3352 0.93 4342 0.83 5092 1.32 6632 1.34 8254 0.69 

307 0.35 1357 0.21 2671 0.6 3382 1.05 4402 0.91 5122 1.32 6742 1.34 8314 0.67 

337 0.42 1387 0.22 2692 0.6 3412 1.08 4432 0.95 5152 1.35 6830 1.23 8431 0.59 

367 0.42 1417 0.18 2722 0.57 3472 1.18 4462 0.93 5191 1.29 7051 1.04 8494 0.57 

397 0.53 1426 0.16 2752 0.53 3922 1.13 4492 0.98 5195 1.35 7114 0.99 8554 0.51 

401 0.47 1447 0.26 2782 0.53 3982 1.07 4522 0.91 5272 1.31 7174 1.02 8614 0.49 

907 0.34 1477 0.28 2812 0.54 3991 0.96 4552 0.99 5302 1.33 7234 1 8674 0.52 

967 0.35 1507 0.24 2842 0.48 4000 1.02 4591 0.94 5332 1.2 7294 1.03 8734 0.48 

976 0.36 1537 0.29 2872 0.52 4009 1 4612 1.03 5362 1.31 7354 1.03 8794 0.53 

1027 0.3 1656 0.33 2902 0.55 4042 0.98 4642 0.98 5392 1.21 7414 1.01 
  

1036 0.28 1711 0.36 2932 0.54 4051 0.98 4672 1.05 5422 1.12 7471 0.97 
  

1045 0.28 1746 0.38 2962 0.59 4060 0.96 4702 1.14 5452 1.17 7531 0.99 
  

1054 0.31 1771 0.47 3031 0.66 4072 0.98 4732 1.17 5505 1.19 7651 0.92 
  

1063 0.31 2016 0.79 3035 0.67 4102 0.85 4762 1.18 5632 0.89 7714 0.82 
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98 0.03 788 0.25 1688 0.52 2588 0.79 3428 1.25 6098 1.70 6938 1.46 7808 0.94 

120 0.00 818 0.27 1718 0.53 2610 0.61 3458 1.24 6128 1.67 6968 1.46 7838 0.94 

128 0.01 848 0.30 1748 0.53 2614 0.75 3466 1.10 6158 1.66 6990 1.22 7868 0.93 

158 0.01 878 0.29 1778 0.64 2618 0.81 4047 1.10 6188 1.63 6998 1.28 7898 0.94 

180 0.00 908 0.29 1808 0.53 2648 0.83 4411 1.28 6218 1.63 7028 1.28 7928 0.91 

188 0.02 938 0.24 1838 0.55 2678 0.94 5480 1.59 6248 1.61 7058 1.28 7958 0.91 

218 -0.02 968 0.22 1868 0.55 2708 0.93 5805 1.88 6278 1.60 7088 1.26 7988 0.90 

240 -0.20 998 0.25 1898 0.58 2738 0.87 5806 1.93 6308 1.61 7118 1.24 8018 0.88 

248 -0.05 1028 0.25 1928 0.59 2768 0.90 5808 1.94 6338 1.58 7148 1.24 8048 0.87 

278 0.10 1058 0.30 1958 0.61 2798 0.90 5810 1.94 6368 1.57 7178 1.21 8078 0.85 

300 0.00 1088 0.27 1988 0.66 2828 0.90 5813 2.00 6376 1.37 7208 1.18 8108 0.82 

308 0.07 1118 0.29 2018 0.70 2858 0.93 5817 2.03 6381 1.69 7238 1.18 8138 0.85 

338 0.01 1148 0.30 2048 0.64 2888 0.90 5820 2.05 6398 1.66 7268 1.18 8168 0.84 

360 0.00 1178 0.30 2078 0.66 2918 1.02 5825 2.05 6428 1.64 7298 1.18 8198 0.81 

368 0.03 1208 0.33 2108 0.66 2948 0.94 5830 2.05 6458 1.64 7328 1.17 8228 0.79 

390 0.10 1238 0.36 2138 0.68 2978 0.94 5835 2.05 6488 1.61 7358 1.17 8258 0.81 

398 0.04 1268 0.40 2168 0.68 3008 0.98 5840 2.06 6518 1.63 7388 1.12 8288 0.75 

428 0.06 1298 0.43 2198 0.71 3038 0.94 5845 2.08 6548 1.58 7418 1.12 8318 0.74 

458 -0.01 1328 0.43 2228 0.70 3068 0.99 5850 2.03 6578 1.58 7448 1.09 8348 0.74 

488 0.03 1358 0.45 2258 0.70 3098 0.99 5855 2.08 6608 1.60 7478 1.08 8378 0.74 

518 0.09 1388 0.44 2288 0.70 3128 1.01 5860 2.06 6638 1.57 7508 1.06 8408 0.74 

548 0.12 1418 0.45 2318 0.71 3158 1.10 5865 2.08 6668 1.57 7538 1.06 8438 0.69 

578 0.18 1448 0.47 2348 0.73 3188 1.10 5869 1.94 6698 1.55 7568 1.05 8468 0.69 
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608 0.18 1478 0.48 2378 0.75 3218 1.14 5888 1.83 6728 1.54 7598 1.05 8498 0.69 

