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Abstract: To facilitate understanding and calculation, hydrogeologists have introduced the influence
radius. This parameter is now widely used, not only in the theoretical calculation and reasoning of
well flow mechanics, but also in guiding production practice, and it has become an essential parameter
in hydrogeology. However, the reasonableness of this parameter has always been disputed. This
paper discusses the nature of the influence radius and the problems of its practical application based
on mathematical reasoning and analogy starting from the Dupuit formula and Thiem formula. It is
found that the influence radius is essentially the distance in the time—distance problem in physics;
therefore, it is a function of time and velocity and is influenced by hydrogeological conditions and
pumping conditions. Additionally, the influence radius is a variable and is essentially different from
the hydrogeological parameters reflecting the natural properties of aquifers such as the porosity,
specific yield, and hydraulic conductivity. Furthermore, the parameterized influence radius violates
the continuity principle of fluids. In reality, there are no infinite horizontal aquifers, and most aquifers
are replenished from external sources, which is very different from theory. The stable or seemingly
stable groundwater level observed in practice is simply a coincidence that occurs under the influence
of various practical factors, which cannot be considered to explain the rationality of applying this
parameter in production calculations. Therefore, the influence radius cannot be used to evaluate the
sustainable water supply capacity of aquifers, nor can it be used to guide the design of groundwater
pollution remediation projects, the division of water source protection areas, and the scheme of
riverbank filtration wells. Various ecological and environmental problems caused by groundwater
exploitation are related to misleading information from the influence radius theory. Generally, the
influence radius does not have scientific or practical significance, but it can easily be misleading,
particularly for non-professionals. The influence radius should not be used in the sustainable
development and protection of groundwater resources, let alone in theoretical models. From the
perspective of regional overall planning, the calculation and evaluation of sustainable development
and the utilization of groundwater resources should be investigated in a systematic manner.

Keywords: influence radius; Dupuit; Thiem; groundwater flow system; sustainable development

1. Origin of the Issue

Darcy’s Law [1], which was obtained through laboratory seepage column experiments
by Darcy in 1856, is an important milestone in the history of hydrogeology and has led to
the transition of hydrogeology from qualitative descriptions to quantitative calculations.
Seven years later, Dupuit established the Dupuit stable well flow model (also known as the
round island model) based on Darcy’s Law and derived the stable well flow formula known
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as the Dupuit formula [2]. In the Dupuit model, the aquifer is a finite volume cylinder
placed in the sea, and the pumping well is located at the axis of the cylinder, which is an
ideal model for high generalization. In reality, aquifers with a finite cylinder shape, constant
head boundary at the side, and zero flux boundaries at the top and bottom are extremely
rare, and actual aquifers are also difficult to generalize as assumed by the Dupuit model
and calculated directly using the Dupuit formula. Consequently, the practical application
of the Dupuit model has been largely limited since its inception. To solve this problem,
Thiem [3] extended the Dupuit model to a horizontal infinite aquifer using an approximate
hypothesis and thus established the Thiem model. This model has a parameter called the
range of cone of depression. Thiem assumed that this parameter represents the horizontal
distance from the pumping well to the point where the water level cannot actually be
observed to drop; therefore, a large error will not occur in the replacement of the round
island radius “R” with the parameter of the range of cone of depression [4]. Later, Todd [5]
figuratively renamed the range of the cone of depression as the influence radius and argued
that it was not necessarily observable, but rather an approximate empirical value [6], which
is how the influence radius originated.

The influence radius may be confusing with regard to the Dupuit model and Thiem
model, and it is believed that the round island radius (R) in the former is equivalent to the
influence radius (R) in the latter. Additionally, it is believed that the influence radius is
objective, immutable, and measurable [7], and has nothing to do with human impact, in a
manner similar to some hydrogeological parameters such as the hydraulic conductivity,
specific yield, and round island radius. This erroneous understanding has misled practical
work and resulted to errors in the theories and methods of groundwater resource evalua-
tion [8]. Thus, the development of groundwater resources and the prevention and control
of groundwater pollution have been subject to misleading information. This is particularly
the case for the division of groundwater source protection areas [6]. In recent years, the
influence radius has occasionally been discussed in academia [9-11], but consensus has
not been reached. Considering this situation in combination with the needs of theoretical
research and practical application, this paper tries to use non-professional language to
further discuss the issue of the influence radius through mathematical reasoning and
analogy to clarify this issue.

2. Birth and Application History of Influence Radius
2.1. Birth: A Misunderstanding

Dupuit made the following assumptions when he established the stable well flow
model (round island model for short, Figure 1(1)): the unconfined aquifer is a homogeneous
and isotropic circular island aquifer with a horizontal lower confining bed, the lateral
boundary of the well has a constant head and there is a completely penetrating well in the
center of the aquifer, the aquifer does not have vertical infiltration recharge and evaporation,
and the seepage is a steady flow that conforms to the linear law.

