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This paper presents a case study of field pumping tests and the evaluation of the
hydrogeological parameters of the unconfined pebble aquifers in the test site located at
Shijiawan station in Luoyang City, China, which guarantees the construction safety of Metro
Line 1. Multiple groups of single-well pumping tests and one group-well pumping test were
conducted to obtain the aquifers' hydrogeological parameters. Then, a combination of
theoretical analysis and numerical simulation was used to evaluate the aquifers' hydrogeological
parameters. The analytical solutions were obtained for the unconfined, anisotropic pebble
aquifers using the Neuman model. The numerical simulation was established via the finite
element method (FEM). The calculation results indicate that the theoretical analysis and
numerical simulation parameters are well matched. Moreover, the results of the numerical
method which considers the heterogeneous and horizontal isotropic characteristics of the
pebble stratum, as well as the hydrogeological parameters are more reliable than the results
obtained by the theoretical analysis. The pumping tests also indicate that the supporting

structure plays a significant role in waterproofing during dewatering construction.

1. Introduction

With the rapidly increasing development of urban construction
and underground space in China, the safety of deep foundation
pits has become a significant problem (Shen et al., 2015; Cao et
al., 2019). A soil stratum consisting of large-thickness pebble
layers is distributed in China's central regions, and is characterized
by complex mechanical properties and a granular composition.
The pebble strata are mostly characterized by high porosity and
strong permeability. When excavating deep foundation pits in
groundwater-rich areas, such as pebble aquifers, dewatering is a
fundamental problem. Actual survey results have shown that the
leakage or seepage damage of engineering construction in the
water-rich pebble strata accounts for about 40% to 50% of total
engineering accidents. Thus, the dewatering of deep foundation
pits is the most effective means by which to prevent engineering
accidents.

In the dewatering design of foundation pits, the accuracy of
the aquifer's hydrogeological parameters plays a crucial role
(Shaqour and Hasan, 2008; Zhang et al., 2020). Accordingly,
hydraulic conductivity is an essential parameter in hydrogeological

calculations (Chapuis et al., 2005; Yeh and Huang, 2009; Huang
and Qian, 2012); the value of the aquifer's hydraulic conductivity
has a direct effect on the estimation of the amount of foundation
pit discharge, the control of formation settlement, and the
evaluation of the environmental impact. Moreover, the hydraulic
conductivity may also influence the selection and embedded
depth of the supporting structure of the foundation pit. While
there are many methods for the measurement of the hydrogeological
parameters of aquifers, the most common ways to evaluate the
hydraulic conductivity include predictive methods (Jiao, 1996;
Chapuis, 2004), laboratory tests (Chapuis, 1992; Ma et al.,
2014), and field tests (Jean, 1996; Ou and Chen, 2010). The most
effective method is to calculate the hydrogeological parameters
via field tests, such as pumping tests. Based on the data from
pumping tests, the hydraulic conductivities of aquifers can be
obtained by either analytical methods or numerical simulations
that consider the relationship between the discharge and
groundwater level (Cimen, 2008; Lin et al., 2010; Sethi, 2011;
Kuang et al,, 2014). However, analytical methods have certain
limitations, and are only applicable to cases in which the geometric
shapes and boundary conditions are homogeneous. Without a
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systematic approach by which to determine the hydrogeological
parameters of aquifers with complex field conditions, it is difficult
to obtain accurate solutions via analytical methods (Neuman et al.,
2007; Wu et al.,, 2008). With the development of digital
calculation technology, back-calculation via a numerical approach
has become widely used (Johnso et al., 2002). Compared with
theoretical analysis, numerical simulation can more accurately
yield the hydrogeological parameters of aquifers under complicated
pumping test conditions. Previous research has shown that
appropriate calculation models can be selected to obtain reliable
hydrogeological parameters of aquifers via field pumping tests.
Moreover, the regional characteristics of the hydrogeological
parameters of unconfined pebble aquifers are significant, and their
solution requires the use of a combination of both theoretical analysis
and numerical simulation based on pumping test data.

This study presents a field case study of pumping tests in
Luoyang, China. The pumping tests were carried out in the flood
plain of the Luohe River to obtain the hydrogeological parameters
of unconfined pebble aquifers. During the pumping tests, the
related parameters of the pumping rate, drawdown, and discharge
were measured. Then, the hydrogeological parameters were
obtained via a combination of theoretical analysis and numerical
simulation. Moreover, a three-dimensional finite element model
was established to back-calculate the hydraulic conductivity
values of the unconfined pebble aquifers. A two-well pumping
test was also performed to verify the accuracy of the hydraulic
conductivity.

2. Field Pumping Tests and Results

2.1 Site Conditions

The total length of Line No. 1 of the Luoyang Metro in China is
22.35 km. The bases of the station foundation pits, including the
Youth Palace station to Yangwan station in the eastern section of
the Luoyang Metro, are located in a loose to slightly dense
pebble formation. Particular research work was conducted at
Shijiawan station as a test section to ensure construction safety.
In the field pumping test, the essential target was to calculate the
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Fig. 1. The Schematic Diagram of the Construction Site of Shijiawan
Station

hydrogeological parameters of the pebble aquifers in the flood
plain of Luohe River. According to the geological survey report,
the pebble formations within the construction site of Shijiawan
station are unconfined aquifers.

Shijiawan station is located in the Chanhe district of Luoyang,
and Fig. 1 presents the schematic diagram of the construction site
of the station. As shown in Fig. 1, the station pit is located at the
intersection of Anju Road and Zhongzhou East Road, and there
are several high-rise residential structures around it. The station
is an underground project with an estimated depth of 18 m, and
its length and width are 203.35 m and 19.30 m, respectively. The
project was constructed by the open-cut method, and the
supporting structure of the foundation pit is a waterproof curtain
composed of bored piles and plain concrete piles. During the
field test, the pumping tests were carried out without the
supporting structure. To reduce the effect of the pumping tests on
the surrounding groundwater environment, the tests were
performed at the eastern end of the foundation pit.