638 0.17 1508 0.50 2408 0.75 3248 1.19 5918 1.80 6758 1.52 7628 1.03 8528 0.68 

668 0.20 1538 0.55 2438 0.73 3278 1.19 5948 1.75 6788 1.51 7658 1.00 
  

698 0.22 1568 0.50 2468 0.75 3308 1.19 5978 1.73 6818 1.49 7688 0.99 
  

728 0.24 1598 0.50 2498 0.78 3338 1.19 6008 1.75 6848 1.51 7718 0.96 
  

744 0.13 1628 0.50 2528 0.76 3368 1.19 6038 1.73 6878 1.49 7748 0.94 
  

758 -0.15 1658 0.50 2558 0.78 3398 1.21 6068 1.69 6908 1.46 7778 0.96 
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0 0 967 17.4 2197 19.58 3607 20.57 4711 21.07 5822 20.92 6538 2.01 8008 -5.06 

5 0.02 997 17.51 2227 19.61 3637 20.6 4717 21.08 5827 20.77 6568 1.73 8038 -5.08 

10 0.04 1051 17.73 2257 19.62 3667 20.65 4747 21.1 5832 20.6 6598 1.46 8068 -5.09 

15 0.07 1057 17.75 2287 19.65 3697 20.69 4777 21.12 5837 20.42 6628 1.19 8098 -5.11 

20 0.1 1087 17.89 2317 19.67 3727 20.72 4957 21.17 5842 20.24 6658 0.92 8128 -5.13 

31 0.23 1117 17.99 2347 19.68 3757 20.74 4987 21.19 5847 20.06 6688 0.64 8158 -5.15 

40 0.4 1147 18.1 2377 19.71 3787 20.77 5017 21.22 5962 15.07 6718 0.37 8188 -5.19 

45 0.52 1177 18.21 2407 19.72 3817 20.79 5047 21.25 5967 14.86 6748 0.13 8218 -5.21 

50 0.66 1207 18.3 2437 19.73 3847 20.8 5077 21.28 5972 14.65 7048 -1.71 8248 -5.25 

55 0.82 1237 18.39 2467 19.75 3877 20.83 5107 21.32 5977 14.44 7078 -1.85 8278 -5.29 

60 0.98 1267 18.46 2497 19.76 3907 20.84 5137 21.35 5982 14.24 7108 -1.98 8311 -5.35 

65 1.16 1297 18.54 2527 19.78 3937 20.85 5167 21.38 5987 14.03 7138 -2.13 8398 -5.57 

151 4.62 1327 18.6 2611 19.81 3967 20.88 5197 21.4 5992 13.83 7168 -2.28 8428 -5.65 

157 4.85 1357 18.66 2617 19.82 4207 21.06 5227 21.42 5997 13.63 7198 -2.42 8458 -5.72 

187 5.99 1411 18.72 2647 19.85 4237 21.06 5257 21.42 6002 13.43 7228 -2.56 8488 -5.8 

577 14.49 1417 18.73 2677 19.88 4267 21.07 5287 21.44 6007 13.25 7258 -2.68 8518 -5.86 

607 14.88 1447 18.73 2707 19.9 4297 21.07 5317 21.45 6012 13.05 7288 -2.79 8548 -5.92 

637 15.22 1477 18.75 2737 19.95 4327 21.08 5347 21.47 6017 12.86 7318 -2.9 8578 -5.94 

667 15.54 1507 18.77 2767 19.99 4357 21.1 5377 21.47 6022 12.67 7348 -3.02 8608 -5.95 

697 15.82 1591 18.79 2797 20.01 4387 21.11 5677 21.38 6027 12.48 7378 -3.13 8638 -5.99 

727 16.07 1597 18.79 2827 20.03 4417 21.12 5707 21.39 6032 12.3 7408 -3.26 8668 -6.03 

757 16.28 1627 18.8 2857 20.04 4447 21.13 5737 21.44 6328 4.91 7438 -3.38 8698 -6.05 

787 16.48 1657 18.81 2887 20.06 4477 21.12 5791 21.45 6358 4.36 7468 -3.51 8728 -6.06 
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817 16.66 1687 18.82 2917 20.08 4507 21.11 5797 21.42 6388 3.85 7858 -4.8 8758 -6.08 

847 16.83 1717 18.86 2947 20.09 4537 21.1 5802 21.37 6418 3.39 7888 -4.88 8788 -6.13 

877 16.99 2107 19.51 2977 20.08 4567 21.08 5807 21.28 6448 2.99 7918 -4.94 8818 -6.19 

907 17.13 2137 19.54 3547 20.5 4597 21.07 5812 21.19 6478 2.63 7948 -4.98 
  

937 17.27 2167 19.57 3577 20.54 4627 21.05 5817 21.06 6508 2.3 7978 -5.03 
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0 0 997 2.65 2137 3.18 3307 3.85 4807 4.06 5851 4.07 6657 1.16 7797 0.06 