The Dupuit formula for the unconfined aquifer is derived under these hypotheti-
cal conditions:

2 _ 2

H~ —
Q= 1.366K% 1)

Tw
where Q is the water yield of the pumping well, [L3T~!]; K is the hydraulic conductivity,

[LT~1]; Hy is the thickness of the aquifer, [L]; hi, is the water level of the pumping well, [L];
Ris the influence radius, [L]; and ry, is the radius of the pumping well, [L].
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Figure 1. Schematic diagram of Dupuit model and Thiem model. Q is the water yield of the pumping well, [L3T1]; sy
is the drawdown of the pumping well, [L]; h is the groundwater level at distance r from the pumping well, [L]; Hy is the
thickness of the aquifer, [L]; hy is the water level of the pumping well, [L]; ry is the radius of the pumping well, [L]; r is the
distance between the pumping well and observation well, [L]; and R is the influence radius, [L].

The relationship between Q-h,, and Q-R in Equation (1) is further analyzed in Figure 2.
In the Q-hy, relationship curve (Figure 2(1)), the lower confining bed of the aquifer is
considered as the base level. When h,, is zero, the drawdown in the well reaches the
maximum, and the hydraulic gradient also reaches the maximum. Because the hydraulic
conductivity of the aquifer remains unchanged, the flow velocity in the aquifer is also
maximized according to Darcy’s law. If the water sectional area is not considered, the
water yield of the pumping well will be maximized. When hy, is equal to Hy, there is
no drawdown in the well; therefore, the hydraulic gradient cannot be formed, the flow
velocity is correspondingly zero, and the water yield of the pumping well is also zero. In
the Q-R relationship curve (Figure 2(2)), when the radius of the round island (R) is the
same as the radius of the pumping well (ry,), the pumping well is equivalent to pumping
directly from the sea. In this case, the pumping well can extract an infinite amount of
water without considering the limitation of pumping power. When the radius of the round
island is infinite, the distance between the sea (source) and the pumping well is also infinite.
In this case, even if the pumping time is sufficiently long, the seawater cannot reach the
pumping well, and the amount of water from the sea in the pumping well will be zero.
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Figure 2. Relationship between the water yield of the pumping well and water level of the pumping well, and between the

water yield of the pumping well and the influence radius in the Dupuit model. Q is the water yield of the pumping well,

[L3T~1]; Qm is the maximum water yield of the pumping well, [L3T~1]; Hy is the thickness of the aquifer, [L]; hy is the

water level of the pumping well, [L]; 1y, is the radius of the pumping well, [L]; and R is the influence radius, [L].

Thiem proposed the stable well flow model of the influence radius based on the
Dupuit model (Figure 1(2)). Thiem argued that, in this model, the R value in an aquifer
that extends indefinitely in the horizontal direction can be approximated as the horizontal
distance from the center of the pumping well to the point where the drawdown of the
groundwater level is virtually unobservable. To satisfy the Dupuit hypothesis, Thiem
proposed a formula for calculating the stable well flow with one observation well and two
observation wells, respectively [12]. This is known as the Thiem formula for a pumping
well in unconfined aquifer and is expressed as follows:

{hzz_h%‘%h‘r; ®
T

where h is the groundwater level at distance r from the pumping well [L]; 1, is the water
level of the pumping well, [L]; Q is the water yield of the pumping well, [L3T!]; K is the
hydraulic conductivity, [LT~']; 7 is the distance between the pumping well and observation
well, [L]; r is the radius of the pumping well, [L]; i1 and h; are the groundwater levels of
the two observation wells, respectively, [L]; and r; and r; are the distances between the
two observation wells and the pumping well, respectively, [L].

Although the Thiem model was established based on the Dupuit model, there are
essential differences between them. First, the aquifer in the Dupuit model is cylindrical and
has a well-defined boundary, which is surrounded by water. The Dupuit formula does not
work without this boundary, while the aquifer in the Thiem model extends indefinitely in
the horizontal direction and does not have a boundary. Thus, there are essential differences
with regard to the assumed boundary conditions. Additionally, in the Dupuit model, R
refers to the radius of the cylindrical aquifer and is a geometric parameter describing the
volume of an object. Moreover, R has a fixed value, which means that the cylindrical
aquifer has a fixed volume. In the Thiem model, R refers to the horizontal distance from
the center of the pumping well to the point at which the drawdown of the groundwater
level is virtually unobservable; therefore, it is not a geometric parameter. The values of R in
different directions of the aquifer may also be different because of the heterogeneity of the
aquifer, and the boundary of the cone of depression in an aquifer may not be a circle [4,13].
Additionally, in the Dupuit model, the exterior of the cylindrical aquifer is full of water,
and the aquifer can receive a constant supply of water. After pumping in the aquifer for
a certain period of time, the water yield of the aquifer is entirely supplied by recharge
from the outside of the boundary and the water is inexhaustible. Thus, a steady flow can
form in the aquifer. In the Thiem model, the range beyond which R is involved is still
an aquifer. When water is pumped in a horizontal infinite aquifer without leakage and
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external recharge, all of the water yield comes from the consumption of internal storage in
the aquifer. Thus, it is impossible to form a stable flow in the aquifer [14]. Additionally, if
water is pumped for a certain period of time, the water level in the pumping well will drop
to the lower confining bed.