2.2 Engineering Geology and Hydrogeology

2.2.1 Engineering Geology

The geomorphic unit is the flood plain of the Luohe River, in
which the construction site is located. Fig. 2 shows the soil
profile of the construction site. The elevation at the test site is
125.3 — 125.4 m above sea level. The figure also reveals that the
stratum is composed of Holocene alluvial-diluvial beds and
Upper Pleistocene alluvial-diluvial beds. The first layer is loess-
like silt in the top 1.0 — 5.3 m below the ground surface, followed
by fine sand to a depth of 0.7-5.0 m. The next layer is a pebble
layer extending to a depth of 15.1 m, which is underlain by
another pebble layer to a depth of more than 80 m.

The stratum parameters along the depth were established via
laboratory tests. The grain size distribution indicates that the
pebble content of the loose pebble strata is more than 50%. With
the increase of the buried depth of the stratum, the pebble content
increases significantly. The pebble content of the compacted
pebble strata is relatively high, approximately 72%. Morevoer,
the grain size of the pebble changes with the buried depth, and
the variation range of the grain size is from 2 cm to more than 20 cm.
Moreover, there are a small number of large boulders contained
in the compacted pebble strata.
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Fig. 2. The Soil Profile of the Construction Site
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2.2.2 Hydrogeology

According to the buried conditions of aquifers, the type of
groundwater is unconfined. The groundwater level was determined
to be 116.71 — 116.90 m via site measurements during the
exploration. The groundwater is mainly present in the loose to
slightly dense pebble stratum of the Holocene series and the
medium-dense to compacted pebble stratum of the Upper
Pleistocene series. The hydrogeological characteristics of the
unconfined aquifers are a large groundwater volume, medium
water-abundance, and obvious water permeability. Local experiences
and the results of laboratory tests revealed that the variation of
the hydraulic conductivity values of the unconfined aquifers
ranges from 60 to 160 m/d. The sources of groundwater recharge
are atmospheric precipitation, canal water, irrigation water, and
river water. The primary mode of groundwater drainage is artificial
exploitation, followed by groundwater runoff.

2.3 Pumping Tests and Results

2.3.1 Pumping Tests

Pumping tests were carried out between February 19 and March
15, 2017 (the season was spring). Fig. 3 presents the plan view of
the test wells and observation holes. There were five types of
pumping wells (respectively labeled S1, S2, S3, S4, and S5) and

Table 1. The Parameters of the Test Wells
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Fig. 3. The Plan View of the Pumping Test

four observation holes for the measurement of the pore water
pressure (respectively labeled KS1, KS2, KS3, and KS4).
During the pumping tests, the test wells all had the function of
pumping and monitoring. For example, when well S2-5 was the
pumping well, the other wells were the monitoring wells.

Table 1 lists the parameters of the test wells. During the
pumping tests, the survey focus was on the hydrogeological

Type Label Depth Depth of well Diameter of well Diameter of well Depth of desilting
P (m) screen(m) bore (mm) tube (mm) tube (m)
1 S1-1-S1-2 14.0 5.0-13.0 550 325 13.0-14.0
2 S2-1 - S2-5 24.0 15.0-23.0 550 325 23.0-24.0
3 S3-1-S3-2 26.0 15.0-25.0 550 325 24.0 -25.0
4 S4-1-S4-2 30.0 24.0 -29.0 550 325 29.0 —30.0
5 S5-1 37.0 31.0-36.0 550 325 36.0—37.0
§1-1-812 §3-1-83-2
550 S50
+125.3 W 0.00 +125. +125. 3 W 0.00 +125. . 00
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Fig. 4. The Structures of the Test Wells
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parameters of the unconfined pebble aquifers. Fig. 4 presents the
structure of the test wells, which were partially penetrating wells
with an internal diameter of 325 mm and an external diameter of
550 mm. The filter tubes of the first and second types of test
wells were 8.0 m long, those of the third type were 10.0 m long,
and those of the fourth and fifth types were 5.0 m long. The filter
tube of the first type of test well was located in the loose to
slightly dense pebble stratum of the Holocene series, and was
mainly used to measure the hydrogeological parameters of this
unconfined pebble aquifer. The depths of the second and third
types of test wells were the same as those of the dewatering well
for dewatering construction in the foundation pit. The dewatering
construction of the foundation pit can be determined by comparing
the pumping effects of the wells with different structures.

The second and third types of test wells were used to measure
the hydrogeological parameters of the medium-dense to compacted
pebble stratum of the Upper Pleistocene series. The filter tube of
the fourth type of well was installed in the range from the
supporting structure to the bottom of the dewatering wells, and
was used to measure the vertical hydraulic conductivity of the
medium-dense to compacted pebble stratum. The filter tube of
the fifth type well was installed in the lower part of the supporting
structure, and was also used to measure the vertical hydraulic
conductivity of the medium-dense to compacted pebble stratum.

To overcome the shortcomings of the pebble stratum, such as
its poor self-stability and easy ability to collapse, drilling was
carried out by a combination of impact drilling and mud protection
based on local construction experience. Correspondingly, according
to the design and the Chinese Construction Code related to
dewatering (Standard for hydrogeological investigation of water-
supply (GB50027-2001, 2001); Technical code for tube well
(GB50296-2014, 2014)), the steel well pipes were welded and
installed on site. Furthermore, the gap between the borehole and

Table 2. The Main Data and Processes of the Pumping Tests

the well pipe was backfilled by gravel filter material. Two types
of filter material were used in the pumping tests, the grain size of
the first type was about 5 — 8 mm, while the grain size of the
second type was about 7 — 10 mm. Finally, the wellhead was
plugged and protected with cohesive soil.