5 0 1027 2.63 2167 3.16 3337 3.85 4837 4.05 5861 4.03 6687 1.12 7827 0.05 

15 0 1111 2.74 2197 3.17 3367 3.84 4867 4.05 5871 3.98 6717 1.06 7857 0.05 

29 0 1117 2.75 2227 3.15 3397 3.82 4897 4.06 5881 3.92 6747 1 7887 0.05 

35 0.01 1147 2.74 2257 3.15 3427 3.81 4927 4.08 5891 3.85 6777 0.95 7917 0.06 

45 0.04 1177 2.7 2287 3.15 3457 3.8 4957 4.11 5901 3.79 6807 0.92 7947 0.08 

91 0.13 1207 2.71 2347 3.13 3487 3.76 4987 4.15 5911 3.72 6837 0.89 7977 0.07 

97 0.16 1237 2.74 2377 3.12 3517 3.74 5017 4.17 5921 3.66 6867 0.89 8007 0.06 

127 0.3 1267 2.76 2407 3.13 3547 3.71 5047 4.18 5931 3.58 6897 0.89 8037 0.05 

157 0.46 1297 2.77 2437 3.12 3577 3.68 5077 4.19 5941 3.51 6927 0.89 8067 0.06 

187 0.65 1327 2.8 2467 3.14 3607 3.66 5107 4.19 5951 3.44 6957 0.87 8097 0.04 

217 0.83 1357 2.82 2497 3.14 3637 3.64 5137 4.19 5961 3.37 6987 0.81 8127 0.02 

271 1.15 1387 2.83 2527 3.18 3667 3.62 5167 4.2 5971 3.3 7017 0.75 8157 0 

277 1.2 1417 2.84 2557 3.26 3697 3.62 5197 4.19 5981 3.22 7047 0.73 8187 -0.01 

307 1.38 1447 2.85 2587 3.32 3727 3.57 5227 4.2 5991 3.15 7077 0.67 8217 -0.04 

337 1.54 1477 2.84 2617 3.34 3757 3.55 5257 4.21 6031 2.91 7107 0.64 8247 -0.07 

367 1.7 1507 2.83 2647 3.35 3787 3.55 5287 4.21 6041 2.85 7137 0.62 8277 -0.08 

397 1.86 1537 2.82 2677 3.36 3817 3.52 5317 4.21 6051 2.79 7167 0.58 8311 -0.06 

427 2.01 1567 2.84 2707 3.38 3847 3.53 5347 4.2 6091 2.53 7197 0.54 8337 -0.05 

457 2.15 1597 2.85 2791 3.34 3877 3.51 5377 4.2 6117 2.38 7227 0.49 8367 -0.05 

487 2.26 1627 2.85 2797 3.33 3907 3.5 5407 4.22 6147 2.24 7257 0.44 8431 -0.09 

517 2.37 1657 2.86 2827 3.31 3937 3.52 5491 4.22 6177 2.13 7287 0.4 8457 -0.1 

547 2.44 1711 2.9 2857 3.32 3967 3.53 5497 4.22 6207 2.01 7317 0.39 8487 -0.11 
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577 2.5 1717 2.9 2887 3.31 3997 3.56 5527 4.22 6237 1.93 7347 0.38 8517 -0.12 

607 2.57 1771 2.93 2917 3.3 4027 3.56 5549 4.22 6267 1.83 7377 0.36 8547 -0.13 

637 2.63 1777 2.94 2947 3.27 4057 3.59 5557 4.21 6297 1.73 7407 0.34 8577 -0.12 

667 2.66 1807 2.95 2977 3.27 4087 3.61 5587 4.21 6327 1.65 7437 0.3 8607 -0.15 

697 2.66 1837 3.01 3007 3.29 4117 3.63 5617 4.2 6357 1.59 7471 0.27 8637 -0.13 

727 2.67 1867 3.05 3037 3.3 4507 3.88 5647 4.19 6387 1.53 7497 0.26 8667 -0.13 

757 2.66 1897 3.1 3067 3.32 4537 3.89 5677 4.17 6417 1.48 7527 0.24 8697 -0.1 

787 2.67 1927 3.14 3097 3.35 4567 3.9 5707 4.15 6447 1.42 7557 0.2 8727 -0.11 

817 2.68 1957 3.16 3151 3.47 4651 3.93 5791 4.15 6477 1.37 7587 0.18 8757 -0.1 

847 2.68 1987 3.15 3157 3.5 4657 3.94 5801 4.15 6507 1.32 7651 0.19 8787 -0.12 

877 2.67 2017 3.15 3187 3.59 4687 3.96 5811 4.15 6537 1.27 7677 0.17 8817 -0.11 

907 2.68 2047 3.16 3217 3.69 4717 3.98 5821 4.14 6567 1.24 7707 0.15 8847 -0.12 

937 2.66 2077 3.17 3247 3.78 4747 4.01 5831 4.13 6597 1.21 7737 0.11 8877 -0.13 

967 2.65 2107 3.17 3277 3.83 4777 4.03 5841 4.1 6627 1.18 7767 0.08 
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9 0 181 -0.03 351 0 521 0.03 691 0.02 861 -0.04 1031 -0.08 1440 -0.06 