From the above analysis, Dupuit did not consider the influence radius, while Thiem
only introduced the concept of the range of the cone of depression into the hypothesis. Later,
Todd renamed this concept as the influence radius. Thiem also avoided the appearance of
the influence radius in the formula and did not parameterize it. The present meaning of
the influence radius is either the result of misunderstanding Dupuit and Thiem or laziness
(saving time and effort).

2.2. Application: Crude Simplification

Based on the Dupuit model and Thiem model, studies have successively deduced
various formulas for calculating the influence radius according to their own understanding
(Table 1). Some of these formulas are semi-empirical [15] and do not only involve hydroge-
ological parameters, such as K, Hy, and y, but also time factors. This indicates that some
studies have realized that the influence radius is not a fixed hydrogeological parameter, but
instead changes with time. The others are empirical formulas [15], which not only contain
hydrogeological parameters but also include pumping variables such as s,, and Q in the
calculation of the influence radius. These formulas only consider one of the time variables
and pumping condition variables, and some even consider the influence radius as a given
hydrogeological parameter [15].

Table 1. Equations for calculating the influence radius.

Equation Name Equation Application Condition Author, Year Parameter
Weber equation R=174 Llfﬂf Unconfined aquifer Schultze, 1924 R: influence radius, [L]; K:
! hydraulic conductivity,
) . ~11. H.: thi
R = 25 /HoK Unconfined or confined Chertousov, 1949 [LT. 1; Ho: tthkness of
) ) aquifer aquifer, [L]; t: time from
Kusakin equation beginni ¢ e t
GKEL . . Aravin and Numerov, €ginning ot pumping to
R =47, /550t Unconfined aquifer 1953 formation of stable cone of
depression of
Preliminary stage of groundwater level, [T]; u:
Siechardt equation R = 10s,VK pumping in unconfined or Chertousov, 1962 specific yield; sy
confined aquifer drawdown of pumping
. . . KHot . . well, [L]; Q: water yield of
Wilbur equation R =3/ Unconfined aquifer Chen, 1976 pumping well, [L3T1[; I:
i hydraulic gradient of
. ) Completely penetrating Yy &
Kelgay equation R = oxFm well in unconfined aquifer Chen, 1976 groundwater level

To facilitate calculation, some people have introduced the influence radius into some
well flow calculation formulas for the forward calculation of variables such as the water
level and flow rate, or for the inversion of hydrogeological parameters such as the hydraulic
conductivity and water storage coefficient (Table 2).

In some practical applications, to further simplify the calculation, the influence radius
is considered empirically; that is, a quantitative relationship is established between the
hydraulic conductivity and the influence radius (Table 3). This means that once the
hydraulic conductivity of the aquifer is known, the influence radius of the aquifer can be
obtained from the empirical value table. In other words, the influence radius is a given
hydrogeological parameter that is independent of the pumping conditions. In this empirical
relationship, the influence radius becomes larger as the hydraulic conductivity increases.
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Table 2. Analytic solution models and equations using the influence radius.

Model/Equation Name Equations Group Application Condition Author, Year Parameter

Forward model/equation R: influence radius, [L]; K:

. . Q A hydraulic conductivity,

Plotnikov equation Q=¢e53B Well group pumping Chen et al., 1976 [LT-1]; Hp: thickness of

Dupuit-Forchheimer equation PW=H-Smnk Unconfined aquifer Poehls and Smith, 2009 aquifer, [L]; t: time from

T "w beginning of pumping to
. s . . China Geological formation of stable cone of

B _ 2nTsy g

sw-ealeulate equation Q=10r Confined aquifer Survey, 2012 depression of groundwater

w

level, [T]; u: specific yield;

Inversion model/equation $w: drawdown of pumping

Siechardt equation T = 271Q In R Confined aquifer well, [L]; Q: water yield of
Sw_ Tw China Geological pumping well, [L3T ;¢
Wilbur equation K= #2 In ,A Unconfined aquifer Survey, 2012 hydraulic gradient of
”[HS*(HU*S?U) } ¢ groundwater level.

Table 3. Empirical relationship of K and R.

K (m/d) R (m)
0.5-1 25-50
1-5 50-100
5-20 100-300
20-50 300-400
50-100 400-500
75-150 500-600
100-200 600-1500
200-500 1500-3000

This table is taken from [16]; K is the hydraulic conductivity, [LT~!]; and R is the influence radius, [L].

The influence radius has been parameterized and is more widely applied in theoretical
research and engineering practice [7,16], which makes relevant research and applications
more convenient. However, as the research and applications become more extensive,
various problems are emerging with regard to the influence radius as a hydrogeological
parameter. Various studies have expressed different opinions regarding the influence
radius (Table 4). Additionally, some studies have conceptually defined the influence radius
as a hydrogeological parameter [15] and considered that it can be used as the basis for
designing a reasonable distance between wells [12]. However, other studies have reported
that this is not the case [7] and have argued that it is impossible to have a stable influence
radius in an infinite aquifer [12,17] and that the time factor should be considered in the
calculation of the influence radius [18]. If the R in the Dupuit and the R in the Thiem models
are treated equally, this will lead to errors in the theory and methodology of groundwater
resource evaluation [8].

