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Abstract
The spatial variability of the aquifers’ hydraulic properties can be satisfactorily described by means of scaling laws. The

latter enable one to relate the small (typically laboratory) scale to the larger (typically formation/regional) ones, therefore

leading de facto to an upscaling procedure. In the present study, we are concerned with the spatial variability of the

hydraulic conductivity K into a strongly heterogeneous porous formation. A strategy, allowing one to identify correctly the

single/multiple scaling of K, is applied for the first time to a large caisson, where the medium was packed. In particular, we

show how to identify the various scaling ranges with special emphasis on the determination of the related cut-off limits.

Finally, we illustrate how the heterogeneity enhances with the increasing scale of observation, by identifying the proper

law accounting for the transition from the laboratory to the field scale. Results of the present study are of paramount utility

for the proper design of pumping tests in formations where the degree of spatial variability of the hydraulic conductivity

does not allow regarding them as ‘‘weakly heterogeneous’’, as well as for the study of dispersion mechanisms.
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1 Introduction

The knowledge of the hydraulic conductivity is crucial to

model flow and transport through porous media. The

hydraulic conductivity changes over several orders of

magnitude (Harp and Vesselinov 2010), depending upon

the scale (support) under consideration (Di Federico and

Neuman 1998; Di Federico et al. 1999; Neuman and Di

Federico 2003). We are interested in the scaling behavior

of the hydraulic conductivity, which has been assessed in

the past (Fallico et al. 2010, 2012, 2016; Fallico 2014;

Severino and Santini 2005; Severino et al. 2009; Severino

and Coppola 2012), by highlighting an increase of the k-

values with increasing support (Fallico et al. 2020; Hunt

2006; Sánchez-Vila et al. 1996). Within such a view, a

fundamental role is played by the heterogeneity of the

porous formation. In fact, at smaller (laboratory) scales, the

heterogeneity is mainly related to the pore sizes and their

shape, whereas at larger (field) scales, it is related to the

connectivity and tortuosity of pores (Bird and Perrier 2010;

Bouma 1982; Giménez et al. 1999; Knudby and Carrera

2006; Severino 2011a; Yanuka et al. 1986). Between these

two scales, a scaling (intermediate) range can be identified,

which generally covers a length scale ranging from 0.5 to

10 m.

The spatial distribution of the hydraulic conductivity is

characterized by means of geostatistics (Severino et al.

2019). Alternatively, one can employ a scaling law relating

the large scale behavior to the local scale(s). Such an

approach facilitates the study of particular (i.e. local)

phenomena, which often influence flow and transport at the

larger (macro) scales (Indelman 2004; Severino 2011b;

Severino et al. 2011; Severino and De Bartolo 2015;
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Broyda et al. 2010). This highlights the importance of the

intermediate scale (Severino et al. 2010; Fallico et al.

2018).

In the present paper, we aim at verifying the scaling

behavior of the hydraulic conductivity at the mesoscale.

Like any characteristic length scale (an extensive exposi-

tion can be found in Dagan 1989), even the mesoscale

expresses the average distance over which the conductivity

is correlated, although the uncertainty has still a minor

impact on flow (a real world example can be found in

Fallico et al. 2018). This is done by means of a massive

experimental campaign based on slug tests (Fallico et al.

2016) in an artificially packed, largely heterogeneous

porous formation. Then, we move on checking whether the

modalities of the K-scaling are similar to those that are

generally detected into mildly heterogeneous formations.

Hence, a discussion to highlight common vs different

grounds with the past literature is carried out, and we end

up with a few concluding remarks.