14 0 186 -0.03 356 0 526 0.03 696 0.02 866 -0.04 1036 -0.08 1470 -0.08 

19 0 191 -0.03 361 0 531 0.03 701 0.02 871 -0.04 1041 -0.08 1500 -0.07 

24 0 196 -0.03 366 0 536 0.03 706 0 876 -0.04 1046 -0.08 1530 -0.08 

29 0 201 -0.03 371 0 541 0.04 711 0 881 -0.04 1051 -0.08 1560 -0.08 

34 0 206 -0.03 376 0 546 0.03 716 0 886 -0.04 1056 -0.08 1590 -0.08 

39 0 211 -0.03 381 0 551 0.03 721 0 891 -0.06 1061 -0.08 1620 -0.08 

44 0 216 -0.03 386 0 556 0.04 726 0 896 -0.04 1066 -0.08 1650 -0.08 

49 0 221 -0.03 391 0 561 0.03 731 0 901 -0.06 1071 -0.07 1680 -0.08 

54 0 226 -0.03 396 0 566 0.04 736 0 906 -0.06 1080 -0.07 1710 -0.07 

59 0 231 -0.03 401 0 571 0.04 741 0 911 -0.06 1086 -0.07 1740 -0.07 

64 -0.02 236 -0.03 406 0 576 0.03 746 0 916 -0.06 1092 -0.07 1770 -0.07 

69 0 241 -0.03 411 0 581 0.04 751 0 921 -0.06 1098 -0.07 1800 -0.04 

74 -0.02 246 -0.03 416 0.02 586 0.04 756 0 926 -0.06 1104 -0.07 1830 -0.03 

79 0 251 -0.02 421 0.02 591 0.03 761 0 931 -0.07 1110 -0.07 1860 -0.02 

84 -0.02 256 -0.03 426 0 596 0.03 766 0 936 -0.06 1116 -0.07 1890 0 

89 -0.02 261 -0.02 431 0.02 601 0.04 771 0 941 -0.07 1122 -0.07 1920 0 

94 -0.02 266 -0.02 436 0 606 0.03 776 0 946 -0.07 1128 -0.07 1950 0.02 

99 -0.02 271 -0.02 441 0.02 611 0.03 781 0 951 -0.07 1134 -0.06 1980 0.02 

104 -0.02 276 -0.02 446 0.02 616 0.03 786 0 956 -0.07 1140 -0.06 2010 0.04 

109 -0.02 281 -0.02 451 0.02 621 0.04 791 -0.02 961 -0.07 1146 -0.06 2040 0.04 

114 -0.03 286 -0.03 456 0.02 626 0.04 796 -0.02 966 -0.07 1152 -0.06 2070 0.04 

121 -0.03 291 -0.02 461 0.02 631 0.03 801 -0.02 971 -0.07 1158 -0.06 2100 0.05 
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126 -0.03 296 -0.02 466 0.02 636 0.03 806 -0.02 976 -0.07 1164 -0.06 2130 0.04 

131 -0.03 301 -0.02 471 0.02 641 0.03 811 -0.02 981 -0.07 1170 -0.06 2160 0.05 

136 -0.03 306 -0.02 476 0.02 646 0.03 816 -0.02 986 -0.08 1178 -0.06 2190 0.04 

141 -0.03 311 -0.02 481 0.03 651 0.03 821 -0.03 991 -0.07 1200 -0.06 2220 0.04 

146 -0.03 316 -0.02 486 0.02 656 0.03 826 -0.03 996 -0.07 1233 -0.04 2250 0.04 

151 -0.03 321 -0.02 491 0.02 661 0.03 831 -0.03 1001 -0.07 1260 -0.04 2280 0.03 

156 -0.03 326 0 496 0.02 666 0.03 836 -0.03 1006 -0.08 1290 -0.04 2310 0.02 

161 -0.03 331 -0.02 501 0.03 671 0.03 841 -0.03 1011 -0.07 1320 -0.04 2340 0 

166 -0.03 336 0 506 0.03 676 0.03 846 -0.03 1016 -0.08 1350 -0.06 2370 0 

171 -0.03 341 0 511 0.03 681 0.02 851 -0.03 1021 -0.08 1380 -0.06 2400 0 

176 -0.03 346 -0.02 516 0.03 686 0.02 856 -0.03 1026 -0.08 1410 -0.06 2430 0 
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1 0 306 0.63 606 0.41 906 0.3 1470 0.05 3270 0.57 5070 0.38 6870 0.18 