The introduction and application of the influence radius has greatly simplified the
calculations required by various engineering problems, and its empirical treatment has
provided great convenience to non-professionals for carrying out relevant calculations and
understanding groundwater problems. However, because coincidence in practice is not the
same as correctness in theory, these crude simplifications not only harm the development
of the discipline and specialty but also are misleading in practical approaches and cause
irreparable losses.
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Table 4. Some representative viewpoints on the influence radius (R).

Viewpoint

Reference

(1) Dupuit’s R is an abstract parameter that reflects the well supply conditions and is recommended as a reference
recharge radius.
(2) There is still a considerable amount of drawdown beyond the range that we used to think of as R.

[4]

R should be interpreted as a parameter indicating the distance beyond which the drawdown is negligible or

unobservable.

[15]

R does not exist in an infinite aquifer. [17]

(1) In theory, R does not exist in a confined aquifer that extends indefinitely without overcurrent recharge.

(2) In practice, R should be considered as the horizontal distance from the pumping well to the point where the
water level cannot actually be observed to drop and can be used as the basis for designing reasonable distances

between wells.

[12]

(1) Dupuit’s R is different from Thiem’s R.
(2) Confusion between them has led to theoretical errors and incorrect methods of groundwater resource evaluation.

(1) The magnitude of R has assumed properties making it essentially the same as unsteady flow.
(2) The Kusakin equation with a time factor should be applied to the calculation of R.

(18]

(1) Dupuit’s R is different from Thiem’s R.
(2) Dupuit’s R is simply the radius of the round island, while Thiem’s R is a variable related to the cone of [7]
depression of the groundwater level.

3. Gap between Theory and Practice
3.1. Substance of Influence Radius: Distance

The influence radius R is essentially the distance in the time—distance problem in
physics, namely R = S(v, t). Therefore, R is a function of time t and is also controlled by
the velocity v and its distribution on the flow line. The influence radius is actually the
influence range of the pumping well in the horizontal direction. Generally, the essence
of the extension of the influence range is the velocity conduction in the process of mass
transfer (water molecules) in porous media. When the distance to the pumping well is
shorter, the velocity becomes higher. For a particle in an aquifer, as long as there is flow
velocity to the well at that particle, the particle is within the influence range of the pumping
well, unless the velocity of that particle is zero. From this viewpoint, it is reasonable to state
that R is a function of velocity v. Moreover, it can also be seen from the Kusakin formulas
(Table 1) that there is no stable influence radius, and the observed cone of depression will
gradually expand with the extension of pumping time [19]. Thus, the influence radius is a
function of time t [20,21]. Similar to water ripples (Figure 3(1)) and dominoes (Figure 3(2)),
the range of influence will spread out with the advancement of time t.

ANNNNI-

(1) Ripples in water (2) Dominoes

Figure 3. Influence radius of ripples in water and dominoes (used as an analogy to describe the
influence radius discussed in this paper). R is the influence radius, [L]; S is the distance in physics,
[L]; and t is time, [T].
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However, many studies have reported that the influence radius R is a hydrogeological
parameter reflecting the natural properties of aquifers, similar to parameters such as
the porosity n, specific yield p, and hydraulic conductivity K. Therefore, the influence
radius is a constant value that is not affected by the drawdown s,y and water yield Q [16].
Studies have given the empirical values of R for aquifers with different particle structures
(Table 3) and have considered that greater aquifer permeability—that is, larger aquifer
particles—results in a larger R value. When pumping water in an aquifer without external
recharge, the cone of depression will expand with the increase of the water yield and the
advancement of time. If the empirical influence radius value is used, such as in the case of
the coarse gravel aquifers mentioned in some papers, the empirical value of the influence
radius will be 1500-3000 m (Table 3). In other words, regardless of how large the amount
of exploitation is and how long the exploitation period is, the cone of depression of the
aquifer will not continue to expand outward after extending to 1500-3000 m. Accordingly,
it is assumed that, in a certain pumping well group in an aquifer, the water yield of n single
pumping wells is Qm1, Qma, - - - , Qmn, respectively, their influence radius is R (Figure 4(1)),
and a regional cone of depression will be formed. If the sum of the water yield of n single
wells in the well group is provided by a single well, then a cone of depression with an
influence radius R will be formed (Figure 4(2)). In this case, owing to the decrease in
the number of wells, the area affected by pumping will be much smaller compared with
when the well group is pumped. However, without external recharge, this phenomenon is
completely impossible in an aquifer; otherwise, the aquifer will become an inexhaustible
resource, which is contrary to common sense.

-

)

Qmi
. @

(1) Well group (2) Equivalent diagram of single well

Figure 4. Influence radius in well group pumping and single well pumping in influence radius
theory. R is the influence radius, [L]; Qp,; is the maximum water yield of pumping well i, [L3T1];
and n is the number of pumping wells.