Pumping tests were carried out without the effect of the
supporting structure. Moreover, the initial groundwater levels of
the test wells were measured before the pumping tests. The
pumping tests consisted of two stages, namely the pumping stage
and the recovery stage. During the pumping tests, submersible
pumps with three different specifications were used for pumping,
the flow rates of which were respectively 50, 20, and 30 m’/h.
An automated monitoring system with an accuracy of 1 cm was
used to measure the groundwater levels of the test wells. The
water discharges were measured by a flow meter, which had an
accuracy of 0.1 m’>.

Table 2 reports the main data and processes of the pumping
tests, which were carried out in two stages (with and without the
supporting structure) to evaluate the impact of the supporting
structure. In each tage, the pumping tests included both single-
well and group-well pumping tests. The pumping period ranged
from 720 to 10,080 min, and the recovery time was between 720
and 6,480 min. The drawdown of the pumping well was between
422 and 15.59 m, and the discharge rate of the pumping well
was between 15.50 and 69.50 m*/h.

2.3.2 Results of Pumping Tests without the
Supporting Structure

2.3.2.1 Results of the Single-Well Pumping Tests

As shown in Table 2, four single-well pumping tests without the
effect of the supporting structure were carried out, and the results
are reported in Table 3. There were two drawdown scales in the

Case Pumping Drawdown hy Sy f . I . t . (0]
well scale (m) (m) ¢ (min) (min) (m*/h)
Without the S2-5 Large 8.15 13.82 19:00 21 Feb. 19:00 22 Feb. 1,440 / 69.50
supporting Small 422 19:00 22 Feb 19:00 23 Feb. 720 720 38.40
structure S22 / 8.28 5.33 21:00 23 Feb 9:00 7 Mar. 10,080 6,480 20.90
$2-3 8.12 13.93 10,080 6,480 36.60
S3-1 8.10 15.59 10,080 6,480 33.30
S$3-2 8.10 15.22 10,080 6,480 35.30
S1-2 / 7.70 4.79 21:00 7 Mar. 21:00 8 Mar. 720 720 15.85
S3-2 / 8.10 11.22 21:00 8 Mar. 21:00 9 Mar. 720 720 36.20
S4-2 / 8.13 11.84 20:00 11 Mar. 20:00 12 Mar. 720 720 15.50
With the S2-2 / 8.33 13.61 8:00 29 May 9:00 2 Jun. 4,320 1,440 21.89
supporting $2-3 8.49 9.26 4,320 1,440 21.98
structure S3-1 8.37 7.37 4,320 1,440 39.30
S3-2 8.30 11.83 4,320 1,440 36.05
S2-4 / 8.24 13.11 9:00 2 Jun. 9:00 4 Jun. 720 720 26.00

Notes: 4: the depth of static water head; s,,: the drawdown of pumping well; #;: the start time of the pumping test; 7.: the end time of the pumping test;
1, and ¢,: the lengths of the pumping stage and recovery stage, respectively; O: the discharge of single pumping well.
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Table 3. The Data for the Single-Well Pumping Tests

Pumping well Monitoring well Depth of well Distance from pumping Drawdown (m)
screen (m) well (m) Large Small
S2-5 S2-1 15-23 34.25 0.190 0.114
S2-2 15-23 39.09 0.240 0.105
S2-3 15-23 27.55 0.250 0.110
S2-4 15-23 11.30 0.400 0.201
S2-5 15-23 / 13.822 4.220
S1-2 S1-1 5-13 11.10 0.04
S1-2 5-13 / 4.79
S3-2 S3-1 15-25 21.49 0.28
S3-2 15-25 / 11.22
S4-2 S4-1 24 -29 11.60 0.49
S4-2 24 -29 / 11.84
0.1
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Fig. 5. The Variation of the Groundwater Level in the Monitoring

Wells during the Single-Well Pumping Tests: (a) Pumping Well
§2-5, (b) Pumping Wells S1-2/53-2/54-2

single-well pumping tests of S2-5.

Figure 5 presents the dynamic groundwater level in the
monitoring wells during the single-well pumping tests. During
the single-well pumping test of S2-5, the changes of the
groundwater head followed similar trends. When the drawdown
of the pumping well changed from large to small, the groundwater
head rose rapidly and then reached a steady level. After the pump

Table 4. The Data of the Group-Well Pumping Test

Pumping Monitoring Depth of well Drawdown
well well screen (m) (m)
S2-2 S1-1 5-13 0.87
ggz S1-2 5-13 1.23
31 S2-1 15-23 0.84
S2-4 15-23 0.73
S2-5 15-23 0.66
S4-1 24-29 1.10
S4-2 24-29 0.73
S5-1 31-36 0.34

was shut down, the groundwater head recovered quickly. However,
during the single-well pumping tests of S1-2, S3-2, and S4-2, the
change trend of the groundwater head in each monitoring wells
was complicated. Moreover, because the measured data for
monitoring well S3-1 was unstable, the skeleton curve of the
groundwater head is provided in the form of a chain dotted line.
The discharge rates of S1-2 and S4-2 were both about 15.50 —
15.85 m*/h, and the groundwater level of monitoring well S4-1
declined sharply, whereas the groundwater level of S1-1 was
essentially unchanged.