2 Material and methods

2.1 Experimental laboratory set-up
and K measurements by slug tests

To carry out the flow experiments, a confined aquifer,

equipped with 10 fully penetrating wells, was packed. The

aquifer was assembled within a steel box, with a square

base (2 m side) and 1 m height. Inside the box, at a dis-

tance of 5 cm from the walls of the box, and along the

whole perimeter, vertical metallic supports were fixed, to

which a metal net was anchored, and covered by a geo-

textile to prevent loss of the porous material. This config-

uration allowed to contain the porous medium, within the

metal mesh, so as to constitute between this and the box

walls a space useful to keep fixed the hydraulic heads. Ten

piezometers, placed approximately according to a spiral,

with a distance (d) gradually increasing from the center

were inserted. Each piezometer was located at 10 cm away

from the previous, along directions increased by 45�-step

from the previous one, except for the piezometer No. 10,

placed to reduce the proximity to the edge. Each

piezometer, with inner radius of 1,4 cm, was screened to

result fully penetrating. To avoid intrusions of soil particles

within them, the piezometers were coated with the same

geotextile placed on the metal mesh. To set with enough

precision the water level inside the box and, therefore, the

aquifer hydraulic head, on two opposite walls of the box,

two small PVC containers, with inside a rectangular weir,

height-adjustable and hydraulically connected to the peri-

metric head chamber, were realized. The porous medium

was subjected to careful particle size analysis (silt: 1.20%;

sand: 86.79%; gravel: 12.01%; effective diameter

d10 = 0.19 mm and uniformity coefficient U = d60/

d10 = 5.16). To realize the roof of the confined aquifer,

PVC panels of 2 mm of thickness were used. The thickness

B = 25 cm of the aquifer was realized by successive layers,

each subjected to some wetting/drying cycles, to favour

compaction. Ten pressure transducers, placed at the bottom

of each well, were used. The experimental apparatus was

tested several times before carrying out the flow experi-

ments (Fallico et al. 2018). In Fig. 1 the layout of the wells

is shown, with a transverse representation of the metal box,

and a picture of the whole apparatus.

Several slug tests were performed. An initial undis-

turbed hydraulic head of approximately 0.4 m was used for

all the experiments. This condition caused the aquifer to be

slightly under pressure. In particular, six slug tests were

executed by injecting an increasing water volume, V = 30,

40, 60, 70, 80 and 90 ml in the central well. These volumes

were calibrated according to water quantities which were

acceptable as a function of the dimensions of the laboratory

set-up without causing undesired overflow and ensuring

that the perturbed hydraulic head in the aquifer did not

interact with the solid walls surrounding the experimental

aquifer. The occurrence of the above mentioned flow

conditions was checked for each test through the moni-

toring of the hydraulic head in the injection and observa-

tion wells. Specifically, the monitoring of hydraulic heads

in the observation wells was also performed to verify the

suitability of the boundary conditions. Moreover, attention

was also paid to check the reaching of the initial undis-

turbed conditions between successive tests.

2.2 Methods

2.2.1 Analysis of head data and k values determination

The K values were determined by the method of Hvorslev

(1951). This method assumes the specific storage to be so

small that its effects can be neglected, i.e. quasi-steady-

state conditions. Moreover, for this method the slug vol-

ume can not necessarily be introduced in an instantaneous

manner and, at last, lateral constant-head boundaries are

applied at a finite distance (Re). Under these assumptions,

the analytical solution of the flow equation write as:

ln
HðtÞ
H0

� �
¼ � 2KBt

r2
c ln Re=rwð Þ ð1Þ

where K is the horizontal hydraulic conductivity [LT-1],

H(t) is the displacement of hydraulic head in well from

static conditions [L], H0 is the initial hydraulic head [L], rc
is the effective radius of well casing [L], rw is effective

radius of well screen [L], Re is the effective radius

parameter [L] and B was already defined above (Hvorslev
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1951; Butler 1997). In any case, before determining the

K values, the data series of hydraulic head detected at the

well and at each piezometer were subjected to a careful

smoothing analysis by using wavelet transform (Aris-

todemo et al. 2018).

2.2.2 Analysis of scaling behavior

The dependence of hydraulic conductivity upon the mea-

surement support (Fallico et al. 2012, 2016; Schulze-

Makuch and Cherkauer 1998) was experimentally verified

by slug tests performed in the above described confined

aquifer. It is worth reminding here that, K-measurements

depend upon:

s ¼ R� d ð2Þ

where R is the radius of influence, measured for each

injection volume, and d is the distance of each piezometer

from the injection well. To describe the scaling behavior of

K, a simple power type law was used, i.e.