Further, because v=v (K,I)inR=5=5 (v, t), R=5=5 (v(K, I), t). For a specific aquifer,
the hydraulic conductivity K is constant, and the hydraulic gradient I and t are variables.
Therefore, R is affected by the two variables I and t. Additionally, the hydraulic gradient I
is related to the drawdown s,. For a particular aquifer with thickness Hy, each drawdown
of a pumping well in the aquifer has a corresponding hydraulic gradient I. Notably, there
are two extremes: one is that the drawdown of the well is zero. At this point, the hydraulic
gradient is zero and the groundwater does not flow. In another case, the drawdown of the
well reaches Hy; that is, the water level in the well drops to the lower confining bed. In this
case, the hydraulic gradient reaches the maximum and the groundwater flow velocity also
reaches the maximum. However, the drawdown s,, is closely related to the water yield
Q; that is, it increases with the water yield. Therefore, the influence radius R is not only
affected by the hydrogeological conditions reflecting the natural properties of the aquifer,
such as the porosity, specific yield, and hydraulic conductivity, but is also controlled by the
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pumping conditions. Therefore, it is inappropriate to consider the influence radius R in
the Thiem model as a fixed parameter of the aquifer, which means that this parameter is
constant for a specific aquifer and does not change with the changes of the water yield and
drawdown [7].

3.2. The Continuity Principle of Fluids Reverses the Rationality of the Influence Radius

In any system, fluids follow the continuity principle (conservation of mass), which
means that the amount of fluid entering a region of space in a unit of time is equal to
that leaving plus that stored within the region through density changes [22]. Because a
horizontal infinite aquifer does not exist in practice, in the early 1960s, Téth [23] considered
the continuity principle of fluids and proposed the concept of the multi-level groundwater
flow system of a basin under the assumption that the phreatic surface is the recharge
boundary and the fluctuation is similar to the ground. By the 1980s, the theoretical
framework had been essentially formed [24]. Toéth [23,24] pointed out that there is a
difference in the elevation of the groundwater level in the basin, and a nested multi-level
groundwater flow system is self-organized under the influence of gravity.

The emergence of groundwater flow system theory, which is a new paradigm of
hydrogeology [25,26], has influenced the traditional groundwater movement theory, which
was developed based on the well flow, whereby the groundwater converges to artificial
potential sinks such as wells from potential sources [26]. Under the effect of the influence ra-
dius theory, it is commonly believed that groundwater always flows from potential sources
to adjacent potential sinks within the range of the influence radius. In fact, when there
are several potential sources and potential sinks with different strengths, the groundwater
conforms to the theory of the minimum rate of energy dissipation and moves from differ-
ent potential sources to different potential sinks [26]. Thus, it forms a multi-level nested
groundwater flow system; that is, a complex flow pattern consisting of local, intermediate,
and regional groundwater flow systems [23]. Of these, the scale of the regional ground-
water flow system is the largest, and its flow lines can extend at great distances. Thus,
the pumping well may be recharged by groundwater that is far away from it in practical
situations (Figure 5). This theory suggests that we cannot use the influence radius to define
the aquifer range, and water particles outside of this range do not move to the pumping
well. In other words, the practical application of the influence radius is unreasonable.

Hypothetical Hypothetical
cone of depression pumping well, River

9

=) _—
£ E
[-}

8 8
I =
5 &
w 23]

4 8 : 18 20 22 24 2
legend 2835822838522 Bataac (k)

T [ [T TR - (2 m)

-1 = = A A 2]

locations of contaur of straligraphic flow lines of flow lines of internal
measurements resistivity boundary Iocal flow systems regional flow systems hydraulic traps

Figure 5. Schematic flow lines of a practical site according to the distribution of apparent resistivity, with a hypothetical
pumping well added (modified from [27]).

3.3. Essential Difference between Theory and Practice

The seemingly stable phenomenon observed in practice known as the quasi-steady
state [15] is essentially different from the influence radius considered in theory. The term
“seemingly stable” means that, when pumping the water in an aquifer, the change of the
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groundwater piezometric head close to the well gradually slows down as the pumping
time increases. Thus, within a certain range, it is close to a stable state and has the
same shape as the falling curve of stable flow [12]. For a long time, the seemingly stable
phenomenon observed in practice was associated with the theoretical influence radius,
and the influence radius has even been used to represent the influence range when the
aquifer is in a seemingly stable state. This confirms the rationality of the influence radius
parameter, which is a misunderstanding of the seemingly stable phenomenon and influence
radius concept.