2.3.2.2 Results of the Group-Well Pumping Test

S2-2, S2-3, S3-2, and S3-1 were selected as pumping wells for
the group-well pumping test. As presented in Table 2, the
pumping period was 10,080 min, the recovery time was 6,840
min, and the total discharge rate was about 126.1 m*/h. Table 4
reports the results of the group-well pumping test. and Fig. 6
presents the groundwater level variation measured in the monitoring
wells during the group-well pumping test.

As exhibited in Fig. 6, the changes in the groundwater head
measured in the monitoring wells followed similar trends. The
groundwater head initially declined rapidly over 6 min, after
which it decreased at a slower rate until it reached a steady level.
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Fig. 6. The Variation of the Groundwater Level in the Monitoring
Wells during the Group-Well Pumping Test

After the pump was shut down, the groundwater head recovered
quickly. Moreover, the recovery rate of the groundwater head
can be divided into two categories. After the pump was shut
down, the groundwater head of monitoring wells S1-1, S1-2, S2-
4, and S4-2 recovered at higher rates.

2.3.3 Results of Pumping Tests with the Supporting
Structure

2.3.3.1 Results of Single-Well Contrast Tests

After the supporting structure within the range of the eastern end
of the foundation pit was completed, the supporting structure of
the test site was preliminarily closed, after which the contrast
tests were carried out. During the excavation of the foundation
pit, well S2-5 was damaged by the excavator. Therefore, well
S2-4 was chosen as pumping well for subsequent contrast tests.
Table 5 reports the results of the single-well pumping contrast
tests. The discharge of S2-4 was about 26.0 m’/h, the drawdown
of S2-4 was 13.11 m, and the drawdowns of the monitoring wells
were between 0.13 and 0.29 m. Fig. 7 presents the variation of
the groundwater level in the monitoring wells during the single-

Table 6. The Data for the Group-Well Pumping Contrast Tests

Table 5. The Data for the Single-Well Pumping Contrast Tests

Pumping  Monitoring Depth of Dlstaqce from Drawdown
well screen  pumping well
well well (m)
(m) (m)
S2-4 S2-1 15-23 22.98 0.14
S2-2 15-23 28.67 0.14
S2-3 15-23 18.09 0.17
S2-4 15-23 / 13.11
S2-5 15-23 11.30 0.29
S3-1 15-25 22.83 0.14
S3-2 15-25 20.08 0.13
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Fig. 7. The Variation of the Groundwater Level in the Monitoring
Wells during the Single-Well Pumping Tests

well pumping contrast tests.

Compared with the groundwater levels in the monitoring
wells shown in Fig. 5(a), due to the lengthened groundwater
seepage path after the completion of the supporting structure, the
declining rate of the groundwater head measured in the monitoring
wells was significantly reduced at the beginning of the pumping
contrast test. After the pump was shut down, the recovery rate of
the groundwater head also decreased. Accordingly, for the case

Label Depth of well Drawdown (m) Note

screen (m) Contrast test Pumping test
S2-2 15-23 13.61 13.93 Dynamic groundwater level inside of the foundation pit
S2-3 15-23 9.26 5.33 Dynamic groundwater level inside of the foundation pit
S3-1 15-25 7.37 15.22 Dynamic groundwater level inside of the foundation pit
S3-2 15-25 11.83 15.59 Dynamic groundwater level inside of the foundation pit
S1-1 5-13 1.51 0.87 Static groundwater level inside of the foundation pit
S1-2 5-13 1.34 1.23 Static groundwater level inside of the foundation pit
S2-1 15-23 1.07 0.84 Static groundwater level inside of the foundation pit
S4-1 24-29 1.05 1.10 Static groundwater level inside of the foundation pit
S4-2 24-29 0.68 0.73 Static groundwater level inside of the foundation pit
S5-1 31-36 0.87 0.34 Static groundwater level inside of the foundation pit
S2-4 15-23 0.49 0.73 Static groundwater level outside of the foundation pit
S2-5 15-23 0.34 0.66 Static groundwater level outside of the foundation pit
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in which the pumping rate of S2-4 was only about 26.0 m*/h, the
groundwater level of the pumping well declined sharply to 13.11 m.
The results demonstrate that the supporting structure effectively
prevented groundwater recharge.

2.3.3.2 Results of the Group-Well Contrast Tests

Table 6 reports the results of the group-well pumping contrast
tests. As presented in Tables 2 and 6, when the discharge rate of
the pumping wells was unchanged, the drawdown of the
groundwater level of the test wells changed significantly. In
particular, the groundwater level of monitoring wells, S2-4 and
S2-5, which were used to simulate the static groundwater level
outside of the foundation pit, declined significantly. Fig. 8 presents
the variation of the groundwater levels in the monitoring wells
during the group-well pumping contrast test. Compared with the
variety of the S2-4 and S2-5 groundwater level measurements
shown in Fig. 6, the drawdowns of the static groundwater level
outside of the foundation pit were significantly weakened due to
the effect of the supporting structure.

Moreover, the drawdown rate of the groundwater level outside of
the foundation pit was relatively slow. After the pumps were shut
down, the groundwater heads of monitoring wells S1-1 and S4-1
did not recover quickly. Overall, the phenomena exhibited in Fig. 8
indicate that the waterproofing effect of the supporting structure
was excellent.