P ¼ axb ð3Þ

where P is the parameter examined (in this case the

hydraulic conductivity [LT-1]), x is the scale parameter (as

distances [L]), a is a parameter related to the structure and

heterogeneity of the medium, and b [–] is the scaling index

(or crowding index), which takes into account the type of

flow in the porous medium and the actual dimensions of the

measurement scale (Schulze-Makuch and Cherkauer

1998).

Overall, a power law is justified if the signal of the

hydrological process at the stake is bounded by cut-offs. To

determine the cut-off limits, a simple fitting procedure has

been used (Fallico et al. 2016, 2018; De Bartolo et al.

2013). In addition, the methodology mentioned above is

useful to highlight the possible dependence on more than

one scale (Fallico et al. 2016). In this case the power law is

slightly generalized as follows:

~P xð Þ ¼
XN
i¼1

aix
bi ð4Þ

where the integer i indicates the i-th partial scaling range

(N[ 1), and the other terms were already defined above.

The relation (4) can be regarded as the overall overlapping

effects, each one described by the Eq. (3).

3 Results and discussion

The K values measured for each injected volume, and the

relative values of the radius of influence, are shown in

Table 1.

Table 1 shows that the K values are of the same order of

magnitude. The K values, both at the injection well and at

the piezometers, are shown in Table 2 along with the scale

parameter (Eq. (2)).

It is seen that the heads detected in the central injection

well are the highest, and the K values determined therein

are representative of the confined aquifer volume identifi-

able with a cylinder of radius equal to the radius of influ-

ence and height equal to the thickness of the aquifer. For

each of these data sets, a careful statistical analysis was

carried out (Table 3).

It is seen that the mean value varies, depending on the

volume of injection, between 1.37 9 10–4 m/s and

2.98 9 10–4 m/s. The maximum values of the variance

(VAR), standard deviation (SD), standard error (SE) and

coefficient of variation (VC) are found for an injection

volume of 0.08 L, while the corresponding minimum val-

ues are found for an injection volume of 0.04 L. Only two

Kurtosis values, relative to volumes 0.03 L and 0.04 L, are

positive, while the other four are negative, showing a trend

towards a flattening of the distribution, compared to the

normal one. Skewness values are all positive, highlighting

an asymmetric trend. Inspection from Table 2 shows a

spatial variability of K with s. Such a dependence has been

analyzed by means of a simple power law (3), by identi-

fying the pair (a, b) for each injected volume (Table 4).

The resulting power laws are depicted, for each injected

volume and together with the measured K-value, in the

Fig. 2.

The most interesting feature that is detected from Fig. 2

is a change in the slope with increasing s. This can be better

Fig. 1 a Planimetric layout of the piezometers; b stratigraphic layout; c experimental apparatus
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visualized in the Fig. 3, which also suggests that the best

power law is presumably a combination of two models of

the type (3), i.e.

k ¼ a1s
b1 for sI;low\s\sI;upp

k ¼ a2s
b2 for sII;low\s\sII;upp

ð5Þ

where a1 and b1 are the parameters of the Eq. (3) relative to

the I range and similarly for a2 and b2, relative to the II

range.

For each of the data sets related to the injection volumes

considered and for both I and II ranges, the values of the

lower and upper cut-off limits are shown in Table 5, while

the scaling laws were also determined, and the

Table 1 Values of K as function

of the injected volume V, and

the radius of influence R

Injected volumes V (L) Radii of influence measured R (m) K (m/s)

0.03 0.592 2.34 9 10–4

0.04 0.707 2.36 9 10–4

0.06 0.797 2.58 9 10–4

0.07 0.846 3.30 9 10–4

0.08 0.868 4.16 9 10–4

0.09 0.943 4.48 9 10–4

Table 2 Values of K for each injection volume and their relative s-values

V = 0.03 L V = 0.04 L V = 0.06 L V = 0.07 L V = 0.08 L V = 0.09 L

s (m) K (m/s) s (m) K (m/s) s (m) K (m/s) s (m) K (m/s) s (m) K (m/s) s (m) K (m/s)

0.092 9.38 9 10–5 0.007 9.90 9 10–5 0.097 1.04 9 10–4 0.046 1.17 9 10–4 0.068 1.21 9 10–4 0.043 1.49 9 10–4