6 0 311 0.63 611 0.44 911 0.3 1500 0.12 3300 0.49 5100 0.36 6900 0.1 

11 0.01 316 0.62 616 0.45 916 0.3 1530 0.23 3330 0.41 5130 0.36 6930 0.08 

16 0.02 321 0.63 621 0.45 921 0.3 1560 0.34 3360 0.34 5160 0.36 6960 0.08 

21 0.05 326 0.62 626 0.47 926 0.3 1590 0.42 3390 0.42 5190 0.34 6990 0.05 

26 0.06 331 0.62 631 0.49 931 0.3 1620 0.44 3420 0.55 5220 0.34 7020 0 

31 0.08 336 0.62 636 0.5 936 0.3 1650 0.45 3450 0.63 5250 0.32 7050 -0.04 

36 0.1 341 0.61 641 0.51 941 0.28 1680 0.47 3480 0.63 5280 0.32 7080 -0.11 

41 0.11 346 0.61 646 0.54 946 0.28 1710 0.42 3510 0.65 5310 0.3 7110 -0.16 

46 0.14 351 0.61 651 0.54 951 0.28 1740 0.38 3540 0.72 5340 0.3 7140 -0.21 

51 0.15 356 0.61 656 0.57 956 0.28 1770 0.38 3570 0.64 5370 0.34 7170 -0.2 

56 0.16 361 0.61 661 0.58 961 0.28 1800 0.36 3600 0.65 5400 0.42 7200 -0.11 

61 0.19 366 0.62 666 0.58 966 0.28 1830 0.32 3630 0.69 5430 0.54 7230 0.01 

66 0.2 371 0.61 671 0.59 971 0.28 1860 0.24 3660 0.64 5460 0.63 7260 0.11 

71 0.23 376 0.61 676 0.59 976 0.28 1890 0.19 3690 0.55 5490 0.65 7290 0.19 

76 0.24 381 0.61 681 0.61 981 0.28 1920 0.18 3720 0.46 5520 0.55 7320 0.28 

81 0.26 386 0.61 686 0.59 986 0.28 1950 0.3 3750 0.42 5550 0.45 7350 0.34 

86 0.28 391 0.61 691 0.59 991 0.28 1980 0.47 3780 0.4 5580 0.38 7380 0.37 

91 0.3 396 0.59 696 0.58 996 0.28 2010 0.58 3810 0.37 5610 0.34 7410 0.38 

96 0.3 401 0.59 701 0.58 1001 0.28 2040 0.62 3840 0.38 5640 0.28 7440 0.4 

101 0.32 406 0.58 706 0.57 1006 0.3 2070 0.64 3870 0.37 5670 0.24 7470 0.36 

106 0.33 411 0.55 711 0.55 1011 0.28 2100 0.61 3900 0.42 5700 0.22 7500 0.32 

111 0.36 416 0.55 716 0.55 1016 0.3 2130 0.55 3930 0.47 5730 0.22 7530 0.3 
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121 0.38 421 0.54 721 0.54 1021 0.28 2160 0.53 3960 0.45 5760 0.26 7560 0.24 

126 0.4 426 0.53 726 0.53 1026 0.3 2190 0.5 3990 0.41 5790 0.34 7590 0.18 

131 0.41 431 0.51 731 0.51 1031 0.3 2220 0.45 4020 0.41 5820 0.49 7620 0.08 

136 0.42 436 0.5 736 0.51 1036 0.3 2250 0.44 4050 0.4 5850 0.58 7650 -0.02 

141 0.44 441 0.49 741 0.5 1041 0.3 2280 0.4 4080 0.42 5880 0.59 7680 -0.06 

146 0.45 446 0.46 746 0.49 1046 0.3 2310 0.3 4110 0.44 5910 0.63 7710 0.02 

151 0.47 451 0.45 751 0.49 1051 0.3 2340 0.24 4140 0.4 5940 0.69 7740 0.15 

156 0.49 456 0.44 756 0.49 1056 0.3 2370 0.2 4170 0.32 5970 0.73 7770 0.26 

161 0.5 461 0.41 761 0.47 1061 0.32 2400 0.18 4200 0.28 6000 0.72 7800 0.33 

166 0.51 466 0.38 766 0.47 1066 0.32 2430 0.14 4230 0.22 6030 0.65 7830 0.37 

171 0.54 471 0.37 771 0.47 1071 0.34 2460 0.18 4260 0.16 6060 0.58 7860 0.3 

176 0.54 476 0.36 776 0.47 1080 0.36 2490 0.28 4290 0.16 6090 0.5 7890 0.28 

181 0.55 481 0.34 781 0.46 1086 0.37 2520 0.34 4320 0.24 6120 0.4 7920 0.3 

186 0.57 486 0.33 786 0.46 1092 0.38 2550 0.37 4350 0.33 6150 0.32 7950 0.37 

191 0.58 491 0.33 791 0.46 1098 0.38 2580 0.32 4380 0.44 6180 0.26 7980 0.34 

196 0.59 496 0.34 796 0.46 1104 0.4 2605 0.26 4410 0.53 6210 0.18 8010 0.3 

201 0.61 501 0.34 801 0.46 1110 0.41 2640 0.15 4440 0.57 6240 0.12 8040 0.3 

206 0.61 506 0.34 806 0.45 1116 0.42 2670 0.1 4470 0.58 6270 0.2 8070 0.24 

211 0.62 511 0.36 811 0.44 1122 0.44 2700 0.1 4500 0.61 6300 0.34 8100 0.19 

216 0.63 516 0.37 816 0.44 1128 0.44 2730 0.08 4530 0.59 6330 0.44 8130 0.22 

221 0.63 521 0.38 821 0.44 1134 0.42 2760 0.05 4560 0.51 6360 0.51 8160 0.22 

226 0.64 526 0.4 826 0.44 1140 0.42 2790 0.01 4590 0.44 6390 0.54 8190 0.19 

231 0.65 531 0.41 831 0.42 1146 0.41 2820 0.01 4620 0.34 6420 0.53 8220 0.19 
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236 0.67 536 0.41 836 0.42 1152 0.4 2850 0.04 4650 0.26 6450 0.49 8250 0.2 