2.3.4 Discussion of the Pumping Tests

The pumping test results demonstrate that the lateral recharge
abilities of the unconfined pebble aquifers in the construction site
are vital. Taking well S2-5 as an example, to achieve the required
reduction in the groundwater level during the construction of the
foundation pit, the discharge rate of the pumping well would
need to reach 80 m*/h. Based on the results of the group-well
pumping test, when the depth of the well was less than 30 m, the
variation of the groundwater level was between 0.84 and 1.10 m,
and the changes of each well were consistent. Moreover, the
drawdown of the monitoring well at the depth of 37 m was about
0.34 m. Therefore, it can be concluded that the aquifers within the
range of the pumping well depth were less affected by the difference

between the horizontal and vertical hydraulic conductivities.
However, when the buried depth of the aquifers exceeded a
specific value, the vertical recharge ability was weakened. Therefore,
the reasonable extent of the pumping well for dewatering
construction should be greater than 30 m.

As was indicated by the groundwater level variation during
the pumping tests, the groundwater head quickly recovered after
the pump was shut down. Therefore, during dewatering construction,
some standby wells should be set up to ensure construction safety.
When completing the construction of the supporting structure,
the drawdown of the static groundwater level outside of the
foundation pit decreased significantly. The results indicate that
the supporting structure played its due role in waterproofing.

3. Analysis of Hydrogeological Parameters

3.1 Neuman Model

As revealed by the pumping test results, the change period of the
groundwater level of the monitoring wells can be divided into
three stages, an early steep segment, an intermediate flat segment,
and a later somewhat steeper segment. Overall, this is a typical
characteristic of pumping tests in unconfined aquifers. The
unconfined pebble aquifers in Luoyang have layered and
anisotropic properties, and are therefore characterized by the
combination of flooding sedimentation and overburden pressure.
Correspondingly, the difference between the horizontal and
vertical hydraulic conductivities in the construction site may be
significant. Therefore, to calculate the hydrogeological parameters
of unconfined pebble aquifers, a solution method suitable for
unconfined, anisotropic aquifers should be employed.

Neuman (1972) developed an analysis method by which to
calculate the hydrogeological parameters from pumping tests in
an unconfined, anisotropic aquifer. Fig. 9 presents the schematic
diagram of the Neuman model. As is commonly known, the Neuman
method can be used to obtain the hydrogeological parameters of
aquifers for both fully- or partially-penetrating wells. The Neuman
model is established based on the following assumptions: the
unconfined aquifer is anisotropic and extends laterally indefinitely,
the initial surface of the groundwater level is horizontal, and the
aquifer flow meets Darcy's law. Then, assuming the unconfined
surface as a variable boundary, the following governing equations
can be obtained (Neuman, 1972):

k[Z8 1O g 08¢0 g<z<nH,. ()
or- ror ? 022 S or

s(r,z,0) =0, s(0,z,¢)=0, 2s(r,O,t) =0,
Oz

0 0
K:gs(r,Ho,t):—/Jas(r,Ho,t) > @
lim {78422 )
x>0 or 27K,

where K, is the hydraulic conductivity in the horizontal direction (m/
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Fig. 9. The Schematic Diagram of the Neuman Model

d), K. is the hydraulic conductivity in the vertical direction (m/d), S,
is the coefficient of storage (dimensionless), p is the specific yield of
the aquifer (dimensionless), H, is the initial saturated thickness of the
aquifer (m), s is the drawdown of the free surface at distance » (m),
Q is the discharge rate (m*/d), » is the radial distance from the
pumping well (m), and ¢ is the pumping time (d).

For numerical calculation, the following non-dimensional
parameters are introduced.

By applying Laplace and Hankel transforms and inverting the
results, the first-order approximation for the original initial-
boundary value problem can be obtained. Therefore, the solution
of the drawdown is

sz =2 [, N, 0)+ Yo mldy - O

{1 —exp[—, B(y" - 73)]} cosh(y,z,)
07 +(1+0)y, —[(y’ =7;)’ o1} cosh(y,)

{L-exp[~1, A" + )]} cos(7,2,)
O —(+0)y -y +7.) [olicos(y,)

where o,(y)=

and o,(y)= in which the

terms j, and y, are the roots of the following equations,

oy, sinh(y,) = (y* =75 )cosh(y) =0, 37 < y* ()
oy, sin(y,)— (> +y)cos(y,)=0> (2n—1)% <y, <nr
n>1). )

3.2 Hydraulic Conductivity

3.2.1 Hydraulic Conductivity for Loose to Slightly Dense

S K =z, H _Tt _Tt Pebble Aquifers
i wo Kr’Zd CHYY g2 From the preceding description of the pumping tests, the filter
5 (4) tube of well SI-1 was located in the loose to slightly dense
_K,_rk. pebble aquifers. Therefore, based on the discharge rate of well
2 2 .
hy  HoK, S1-1, and via the use of the data of the groundwater level
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Fig. 10. The Numerical Fitting Curves of the Groundwater Level in the Monitoring Wells (for the loose to slightly dense pebble aquifers)

Table 7. The Hydrogeological Parameters of the Loose to Slightly Dense Pebble Aquifers

Monitoring Transmissibility Horizontal hydraulic Vertical hydraulic Storage coefficient
well T (m%d) conductivity K, (m/d) conductivity K. (m/d) (Dimensionless)
S2-1 1,230 41 6 496 x 10 *

S3-2 3,080 103 20 1.12x10*

S4-1 1,070 35.5 7 1.84x10°
Suggested value 1,800 75 12 2.09 %10 *
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Fig. 11. The Numerical Fitting Curves of the Groundwater Level in the Monitoring Wells (for the medium-dense to compacted pebble aquifers)

Table 8. The Hydraulic Conductivities of the Medium Dense to Compacted Pebble Aquifers

Horizontal hydraulic conductivity K, (m/d)

Vertical hydraulic conductivity K. (m/d)

Monitoring well
Large drawdown

Small drawdown

Large drawdown Small drawdown

SI-1 137 104
S1-2 18.8 59.3
S1-3 64.4 110
S1-4 67.2 98.1
S2-1 58.2 94

S2-2 132 82

Suggested value 79.6 91.2

8 12
25 6.5
16 22
13 20
8
5
8.6 12.3

measured in wells S2-1, S3-2, and S5-1, the Neuman model was
used to calculate the hydrogeological parameters of the loose to
slightly dense pebble aquifers.