0.192 9.57 9 10–5 0.107 1.02 9 10–4 0.197 1.11 9 10–4 0.146 1.21 9 10–4 0.168 1.35 9 10–4 0.143 1.63 9 10–4

0.292 1.27 9 10–4 0.207 1.29 9 10–4 0.297 1.34 9 10–4 0.246 1.40 9 10–4 0.268 1.48 9 10–4 0.243 1.72 9 10–4

0.392 1.32 9 10–4 0.307 1.35 9 10–4 0.397 1.40 9 10–4 0.346 1.52 9 10–4 0.368 1.61 9 10–4 0.343 2.17 9 10–4

0.492 1.41 9 10–4 0.407 1.47 9 10–4 0.497 1.45 9 10–4 0.446 1.90 9 10–4 0.468 2.33 9 10–4 0.443 2.51 9 10–4

0.592 2.34 9 10–4 0.507 1.52 9 10–4 0.597 1.79 9 10–4 0.546 2.38 9 10–4 0.568 3.42 9 10–4 0.543 3.33 9 10–4

– – 0.607 1.80 9 10–4 0.697 2.24 9 10–4 0.646 3.08 9 10–4 0.668 3.74 9 10–4 0.643 3.95 9 10–4

– – 0.707 2.36 9 10–4 0.797 2.58 9 10–4 0.746 3.17 9 10–4 0.768 3.93 9 10–4 0.743 4.15 9 10–4

– – – – – – 0.846 3.30 9 10–4 0.868 4.16 9 10–4 0.843 4.36 9 10–4

– – – – – – – – – – 0.943 4.48 9 10–4

Table 3 Main statistical parameters of the K values determined in the injection well and in the piezometers

Statistical parameters global data sets for each injection volume

0.03 L 0.04 L 0.06 L 0.07 L 0.08 L 0.09 L

N 6 8 8 9 9 10

min 9.38 9 10–5 9.90 9 10–5 1.04 9 10–4 1.17 9 10–4 1.21 9 10–4 1.49 9 10–4

max 2.34 9 10–4 2.36 9 10–4 2.58 9 10–4 3.30 9 10–4 4.16 9 10–4 4.48 9 10–4

mean 1.37 9 10–4 1.48 9 10–4 1.62 9 10–4 2.13 9 10–4 2.58 9 10–4 2.98 9 10–4

VAR 2.62 9 10–9 1.98 9 10–9 2.98 9 10–9 7.68 9 10–9 1.50 9 10–8 1.45 9 10–8

SD 5.12 9 10–5 4.45 9 10–5 5.46 9 10–5 8.76 9 10–5 1.22 9 10–4 1.21 9 10–4

SE 2.09 9 10–5 1.57 9 10–5 1.93 9 10–5 2.92 9 10–5 4.08 9 10–5 3.81 9 10–5

VC 3.73 9 10–1 3.01 9 10–1 3.37 9 10–1 4.12 9 10–1 4.74 9 10–1 4.05 9 10–1

Kurtosis 3.32219 1.44701 - 0.303000 - 1.90004 - 2.17760 - 1.99717

Skewness 1.67520 1.10593 0.90150 0.33209 0.16035 0.01548
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corresponding values of the parameters a and b and R2 are

shown in Table 6.

It is seen from Table 6, that the values of the coefficient

a1 are all very similar, varying between

1.66 9 10–4 m(1-b)/s and 1.92 9 10–4 m(1-b)/s, while the

values of b1, also very close, are variable between 0.081

and 0.266. Similarly for the II range, the values of a2 are

very close, varying between 3.45 9 10–4 m(1-b)/s and

9.83 9 10–4 m(1-b)/s, while the values of b2, also very

similar, vary between 0.765 and 2.738. In particular, the

values of a2 are significantly higher than the corresponding

values of a1, although both have the same order of mag-

nitude. The values of the R2 are always close to 1. Figure 4

shows the scaling laws related to the I and II ranges.

As expected, it is seen that, for all the injection volumes

considered, the trends of the straight lines representing the

scaling laws related to the II range have a slope greater

than the corresponding ones of the I range.