241 0.67 541 0.42 841 0.41 1158 0.38 2880 0.05 4680 0.2 6480 0.44 8280 0.23 

246 0.68 546 0.44 846 0.4 1164 0.36 2910 0.06 4710 0.14 6510 0.38 8310 0.22 

251 0.68 551 0.44 851 0.4 1170 0.36 2940 0.15 4740 0.11 6540 0.37 8340 0.23 

256 0.68 556 0.45 856 0.38 1178 0.33 2970 0.3 4770 0.08 6570 0.33 8369 0.14 

261 0.67 561 0.45 861 0.37 1200 0.3 3000 0.42 4800 0.08 6600 0.28 8400 0.08 

266 0.67 566 0.44 866 0.36 1231 0.28 3030 0.45 4830 0.2 6630 0.23 8430 0.08 

271 0.67 571 0.42 871 0.34 1260 0.23 3060 0.42 4860 0.38 6660 0.23 8460 0.08 

276 0.65 576 0.41 876 0.33 1290 0.16 3090 0.51 4890 0.49 6690 0.23 8490 0.02 

281 0.64 581 0.41 881 0.33 1320 0.1 3120 0.55 4920 0.47 6720 0.22 8520 -0.02 

286 0.64 586 0.41 886 0.32 1350 0.04 3150 0.59 4950 0.53 6750 0.15 8550 -0.04 

291 0.64 591 0.41 891 0.32 1380 0 3180 0.62 4980 0.55 6780 0.15 8580 -0.1 

296 0.64 596 0.4 896 0.32 1410 -0.04 3210 0.62 5010 0.47 6810 0.18 8610 -0.1 

301 0.63 601 0.41 901 0.3 1440 0 3240 0.62 5040 0.42 6840 0.18 8640 0.01 
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2 0 261 0.92 516 0.9 771 0.87 1026 0.66 1890 0.41 3420 0.88 7080 -0.21 

7 0.02 266 0.96 521 0.91 776 0.88 1031 0.67 1920 0.44 3450 0.93 7110 -0.27 

12 0.02 271 0.96 526 0.9 781 0.88 1036 0.67 1950 0.55 3480 0.95 7140 -0.34 

17 0.02 276 0.97 531 0.91 786 0.88 1041 0.67 1980 0.67 3510 1.02 7170 -0.32 

22 0.02 281 0.99 536 0.93 791 0.87 1046 0.66 2010 0.74 3540 1.03 7200 -0.26 

27 0.04 286 0.99 541 0.93 796 0.87 1051 0.66 2040 0.77 3570 0.99 7230 -0.15 

32 0.06 291 1.01 546 0.92 801 0.87 1056 0.66 2070 0.81 3600 1.02 7260 -0.07 

37 0.06 296 0.99 551 0.92 806 0.86 1061 0.67 2100 0.77 3630 1.02 7290 0 

42 0.08 301 1.02 556 0.91 811 0.86 1066 0.67 2130 0.74 3660 0.96 7320 0.1 

47 0.09 306 1.01 561 0.91 816 0.86 1071 0.68 2160 0.71 3690 0.87 7350 0.13 

52 0.1 311 1.01 566 0.91 821 0.84 1080 0.7 2190 0.68 3720 0.78 7380 0.18 

57 0.12 316 0.99 571 0.9 826 0.84 1086 0.7 2220 0.65 3750 0.76 7410 0.2 

62 0.13 321 0.97 576 0.9 831 0.84 1092 0.7 2250 0.63 3780 0.72 7440 0.23 

67 0.14 326 1.02 581 0.88 836 0.84 1098 0.71 2280 0.56 3810 0.7 7470 0.2 

72 0.16 331 1.03 586 0.88 841 0.82 1104 0.72 2310 0.46 3840 0.67 7500 0.19 

77 0.18 336 1.05 591 0.88 846 0.81 1110 0.72 2340 0.4 3870 0.65 7530 0.18 

82 0.19 341 1.03 596 0.87 851 0.81 1116 0.74 2370 0.35 3900 0.66 7560 0.13 

91 0.21 346 1.06 601 0.87 856 0.8 1122 0.72 2400 0.29 3930 0.66 7590 0.09 

96 0.23 351 1.06 606 0.87 861 0.77 1128 0.72 2430 0.26 3960 0.63 7620 -0.01 

101 0.24 356 1.09 611 0.87 866 0.78 1134 0.71 2460 0.3 3990 0.6 7650 -0.11 

106 0.25 361 1.11 616 0.9 871 0.77 1140 0.71 2490 0.36 4020 0.59 7680 -0.13 

111 0.27 366 1.11 621 0.9 876 0.76 1146 0.7 2520 0.4 4050 0.57 7710 -0.1 

116 0.29 371 1.12 626 0.9 881 0.76 1152 0.7 2550 0.4 4080 0.6 7740 0 
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121 0.31 376 1.13 631 0.9 886 0.74 1158 0.68 2577 0.35 4110 0.57 7770 0.08 