Figure 10 presents the fitting results of the drawdown of the
groundwater level measured in monitoring wells S2-1, S3-2, and
S4-1, and compares the calculated results with the observed
values in the form of scatter plots. As shown in the figure, the
calculation results are distributed on both sides of the 45-degree
contour. Therefore, the hydrogeological parameters obtained by
the Neuman model are consistent with the data from the
pumping tests. Correspondingly, Table 7 reports the values of the
hydrogeological parameters obtained from the Neuman model
based on the pumping test data of S1-1. The suggested values of
the hydraulic conductivity in the horizontal and vertical directions
are 75 and 12 m/d, respectively.

3.2.2 Hydraulic Conductivity for Medium-Dense to
Compacted Pebble Aquifers

Using the data of the large-drawdown pumping tests (from 7

am. to 7 p.m. on February 22, 2017) and the small-drawdown

pumping tests (from 7 p.m. on February 22 to 7 a.m. on February

23, 2017), the numerical fitting of the curves of the decrease of
the groundwater level in the monitoring wells over time was
carried out. Fig. 11 exhibits the fitting results of the drawdown of
the groundwater level measured in monitoring wells S2-1, S2-2,
S2-3, S2-4, S3-1, and S3-2 when the pumping well was pumped
at a large drawdown. Moreover, the scatter plots compare the
differences between the calculated and observed values. As
shown in the figure, the hydrogeological parameters calculated
by the Neuman model are consistent with the data from the
pumping tests. Correspondingly, Table 8 reports the values of the
hydraulic conductivity derived from the Neuman model based
on the pumping test data of S2-5. The suggested values of the
hydraulic conductivity in the horizontal and vertical directions
are 86 and 10 m/d, respectively.

4. Numerical Verifications

4.1 Numerical Model

According to the characteristics of the unconfined aquifer and
the groundwater boundary conditions of the project, Darcy's law
and the principle of continuity were used to establish a three-
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dimensional numerical model of the unsteady groundwater flow
(Bear, 1979; Johnson et al., 2002; Shen and Xu, 2011; Kuang et
al., 2014). The governing equation of the groundwater seepage in
saturated media is expressed as follows:

E(k“%]+i k% +E(k,,%J—Q=SS% (x,y,2)eQ
ox\ “ox) o\ Yoy) oz\ T oz ot
h(x9 y’ Z, t)lzzo :ho (x’ y’ Z) (x7 y7 Z)EQ
h(x, y, 2 0], =h (5, 3,2,0) (x.y.2)eT,
erﬁ+k".%+k_% =q(x, y,z,t) (x,y,2)€ r,
“on, Tom, Tom|

®)

where k., k,, and k., are the hydraulic conductivities in the main
anisotropic directions (m/d), respectively, # (m) is the hydraulic
head of point (x, y; z) at time # (d), Q is the source-sink flux, which is
a function of the position and time, S; is the specific storage,
hy(x, ¥, z) (m) is the initial hydraulic head at point (x, y, z), /7 and
I are the first and second types of boundary conditions,
respectively, 4(x, y, z) (m) is the constant head on the boundary
I, n, n,, and n, are the unit normal vectors on the boundary /5
along the x, y, and z directions, respectively, g(x, y, z, £) (m*/d) is
the lateral recharge per unit area on the boundary 75, and 2is the
computational domain.

4.2 Calculation Range

The numerical simulation range was determined according to the
geotechnical survey report, hydrogeological conditions, and drilling
data,. based on the following principles. With the pumping test
area as the center and the extension of the boundary of the
numerical simulation range to the outside of the influence radius
of the pumping wells, the entire area of in-plane calculation was
4,000 x 4,260 m. Correspondingly, the engineering geology
includes five strata, from top to bottom, it is divided into a loose
to slightly dense pebble stratum (7.0 — 13.5 m), a medium-dense
to compacted pebble stratum (13.5 — 24.0 m), another medium-
dense to compacted pebble stratum (24.0 — 30.0 m), a compacted
pebble stratum (30.0 — 37.0 m), and another compacted pebble
stratum (37.0 — 100.0 m). Fig. 12 presents the schematic diagram
of the three-dimensional (3D) finite element model. As shown in
Fig. 12(b), the meshes are most densely located in the test site,
and gradually become sparse with the increase of the distance
from the test site.

4.2.1 Hydraulic Characteristics of Unconfined Pebble
Aquifers

The unconfined pebble aquifers in the construction site are

widely distributed and thick, and the groundwater movement

conforms to Darcy's law. Because there is transparent flow

exchange and a vertical interlayer overflows between the aquifer

onstant water_

(b)

| v Groundwater level

Second pebble strata (7.0 m~13.5 m)

Third pebble strata (13.5 m~24.0 m)

Third pebble strata (24.0 m~30.0 m)

Third pebble strata (30.0 m~37.0 m)

Third pebble strata (37.0 m~100.0 m)

(c)
Fig. 12. Schematic Diagram of the Finite Element Model: (a) 3D Finite Element Mesh, (b) In-Plane Analysis Range and Mesh, (c) Profile of the

Generalized Pebble Aquifer Distribution
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layers, the groundwater movement can be generalized into a 3D
spatial flow. Furthermore, the groundwater flow system conforms to
the laws of mass and energy conservation. Considering the
heterogeneous characteristics of the unconfined pebble aquifer,
the input and output of the groundwater seepage system changed
with time and space in the finite element analysis. Moreover,
with spatial variations, the aquifers can be generalized into the
horizontal, isotropic medium. Therefore, a 3D unsteady groundwater
seepage system within a heterogeneous and horizontal isotropic
medium was established for the simulation range.