The stable or seemingly stable groundwater level observed in practice is simply a
coincidence that occurs under the influence of various practical factors and a misappre-
hension caused by the low accuracy of the actual measurement of the groundwater level
or by the recharge of the aquifer. Therefore, this phenomenon cannot be used to explain
the rationality of the influence radius parameter in theoretical models. The steady state
does not exist under pumping conditions without recharge in theory. According to the
continuity principle of fluids, in the cone of depression generated by pumping water, the
amounts of water passing through regions A, B, and C in a unit of time are equal. However,
from region A to region C, the basal area gradually increases (Figure 6(1)); therefore, the
height gradually decreases (Figure 6(2)). Similarly, the drawdown at infinity will be very
small but not zero, because the water yield is a concept of volume and cannot be changed
from three dimensions to two dimensions. The location of the pumping well is considered
as the origin of the coordinates to establish the coordinate system, and the drawdown s,, is
considered as a function of x, namely z = s,,(x). When pumping water, the drawdown of
the aquifer is larger when the distance to the pumping well is shorter. As x approaches oo,
the drawdown tends towards zero (Figure 6). Assuming that the radius of the pumping
well is 1y, = 0, then the water yield of the pumping well is the volume of the rotating body
obtained by rotating the curvilinear trapezoid bounded by a continuous curve z = sy (x),
z-axis, line x = +co, and line z = 0 once around the z-axis. For convenience of description,
the object of investigation was considered to be a unit width aquifer passing through
the axis; then, the value of its volume is V = [ s, (x)dx, (0, o0). When water is pumped
continuously, x tends towards oo; therefore, V also tends towards co. This means that the
cone of depression will expand infinitely; therefore, a stable state cannot be formed. What
is commonly referred to as the seemingly stable state does not mean that the groundwater
level is stable, but that the change of the water level cannot be observed, which thus gives
the illusion of stability. The phenomenon whereby the change of the water level cannot be
observed is caused by the means of observation and other factors (external recharge). This
is similar to the detection limit in analytical chemistry, which is a relative concept. With
the improvement of the observation means, the observed drawdown range of the water
level will increase. Therefore, the influence radius R cannot be considered as an intrinsic
parameter of the aquifer beyond which there is no drawdown of the water level.

Therefore, in theory, the influence range will continue to expand with the extension
of pumping time in an infinite aquifer without external recharge. However, there are big
differences between reality and theory: (1) in reality, there are no unbounded aquifers
that extend indefinitely in the horizontal direction. Therefore, for an aquifer without
external recharge, the boundary of the influence range is the boundary of the aquifer
when the pumping time is sufficiently long. (2) In reality, there are few aquifers without
external recharge. The phenomenon whereby the observed water level reaches a stable or
quasi-stable state when pumping in reality is attributed to the measurement accuracy [28].
More importantly, this phenomenon is attributed to the fact that the aquifer may have
obtained unknown external recharge, such as atmospheric precipitation, surface water,
and agricultural irrigation water [29], as well as to the vertical leakage recharge caused
by pumping [30]. This contradicts the assumption of a lack of external recharge in the
theoretical model, which is often ignored and thus results in the illusion of water level
stability. Coincidences that occur in practical situations have led to the false impression
that the influence radius theory has been verified, which has resulted in the wide adoption



Water 2021, 13, 2050

11 of 18

of the theory and consequently to the excessive exploitation of groundwater resources.
Thus, the improved Dupuit model, which introduces external recharge, is more in line with
actual needs [31].

Hy

|
|
|
|
| — <
|
|
|

T 7 /2Ll Ll TS
Aquiclude vz
(1) Vertical view (2) Cutaway view

Figure 6. Formation of cone of depression of groundwater level during pumping. Q is the water yield of the pumping well,

[L3T1].

4. The Dilemma of Practice
4.1. Misleading the Management of Sustainable Groundwater Development

From both a theoretical and practical viewpoint, it is proven that the influence radius
cannot be used to evaluate the sustainable water supply capacity of aquifers. The influence
radius is introduced for the convenience of well flow mechanics calculation to easily
determine the hydraulic conductivity of an aquifer or the yield capacity of the pumping
well per unit of time [4]. The yield capacity of a pumping well is actually the reflection
of the working efficiency of the groundwater collecting structure, while the water supply
capacity of an aquifer is an attribute of the aquifer itself. Therefore, the two concepts
should not be confused. In reality, there are no aquifers that extend indefinitely in the
horizontal direction; that is, actual aquifers are bounded. For an aquifer surrounded by
confining boundaries, the phenomenon whereby the pumping well in the aquifer has a
large yield capacity per unit of time only indicates that the aquifer can provide sufficient
water during that period. In the absence of external recharge, the volume of water in an
aquifer is limited. As the pumping proceeds, the water in the aquifer decreases and may
not be able to continuously provide sufficient water in the next period. This is similar
to a glass of water with a capacity of 600 ML: if we use a straw to draw the water from
the cup and do not add water to the cup during the process, the water in the cup will
gradually decrease (Figure 7(1)), and we will only obtain 600 ML of water. Thus, we must
keep adding water to the cup if we desire to obtain water continuously (Figure 7(2)). This
situation accurately describes the situation of pumping water in an aquifer.
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(2) Drawing water from cup (aquifer) with constant head on the side (used as analogy to
Dupuit circular island model).

Figure 7. Drawing water from cup (used as analogy for pumping in bounded aquifer). Q is the water yield of the pumping
well, [L3T~1]; and t is the time, [T].