126 0.32 381 1.12 636 0.91 891 0.74 1164 0.67 2610 0.27 4140 0.52 7800 0.15 

131 0.34 386 1.09 641 0.91 896 0.74 1170 0.67 2640 0.2 4170 0.48 7830 0.2 

136 0.35 391 1.06 646 0.93 901 0.76 1178 0.67 2670 0.16 4200 0.42 7860 0.18 

141 0.38 396 1.05 651 0.93 906 0.76 1200 0.68 2700 0.16 4230 0.36 7890 0.18 

146 0.38 401 1.06 656 0.95 911 0.76 1230 0.66 2730 0.14 4260 0.51 7920 0.21 

151 0.4 406 1.05 661 0.96 916 0.74 1260 0.61 2760 0.09 4290 0.6 7950 0.26 

156 0.41 411 1.06 666 0.96 921 0.72 1290 0.54 2790 0.08 4320 0.51 7980 0.25 

161 0.45 416 1.05 671 0.95 926 0.72 1320 0.48 2820 0.06 4350 0.68 8010 0.23 

166 0.48 421 1.06 676 0.93 931 0.72 1350 0.41 2850 0.06 4380 0.74 8040 0.25 

171 0.49 426 1.03 681 0.93 936 0.71 1380 0.35 2880 0.08 4410 0.74 8070 0.19 

176 0.51 431 1.01 686 0.93 941 0.71 1410 0.27 2910 0.1 4440 0.74 8100 0.14 

181 0.52 436 0.99 691 0.92 946 0.7 1440 0.29 2940 0.34 4470 0.76 8130 0.15 

186 0.55 441 0.97 696 0.92 951 0.7 1470 0.3 2970 0.5 4500 0.78 8160 0.14 

191 0.55 446 0.96 701 0.92 956 0.7 1500 0.34 3000 0.63 4530 0.7 8190 0.12 

196 0.57 451 0.93 706 0.91 961 0.7 1530 0.4 3030 0.67 4560 0.65 8220 0.12 

201 0.59 456 0.92 711 0.88 966 0.7 1560 0.49 3060 0.68 4590 0.56 8250 0.12 

206 0.59 461 0.9 716 0.9 971 0.7 1590 0.57 3090 0.74 4620 0.46 8280 0.12 

211 0.6 466 0.87 721 0.92 976 0.68 1620 0.59 3120 0.82 4650 0.38 8310 0.09 

216 0.61 471 0.86 726 0.92 981 0.68 1650 0.61 3150 0.86 4680 0.3 8340 0.09 

221 0.63 476 0.86 731 0.91 986 0.68 1680 0.63 3180 0.87 4710 0.21 8370 0.02 

226 0.63 481 0.84 736 0.9 991 0.68 1710 0.61 3210 0.88 4740 0.16 8400 -0.04 

231 0.66 486 0.87 741 0.9 996 0.67 1740 0.61 3240 0.9 4770 0.12 8430 -0.05 
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236 0.67 491 0.86 746 0.9 1001 0.67 1761 0.61 3270 0.84 4800 0.13 8460 -0.06 

241 0.68 496 0.87 751 0.9 1006 0.67 1770 0.61 3300 0.78 6973 -0.04 8490 -0.06 

246 0.7 501 0.88 756 0.9 1011 0.67 1800 0.57 3330 0.71 6990 -0.06 8520 -0.1 

251 0.71 506 0.87 761 0.9 1016 0.67 1830 0.52 3360 0.72 7020 -0.11 
  

256 0.84 511 0.88 766 0.88 1021 0.67 1860 0.45 3390 0.8 7050 -0.16 
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Y 

Thickness, 
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1 39466490 3754209 61.70 20 39466753 3755970 51.31 39 39468181 3757885 45.13 

2 39467034 3754372 65.85 21 39469031 3756097 55.34 40 39467444 3758137 50.78 

3 39467909 3754735 51.02 22 39467448 3756384 63.51 41 39467104 3758438 69.04 

4 39466439 3754756 59.32 23 39466576 3756496 49.39 42 39469144 3758619 47.75 

5 39467056 3754833 54.89 24 39468085 3756538 51.60 43 39467497 3758659 51.89 

6 39468400 3754911 62.66 25 39467959 3756547 53.91 44 39467201 3758843 56.09 

7 39466838 3754993 60.50 26 39466949 3756725 51.42 45 39468553 3758960 44.03 

8 39466607 3755159 64.80 27 39466656 3756988 54.03 46 39467867 3759009 56.03 

9 39467621 3755161 62.32 28 39468814 3757027 56.61 47 39467371 3759190 55.84 

10 39467390 3755220 57.92 29 39467049 3757085 53.64 48 39468193 3759305 50.03 

11 39467306 3755262 48.18 30 39469202 3757088 53.45 49 39469399 3759325 55.17 

12 39468902 3755313 55.56 31 39468995 3757090 42.98 50 39468646 3759406 48.92 

13 39467835 3755397 58.70 32 39468540 3757174 51.17 51 39467543 3759492 42.54 

14 39467356 3755429 69.82 33 39467892 3757182 49.46 52 39468260 3759719 49.79 

15 39466645 3755540 58.95 34 39469110 3757442 42.88 53 39468791 3759788 51.56 

16 39469156 3755653 52.89 35 39468072 3757570 51.51 54 39467185 3759818 49.19 

17 39467061 3755703 56.11 36 39467391 3757652 51.26 55 39467920 3760072 48.00 

18 39469224 3755729 48.10 37 39466966 3757725 63.27 56 39469045 3760114 46.98 

19 39467312 3755887 63.50 38 39467051 3757882 69.41 57 39468452 3760213 55.05 
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Date, 

m/y 

Well num 

Shui 4 Shui 5 Shui 9 

 