4.2.2 Pumping Wells and Boundary Conditions

Based on the structure of the test well, the parameters of the
pumping wells, such as the filter tube length and discharge rate,
were set in the finite element model. The positions and structures
of the test wells were set with reference to Figs. 3 and 4.
According to the observations of the test site, the boundaries in
the finite element model were set as the constant water head
boundary and river recharge boundary, as presented in Fig. 12.
Moreover, the water levels of the boundaries remained unchanged
and were set outside the range affected by the pumping tests.

4.2.3 Back-Calculation Process

The parameters of the unconfined pebble aquifers were inverted
to calculate their hydrogeological parameters via trial-and-error
adjustment (Mark and Kich, 2002). In the back-calculation process,
the inversion of the hydraulic conductivity of each aquifer was
carried out by a combination of manual adjustment and automatic
program optimization. First, based on the data of the single-well
pumping test of S2-5, the pebble aquifer parameters were searched
and inverted to obtain the hydrogeological parameters with the
best fit with the test data. Then, the obtained hydrogeological
parameters were identified and verified using the data from the
group-well pumping test. Finally, a two-well pumping verification
test in the construction site was employed to correct the parameters
of the numerical model and verify the credibility of the model.
Moreover, the numerical model can be used to design and analyze
dewatering construction.

4.3 Simulation Results

4.3.1 Parameter Identification

Figure 13 presents the comparison between the observed data
and the calculated groundwater head of the measurement holes
during the single-well pumping test of S2-5. To facilitate the
analysis, the data of the pore water pressure gauges in measurement
holes KS1, KS3, and KS4 were selected as the on-site observed
values. Fig. 13 reveals that the observed data corresponding to
points A and B were the pore water pressure values at different
buried depths. Overall, the calculated results were found to
match the observed results for most of the measurement holes.
The numerical results demonstrate that the values obtained from
the single-well pumping test truly reflect the hydrogeological
characteristics of the unconfined pebble aquifers.
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Fig. 13. The Comparison between the Observed and Calculated
Groundwater Head during the Single-Well Pumping Test of S52-
5: (a) KS1, (b) KS3, (0) KS4

The group-well pumping test before the supporting structure
was finished was used as a simulation prototype, and the data of
the groundwater head were used as the appropriate benchmarks.
The hydrogeological parameters of the unconfined pebble
aquifers were determined according to the observed data of the
meansurement holes. Fig. 14 presents the comparison between
the observed data and the calculated groundwater head of the
measurement holes during the group-well pumping test. As
revealed by the figure, the calculated results mathed the observed
data of measurement hole KS2.

Via the reliability analysis using the data of the single-well
and group-well pumping tests to fit and adjust the hydrogeological
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Fig. 14. The Comparison between the Observed and Calculated
Groundwater Heads in KS2 during the Group-Well Pumping
Test

Table 9. The Calculation Results of the Hydraulic Conductivities of
Each Pebble Aquifer

Eocﬂizi]iial Vertical hydraulic
Aquifer Y .. conductivity
conductivity K. (m/d)
K, (m/d) :
Second pebble strata (7.0 — 13.5m) 70 10
Third pebble strata (13.5-24.0m) 80 10
Third pebble strata (24.0 —30.0 m) 85 12
Third pebble strata (30.0 —37.0 m) 100 15
Third pebble strata (37.0 —70.0 m) 100 15

parameters of the unconfined pebble aquifers, the calculated
parameters were found to be within the 95% confidence interval.
Thus, the fitting results of the hydrogeological parameters are
reliable. Table 9 reports the calculation results of the hydraulic
conductivities of each pebble aquifer in the numerical model.

4.3.2 Numerical Model Calibration

To further verify the reliability of the numerical model and the
hydrogeological parameters of the unconfined pebble aquifers, a
two-well pumping verification test was carried out on August 3,
2017. The verification test was arranged after the construction of
the dewatering wells had been completed halfway. Fig. 15 presents
the schematic diagram of the two-well pumping verification test
and the layout of the pumping and monitoring wells; S2 and S24
were the pumping wells, and S23 and G44 were the monitoring
wells.

Table 10. The Data of the Two-Well Pumping Verification Test
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g. 15. The Schematic Diagram of the Two-Well Pumping Verification
Test
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16. The Variation of the Groundwater Level Measured in the Test
Wells during the Two-Well Pumping Verification Test
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During the two-well pumping verification test, the discharge
of S2 was about 79.83 m®/h, and its drawdown was 10.78 m. The
discharge of S24 was approximately 83.87 m*h, and its drawdown
was 11.43 m. The depths of the static groundwater heads of
monitoring wells S23 and G44 was 9.95 and 8.01 m, respectively.
Table 10 reports the results of the two-well pumping verification
test, and Fig. 16 presents the variation of the measured dynamic

Label Elevation of well Depth of initial Elevation of initial Depth of groundyvater Sy (0]

(m) groundwater level (m) groundwater level (m) level after pumping (m) (m) (m*/h)
S2 +124.481 7.10 +117.381 10.78 3.68 79.83
S24 +124.511 7.10 +117.411 11.43 4.33 83.87
S23 +124.510 7.15 +117.360 9.95 2.80 /
G44 +125.197 7.27 +117.927 8.01 0.74 /
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Fig. 17. The Comparison between the Observed and Calculated
Groundwater Heads Measured in Monitoring Well S23 during
the Two-Well Pumping Verification Test

Table 11. The Hydraulic Conductivities of the Unconfined Pebble

Aquifers
Horizontal hydraulic ~ Vertical hydraulic
Aquifer conductivity conductivity
K, (m/d) K. (m/d)
Second pebble strata 75 10
Third pebble strata 90 15

groundwater levels. The data from the two-well pumping verification
test were substituted into the 3D numerical model to verify the
hydrogeological parameters of the unconfined pebble aquifers
exhibited in Table 9. Fig. 17 presents the comparison between the
observed data and the calculated groundwater head of monitoring
well S23. As shown in the figure, the calculated results were
found to math the observed data for monitoring well S23. For
simplicity, Table 11 provides the suggested values of the hydraulic
conductivities of the unconfined pebble aquifers for dewatering
construction design.