Table 4 Parameters a and b of the scaling laws, determined by

Eq. (3) along with the corresponding values of the determination

coefficient R2

Volumes injected (L) a (m(1-b)/s) b R2

0.03 2.17 9 10–4 0.409 0.715

0.04 2.21 9 10–4 0.366 0.842

0.06 2.30 9 10–4 0.407 0.812

0.07 3.03 9 10–4 0.397 0.773

0.08 4.00 9 10–4 0.553 0.811

0.09 4.15 9 10–4 0.414 0.820

Fig. 2 Fitted scaling laws of K data sets and corresponding values of s, relative to each injection volume

Fig. 3 Possible limit scale values of trend change, for the data sets (K, scale) related to the injection volumes considered
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Going beyond the two components model (5), Fig. 5

shows the scaling laws related to the I, II and III ranges, in

which the investigation ranges of data sets, relating to

injection volumes of 0.07 L, 0.08 L and 0.09 L, were

divided.

It is worth recalling that, by increasing the number of

scaling ranges over two, there is not always a significant

increase in R2. In the present case, for the injection vol-

umes of 0.07 L, 0.08 L and 0.09 L, the R2 values, for each

of the three ranges into which the entire investigation range

would be divided, are shown in Table 7.

For the injection volume of 0.09 L, the values of R2

obtained with three scaling ranges are completely compa-

rable with those reported in Table 6, obtained considering

only two scaling ranges. For the other two injection vol-

umes, i.e. 0.07 L and 0.08 L, the values in Table 7 show

that the increase is completely negligible than those of

Table 6.

Returning to the case considered here with the subdi-

vision of the investigation range into two parts, the change

in K scaling behavior (see Table 6, and Fig. 4) calls for a

deeper analysis. In the present study it is clear that the

investigation scale is not that characteristic of the labora-

tory, nor that of the field, but it is certainly an intermediate

scale between these two. Therefore it is reasonable to

assume that at smaller distances, for which the flow con-

ditions are closer to those characteristics of the laboratory

scale, the influence of heterogeneity is mainly exerted by

the size and shape of the pores. While at large distances the

influence of heterogeneity manifests itself mainly through

the tortuosity of the porous medium. This explanation

would lead to assign, for each injection volume considered,

to the I range an influence of the heterogeneity on the

k scaling behavior, manifested mainly by the modalities of

the laboratory scale, and to the II range by a predominant

influence characteristic of the field scale. In addition, the

impact of the injection volume is also important, and it has

Table 5 Lower and upper cut-off limits for I and II ranges determined

for the scaling behavior of K in the data sets considered

V (L) I range II range

sI;low sI;upp sII;low sII;upp

0.03 0.092 0.492 0.492 0.592

0.04 0.107 0.507 0.507 0.707

0.06 0.097 0.497 0.497 0.797

0.07 0.046 0.346 0.346 0.846

0.08 0.068 0.368 0.368 0.868

0.09 0.043 0.243 0.243 0.943

Table 6 Values of the parameters a and b of the representative scaling

laws of the K scaling behavior relative to the I and II range and

corresponding values of the coefficient R2, for the six data sets

considered

V (L) I range II range

a1

(m(1-b)/s)

b1 R2 a2

(m(1-b)/s)

b2 R2

0.03 1.68 9 10–4 0.266 0.858 9.83 9 10–4 2.738 1

0.04 1.83 9 10–4 0.252 0.970 3.63 9 10–4 1.312 0.969

0.06 1.70 9 10–4 0.221 0.930 3.45 9 10–4 1.243 0.997

0.07 1.66 9 10–4 0.125 0.803 4.15 9 10–4 0.932 0.963

0.08 1.86 9 10–4 0.164 0.969 5.44 9 10–4 1.117 0.918

0.09 1.92 9 10–4 0.081 0.994 5.04 9 10–4 0.765 0.973

Fig. 4 Scaling laws related to the I and II ranges, for the six injection volumes considered
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to be accounted for. In fact, it is clear that for small

injection volumes flow conditions are modest and closer to

those characterizing the laboratory scale, while for the

higher injection volumes the flow conditions are closer to

those of the field scale. As a consequence, scaling was

achieved by grouping results obtained at the lowest injec-

tion volumes, together with the intermediate and the largest

ones. In this way, three groups of scaling laws were

obtained. The group No. 1 consists of the scaling laws

relating to the injection volumes of 0.03 L, 0.04 L and 0.06

L; group No. 2 consists of the scaling laws relating to the

injection volumes of 0.07 L and 0.08 L; finally, group No.