For aquifers with a recharge boundary and drainage boundary, the increase of recharge
and the reduction of discharge will occur when the influence range of pumping water
extends to these boundaries [9]; that is,

Vo = AV, — AV — AV, 3)

where Vy, is the total water yield in a certain period, [L3]; AV, is the increment of recharge
in the same period, [L3]; AV is the increment of discharge in the same period, [L3]; and
AV is the increment of storage in the same period, [L3]. A riverside well is a typical
example. Under natural conditions, groundwater may recharge rivers. After the addition
of pumping wells close to the river, the recharge relationship between them is the fact that
the river recharges groundwater and the water being pumped comes from the river and
the aquifer [32]. If the recharge and discharge of the aquifer remain unchanged before and
after pumping water, then V;, = —AV;. This indicates that all the water being pumped
comes from the consumption of the aquifer storage, and it is impossible to produce an
influence radius. To achieve a steady state, the sum of the increment of recharge and the
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reduction of discharge (sustainable yield) should always be equal to the pumping yield in
the pumping state. Notably, when evaluating the amount of groundwater resources, the
safe yield is usually adopted, which means that the water yield does not exceed the natural
recharge amount [33]. This ignores the exploitation potential of the aquifer, which includes
the increment of recharge and the reduction of discharge caused by pumping.

Because the external recharge of an aquifer directly affects the water storage of the
aquifer [34], the sustainable water supply capacity of an aquifer largely depends on its
ability to receive the recharge [35] and has nothing to do with the yield capacity of the
pumping well, unless the extraction of the pumping well can increase the external recharge
of the aquifer. From the viewpoint of sustainable development, the external recharge of the
aquifer in the area and the lateral recharge inside the aquifer cannot ensure a sustainable
water supply from the aquifer. First, because the lateral recharge within an aquifer is
ultimately derived from the aquifer itself, its water is limited; second, from the viewpoint
of resource ownership, the external recharge of the aquifer in the distance belongs to the
residents in the distance, and local residents (where pumping wells are located) do not
have the right to occupy it [33]. Therefore, sustainable replenishments from the upper
boundary of the aquifer, such as atmospheric precipitation infiltration, river leakage, and
irrigation water infiltration, play a decisive role in the sustainable water supply capacity of
the aquifer. Thus, the influence radius cannot be used to evaluate the sustainable water
supply capacity of the aquifer but can only be used to assess the yield capacity of the
pumping well.

In practice, the influence radius theory is used to guide the development of ground-
water resources in many areas. The aquifer within the range of the influence radius is
considered as a “treasure basin”, and it is thought that the groundwater resources are
inexhaustible within this scope. However, this leads to a series of ecological and environ-
mental problems such as the global decline of groundwater levels as a result of excessive
exploitation [34,36—40], the occurrence of the cone of depression over a wide range in plain
areas [41-45], the attenuation and even depletion of spring water at piedmont [46], and
seawater intrusion caused by the excessive exploitation of groundwater in coastal plain
areas [35,47-49]. In production practice, it is unreasonable to use the influence radius as
a guideline. In engineering practice, however, various problems such as foundation pit
dewatering and pumping by a well group are unavoidable and have a certain impact on the
surrounding environment (such as land subsidence). Therefore, it is particularly important
to develop a clear method for determining the scope of environmental impacts according
to the sensitive targets and receptors around the site [6].

4.2. Misleading the Safeguarding of Groundwater Quality

The objective of water resource management is not only human water demand; rather,
the quality of water is also an important factor to be considered in the process of the devel-
opment of water resources [50-52]. The general deterioration of groundwater quality makes
the remediation, treatment, and protection of groundwater particularly important [53-55].
Before conducting research on groundwater pollution remediation, the accurate iden-
tification of groundwater pollution sources and characteristics such as their intensity,
distribution, and existence time is crucial for improving the efficiency of groundwater
remediation research [56]. In most cases, pollution source analysis is carried out using the
numerical simulation inversion method for groundwater. The main idea of these methods
is to simulate the groundwater flow and pollutant transport process in reverse according to
the monitoring data of the spatial and temporal distribution of pollutant concentration and
determine the characteristics of pollution sources [55,57,58]. In the most widely used opti-
mization simulation method [57], it is always assumed that the numbers and locations of
pollution sources in the groundwater solute migration model are known, and the monitor-
ing data of the spatial and temporal distribution of groundwater pollutant concentrations
are obtained within a limited study area [57,59-61], which limits the influence range of
the pollution sources within a certain space. However, in aquifer systems, pollutants
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migrate with the groundwater [48]. Without considering the degradation and attenuation
of pollutants in the aquifer, the pumping wells are recharged from the aquifers in the
distance under long-term pumping conditions. At this time, the pollutants in the distance
will still be affected by pumping and migrate with the groundwater until they reach the
pumping well [62,63]. In other words, not all pollutants in the pumping wells come from
sources close to the pumping wells, but some also come from the aquifers outside the
range of the influence radius. Therefore, the analytical method of the pollution source,
which is restricted by the existing influence radius theory, cannot ensure the accuracy of
analytical results, and thus its reference value is reduced. Similar problems also exist in the
remediation of groundwater pollution. In the ex-situ pump and treat technique [64,65], if
the layout of the pumping well group is determined based on the influence radius during
the pumping design and then parameters such as the water yield, drawdown of water
level, and pumping time are calculated, the groundwater outside of the polluted range may
be pumped out, which will affect the treatment efficiency and increase the treatment cost.
Similarly, there is also a problem regarding the injection well’s influence radius when the
groundwater is restored by in-situ remediation with the injection of remediation agents into
the groundwater [66-68]. Without considering the chemical reactions of the remediation
agents in the migration process with groundwater, these remediation agents may not be
restricted to interact with pollutants within the designed influence range but may instead
migrate to a further range along with the flow and thus change the primary groundwater
environment and cause secondary pollution.