Date, 

m/y 

Well num 

Shui 4 Shui 5 Shui 9 

 

Date, 

m/y 

Well num 

Shui 4 Shui 5 Shui 9  

PoteH*,m PoteH, m PoteH, m 

1/1998 -93.11 \ \ 9/2000 -126.11 -132.16 -139.1 5/2003 -169.54 -178.12 -183.6 

2/1998 -92.28 \ \ 10/2000 -128.85 -133.48 -140.44 6/2003 -157.18 \ \ 

3/1998 -93.61 \ -110.07 11/2000 -127.02 -133.42 -139.7 7/2003 -160.94 -167.41 -176.36 

4/1998 -96.11 \ -109.2 12/2000 -125.55 -131.64 -138.92 8/2003 -167.76 -175.89 -181.4 

5/1998 -95.32 \ -107.15 1/2001 -124.16 -128.58 -138.2 9/2003 -169.89 -176.99 -184.92 

6/1998 -94.11 \ -107.6 2/2001 -125.24 -130.51 -138.16 10/2003 -170.32 -177.01 -184.68 

7/1998 -96.11 \ -109.57 3/2001 -123.21 -129.17 -138.24 11/2003 -171.75 -179.58 -188.17 

8/1998 -94.61 \ -109.07 4/2001 -136.06 -140.62 -148.63 12/2003 -161.36 -169.11 -180.06 

9/1998 -97.91 \ -109.07 5/2001 -139.11 -143.8 -149.64 1/2004 -152.56 -159.93 -169.8 

10/1998 -100.61 \ -110.8 6/2001 -138.11 -143.83 -151.57 2/2004 \ \ \ 

11/1998 -97.11 \ -109.88 7/2001 -140.34 -145.12 \ 3/2004 -150.31 -157.86 -168.57 

12/1998 -100.81 \ -111.08 8/2001 -146.47 -151.71 -157.02 4/2004 -150.1 -156.68 -167.7 

1/1999 -101.41 \ -111.38 9/2001 -150.85 -154.95 \ 5/2004 -148.21 -154.89 -166.44 

2/1999 -103.11 \ -110.38 10/2001 -150.295 -154.88 -160.62 6/2004 -149.75 -157.11 -168.43 

3/1999 -104.11 \ -113.48 11/2001 -150.13 -155.43 -162.02 7/2004 -151.61 -158.9 -172.07 

4/1999 -102.61 \ -114.28 12/2001 -148.33 -153.97 -161.16 8/2004 -151.05 -157.98 -171.33 

5/1999 -98.61 \ -111.58 1/2002 -147.4 -152.68 -160.42 9/2004 -152.78 -159.94 -173.2 

6/1999 -99.21 \ -112.38 2/2002 -150.6 -150 -158.23 10/2004 -154.55 \ \ 

7/1999 -100.11 \ -113.38 3/2002 -145.74 -150.76 -155.7 11/2004 -155.88 -164.2 -173.14 

8/1999 -101.61 \ -114.48 4/2002 -148.23 \ \ 12/2004 -155.03 -154.52 -170.79 

9/1999 -103.12 \ -115.7 5/2002 -153.29 -156.91 -163.69 1/2005 -153.13 -157.76 -171.6 

10/1999 -104.18 \ -115.16 6/2002 -157.36 -161.88 -169.72 2/2005 -154.01 -158.6 -169.8 
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Date, 

m/y 

Well num 

Shui 4 Shui 5 Shui 9 

 

Date, 

m/y 

Well num 

Shui 4 Shui 5 Shui 9 

 

Date, 

m/y 

Well num 

Shui 4 Shui 5 Shui 9  

PoteH*,m PoteH, m PoteH, m 

11/1999 \ \ \ 7/2002 -159.94 -165.11 -171.1 3/2005 -165.36 -173.58 -178.57 

12/1999 -128.03 \ -137.05 8/2002 \ \ \ 4/2005 -194.91 -209.31 -207.12 

1/2000 -126.01 -132.56 -135.95 9/2002 -162.69 -167.68 -172.33 5/2005 -206.71 -222.72 -219.19 

2/2000 -123.31 -130.14 -136.13 10/2002 -157.37 -167.43 -175.3 6/2005 -210.5 -229.2 -224.35 

3/2000 -123.9 -131.11 -137.78 11/2002 -155.52 -161.31 -170.51 7/2005 -210.46 -233.22 -225.63 

4/2000 -124.05 -132.21 -135.45 12/2002 -160.61 -165.95 -173.3 8/2005 -209.28 -233.05 -224.93 

5/2000 -128.06 -134.67 -136.63 1/2003 -163.745 -168.985 -176.1 9/2005 -209.86 -244.88 -246.29 

6/2000 -129.08 -135.07 -138.4 2/2003 -165.081 -169.83 -179.315 10/2005 -210.45 -253.71 -249.77 

7/2000 -131.71 -137.99 -139.6 3/2003 -166.75 -173.11 -181.04 11/2005 -210.82 -250.56 -252.89 

8/2000 -131.41 -138.94 -139.42 4/2003 -167.18 \ -181.44 12/2005 -209.93 -250.27 -254.8 

PoteH
*
 is the abbreviation of potentiometric head.
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