3 consists of the scaling laws related to the single injection

volume equal to 0.09 L. For each of these three groups, we

identified a single scaling law representative of the I range

and, in a similar way, another for the II range. The values

of parameters a and b characterizing the scaling laws

related to the I and the II range for the three groups defined

above are shown in Table 8.

Data of Table 8 show that, for the both I and II ranges,

the values of a tend to increase, ranging from the group No.

1 to the No. 3. The values of a vary for the I range between

1.74 9 10–4 m(1-b)/s and 1.92 9 10–4 m(1-b)/s, while for

the II range they vary between 3.58 9 10–4 m(1-b)/s and

5.04 9 10–4 m(1-b)/s. The values of b are also very close,

varying for the I range between 0.081 and 0.250, while for

the II range they vary between 0.765 and 1.250. Figure 6

shows the scaling laws, relating to the I and II ranges, of

the Group No. 1, that is for the injection volumes of 0.03 L,

0.04 L and 0.06 L.

In the Fig. 6 it is also seen the interval of confidence

(both at 95% and 99%) of the Group I. The scaling laws

have a much more regular trend in the I range than in the II

range. Moreover, all the scaling laws of the I range are

included within the 95% and 99% confidence intervals. In

the II range the scaling laws relating to the injection vol-

umes of 0.04 L and 0.06 L are regular and very close to the

overall scaling law, while the scaling law relative to the

injection volume of 0.03 L is meaningless, since it was

derived for only two points. Similarly, Fig. 7 shows the

Fig. 5 Scaling laws related to the I, II and III ranges, for the injection volumes of 0.07 L, 0.08 L and 0.09 L, assuming a division of the

investigation range into three parts

Table 7 R2 values for each range, assuming the division of the entire

investigation range into three parts, for injection volumes of 0.07 L,

0.08 L and 0.09 L

Injection volumes R2 values

I range II range III range

0.07 0.803 0.984 0.982

0.08 0.969 0.995 0.993

0.09 0.709 0.971 0.993
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scaling laws, relating to the I and II ranges, of the Group

No. 2, that is for the injection volumes of 0.07 L and 0.08

L.

Figure 7 shows that the scaling laws relating to the

individual injection volumes falling within Group No. 2,

that is 0.07 L and 0.08 L, show a very regular trend both in

the I range and in the II range, largely within the confi-

dence intervals taken into consideration. Figure 8 shows, in

relation to the I and II ranges, the only scaling law of the

Table 8 Values of the

parameters a and b defining the

scaling law (5), related to the I

and II ranges, for groups of

scaling laws No. 1, No. 2 and

No. 3, namely for increasing

injection volumes, and related

values of R2

Groups I Range II Range

a1

(m(1-b)/s)

b1 R2 a2

(m(1-b)/s)

b2 R2

Group No. 1 1.74 9 10–4 0.250 0.834 3.58 9 10–4 1.250 0.849

Group No. 2 1.76 9 10–4 0.144 0.848 4.80 9 10–4 1.040 0.871

Group No. 3 1.92 9 10–4 0.081 0.994 5.04 9 10–4 0.765 0.973

Fig. 6 Scaling laws, relating to the I and II ranges, of the Group No. 1, with global scaling law and 95% and 99% confidence intervals

Fig. 7 Scaling laws, relating to the I and II ranges, of Group No. 2, with global scaling law and 95% and 99% confidence intervals
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Group No. 3, that is the one relating to the injection volume

of 0.09 L, already shown in the graph of Fig. 4.

Figure 9 shows, in relation to both I and II ranges, the

global scaling laws representative of the Groups No. 1, No.

2 and No. 3. Figure 9 shows that passing from the Group

No. 1 to the Group No. 3 the values of k tend to increase,

for both ranges.