The influence radius is also widely used as the basis for the division of groundwater
source protection areas to prevent the pollution of water sources [69,70]. However, the
flow line follows the range of influence and should be covered by the influence radius. The
delineation of a protection area near a pumping well artificially cuts off the flow line, which
violates the flow continuity principle. Such protection measures cannot guarantee the
sustainable supply from groundwater sources and lead to dangers that may compromise
water quality. Additionally, the influence radius is often used as the basis for designing
a reasonable distance between wells in the planning of riverbank filtration systems [12].
Although the external recharge of the river can stabilize the influence radius [32,71-73],
leakage recharge may occur when pumping is carried out on the side of a incompletely
penetrating river. Pollutants in the groundwater on the other side of the river also migrate
to the pumping wells with the groundwater [74]. Therefore, pumping water in riverbank
filtration systems, which are planned based on the influence radius, cannot ensure the water
quality of pumped water and may affect the groundwater on the other side of the river.

Thus, it is reasonable to state that any methodology involving the influence radius
must be reconsidered. Moreover, effective methods of groundwater remediation, treatment,
and protection should be investigated to make the influence radius theory obsolete. To this
end, new technology should be used, such as the MODPATH module in GMS, which is
used to track the virtual particle beam of a pumping well to obtain the capture area of the
well in a given time [75] and is considered to be an effective research tool.

5. Summary and Prospects

The introduction of the Dupuit model has placed a focus on the quantitative calcula-
tion of well flow. To solve the computing problem of actual aquifers, Thiem introduced
the concept of the range of cone of depression, which Todd later renamed as the influence
radius. In later production practice, the round island radius was confused with the influ-
ence radius, and the parameterized influence radius has been widely used to evaluate the
sustainable water supply capacity of aquifers and in the planning of groundwater source
areas, which has led to the emergence of a series of ecological and environmental problems.

The influence radius was originally used in the calculation of some hydrogeological
parameters but, owing to various coincidences that occur in practical situations, it has
been considered that the parameterized influence radius is reasonable and convenient
for calculations pertaining to actual production problems, and this misconception has
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perpetuated. However, by considering the continuity principle of flow, it can be proven
that the parameterized influence radius does not exist. The influence radius is essentially
the distance in the time—distance problem in physics and is influenced by the hydrogeo-
logical conditions and pumping conditions, which is different from the hydrogeological
parameters reflecting the natural properties of aquifers, such as the porosity, specific yield,
and hydraulic conductivity. In reality, infinite horizontal aquifers do not exist, and most
aquifers are replenished from external sources, which is very different from the theoretical
considerations. The stable or seemingly stable groundwater level observed in practice is a
misapprehension caused by low accuracy in the actual measurement of the groundwater
level or by aquifer recharge.

In the past, the well flow model was only used to solve local water supply problems,
and attention was only given to local groundwater problems due to economic and tech-
nological limitations. The influence radius theory has provided incorrect guidance in the
analysis of groundwater pollution sources, the division of groundwater source protection
areas, and the planning of riverbank filtration. With the development of the social economy,
in addition to scientific and technological developments, attention has gradually shifted
to regional and even global groundwater flow systems. Moreover, focus is increasingly
being placed on sustainable development and the protection of the ecological environment.
Because groundwater is a local and regional resource and is increasingly considered as a
global resource, the evaluation and rational development of groundwater resources should
consider hydrogeologic units as a whole, as in the case of basin management for surface
water. Instead of solving the local practical problems of production, the long-term, compre-
hensive, and systematic topics of sustainable development should be given attention, and
problems in resource ecology and environmental disasters should be addressed holistically
in a systematic and methodical manner. Additionally, some methods may be useful in
groundwater resource evaluation. For example, the concept of the “scope of environmental
impacts” is suitable for different industries. Additionally, the original theoretical model
can be improved such that it can be applied to current aquifer calculations. Finally, the
combination of numerical simulation with new technologies, such as isotopic methods,
remote sensing, and big data, can improve the accuracy of models.
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Abbreviations

Symbol Description Dimension
R Influence radius L

K Hydraulic conductivity LT !

Hy Thickness of aquifer L

Sw Drawdown of pumping well L

Q Water yield of pumping well 371
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'y Radius of pumping well L

T Transmissibility coefficient of aquifer |
t Time from beginning of pumping to formation of stable T

cone of depression of groundwater level

n Specific yield /

I Hydraulic gradient of groundwater level /

r Distance between pumping well and observation well L

h Groundwater level at distance r from pumping well L

hy Water level of pumping well L

e Empirical coefficient /

Qo Water yield of single pumping well L3171
B Width of aquifer L

Om Maximum water yield of pumping well 1371
S Distance in physics L

v Seepage velocity LT!
n Porosity of porous media (aquifer) /
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