This shows that the injection volume can also be use-

fully taken as a scaling parameter. Moreover, the same

graph shows that the increase of K with the scale is much

faster in the II range compared to I. This can be attributed

to the different ways in which heterogeneity exerts its

influence in the I and II ranges. However, it should also be

noted that the increase in the volume introduced during the

slug test regards an increase in the aquifer volume involved

in the measurement, namely the increase of the radius of

influence. This is also remarked by the fact that the

amplitude of the II range tends to increase passing from

Group I to the following ones. Figure 9 also shows that the

amplitude of the I range tends to be reduced, going from

the I Group to the following ones. This could be addressed

to the fact that as the injection volume increases, the

influence of the heterogeneity tends to manifest itself

mainly with the characteristic modalities of the field scale.

Therefore, it could also be hypothesized that with

increasing injection volumes it is possible to switch from

the modalities characteristic of laboratory to those of the

field. On this basis it could be stated that for data sets

obtained with low injection volumes, heterogeneity mani-

fests itself mainly in the specific modalities of the labora-

tory scale. As larger injection volumes are considered,

scale values are reached for which heterogeneity manifests

itself at first with both the modalities of the laboratory and

field scale and then mainly with those of the field scale.

4 Conclusions

The description of the scaling behavior of the aquifers’

parameters, in particular of the hydraulic conductivity,

requires carrying out a careful analysis of the experimental

data, which allows to identify the most suitable scaling law.

The most used mathematical model is the power type (3). If

this law is valid in the whole range of scale, the approach to

be used is that of the simple-scaling type. In many cases, to

obtain a more reliable description, it is convenient to use a

multi-scaling approach. This ‘‘piecewise approach’’ allows

a better description of the scaling behavior of the investi-

gated parameter, which in the entire range examined does

not present a single trend, but assumes trends that can be

represented with different scaling laws.

The choice between a simple-scaling or multi-scaling

approach must always be made on the basis of the values

assumed by the coefficient of determination R2. This can be

done by comparing the value that R2 assumes using a

unique scaling law, relating to the simple-scaling approach,

with those that this parameter assumes using the scaling

laws obtained from a possible multi-scaling approach. In

the present study it is shown that the choice between the

use of a simple-scaling or multi-scaling approach can be

greatly facilitated by a simple graphical control of the trend

presented by the experimental points. More precisely, the

arrangement of the experimental points in the graph of

Fig. 2 clearly shows the presence of two different K trends

as the distance s varies. Hence, the opportunity to use a

Fig. 8 Scaling law, relating to the I and II ranges, of the Group No. 3
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multi-scaling approach is evident, by using Eq. (5). This is

also confirmed by the comparison between the R2 values

shown in Table 4. Then, the values of the cut-off limits,

which identify the bounds of each range wherein the whole

range of investigation is divided, have been determined.

Moreover, the mesoscale, which is intermediate between

the laboratory one and that characteristic of the field,

allowed to detect the variation of the ways in which the

heterogeneity exerts its influence on the K scaling behavior,

under flow conditions induced by different injection

volumes.

One of the most important results is that the value of the

injection volume has great influence. In fact, the present

study has shown that the small injection volumes are

generally related to higher values of the wideness of the I

range, and therefore the ways in which the influence of

heterogeneity is manifested are mainly those of the labo-

ratory scale. With increasing injection volume, the width of

the II range increases, and concurrently the ways in which

the influence of heterogeneity manifests itself get closer

and closer to those of field (Fig. 8).

As a consequence, moving from group I to group III, the

modalities through which the influence of heterogeneity is

exerted tend to move away from those mainly typical of the

laboratory scale and to get closer and closer to those of the

field scale. In this context, the situation of the intermediate

scale, in which the influence of heterogeneity manifests

itself simultaneously through the laboratory and field

modalities, assumes great importance. Results of a double-

scaling analysis were also presented in this study. Of

course, straightforward extension to higher scaling is pos-

sible, and the present manuscript represents a first step

toward it. The topics taken into consideration in the present

study, relative to a scale intermediate between the labora-

tory and the field, are numerous and interesting, such as the

deepening of the knowledge of the aspects related to the

heterogeneity influence and the attempts to give greater

continuity to the representation of the scaling behavior of

the aquifer characteristic parameters (Severino et al. 2008;

Severino 2019). Some aspects were investigated (Chevalier

et al. 2001; Fallico et al. 2018) and many others are part of

ongoing projects.
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