5. Conclusions

This paper reported the results of pumping tests in Shijiawan
station, Luoyang City, China to investigate the hydrogeological
characteristics of unconfined pebble aquifers. Based on the data
from the pumping tests, the hydraulic conductivities of the
unconfined pebble aquifers were obtained by the analytical
method and numerical simulation. The results of the pumping
tests and the analysis of the present case study yield the
following conclusions.

1. There is an apparent vertical water recharge between the
unconfined pebble aquifers. Considering that the vertical
recharge capacity is weakened when the aquifer's thickness
is too large, it is recommended that the depth of the
pumping well in the dewatering construction be more than
30 m.

2. The values of the hydraulic conductivities of the aquifers
were calculated using the Neuman method. For the loose to

slightly dense pebble aquifers, the suggested values of the
hydraulic conductivities in the horizontal and vertical
directions are 75 and 12 m/d, respectively. For the medium-
dense to compacted pebble aquifers, these values are
respectively 86 and 10 m/d.

3. A three-dimensional numerical model for the simulation of
pumping tests was established. Based on data from actual
pumping tests, the values of the horizontal and vertical
hydraulic conductivities were obtained by back-calculation.
Compared with the analytical method, the numerical method
can indicate the hydrogeological characteristics of other
aquifers in the construction site.

4. The supporting structure plays a useful role in waterproofing.
When the discharge of pumping wells is similar, the
dynamic groundwater level of the monitoring wells outside
the supporting structure is significantly reduced.

5. In the future evaluation of the hydrogeological parameters
of unconfined pebble aquifers, it is necessary to explore the
application of the results to the dewatering design of the
foundation pits of metro stations. Moreover, the research
results would provide an effective method for the evaluation of
the hydrogeological parameters of similar unconfined
aquifers.

Acknowledgments

The authors gratefully acknowledge the financial support provided
by the National Natural Science Foundation of China (Grant no.
11502072). The authors are grateful for the funds provided by
Luoyang Rail Transit Co. Ltd. (Grant no. LYGD1-ZX-HYFW-
(2017)118-chlscky). The authors also thank the Young-backbone
Teacher Foundation of Colleges and Universities of Henan
Province (Grant no. 2019GGJS076).

ORCID

Jianjun Ma @ https://orcid.org/0000-0003-1594-6950

References

Bear J (1979) Hydraulics of groundwater. McGraw-Hill, New York,
NY, USA, 60-72

Cao C,ShiC, LiuL, LiuJ, Lei M, Lin Y, Ye Y (2019) Novel excavation
and construction method for a deep shaft excavation in ultrathick
aquifers. Advances in Civil Engineering 2019:1827479, DOI: 10.1155/
2019/1827479

Chapuis RP (1992) Similarity of internal stability criteria for granular
soils. Canadian Geotechnical Journal 29(4):711-713, DOI: 10.1139/
t92-078

Chapuis RP (2004) Predicting the saturated hydraulic conductivity of
sand and gravel using effective diameter and void ratio. Canadian
Geotechnical Journal 41(5):787-795, DOI: 10.1139/t04-022

Chapuis RP, Dallaire V, Marcotte D, Chouteau M, Acevedo N, Gagnon
F (2005) Evaluating the hydraulic conductivity at three different
scales within an unconfined sand aquifer at Lachenaie, Quebec.
Canadian Geotechnical Journal 42(4):1212-1220, DOI: 10.1139/


https://doi.org/10.1155/2019/1827479
https://doi.org/10.1155/2019/1827479
https://doi.org/10.1139/t92-078
https://doi.org/10.1139/t92-078
https://doi.org/10.1139/t04-022
https://doi.org/10.1139/t05-045

KSCE Journal of Civil Engineering 4031

105-045

Cimen M (2008) Confined aquifer parameters evaluation by slope-
matching method. Journal of Hydrologic Engineering 13(3):141-
145, DOI: 10.1061/(ASCE)1084-0699(2008)13:3(141)

GB50027-2001 (2001) Standard for hydrogeological investigation of
water-supply. GB50027-2001, China Architecture & Building Press,
Beijing, China (in Chinese)

GB50296-2014 (2014) Technical code for tube well. GB50296-2014,
China Planning Press, Beijing, China (in Chinese)

Huang H, Qian J (2012) Experimental study of airflow induced by
pumping tests in unconfined aquifer with low-permeability cap.
Journal of Hydrodynamics 24(4):605-608, DOI: 10.1016/S1001-
6058(11)60283-7

Jean JS (1996) Pumping testing using a siphon well. Water Resources
Management 10(2):81-105, DOI: 10.1007/BF00429681

Jiao J (1996) Investigation of possible extra recharge during pumping in
Nottingham aquifer. Groundwater 34(5):795-800, DOI: 10.1111/
j-1745-6584.1996.tb02073 .x

Johnson GS, Frederick DB, Cosgrove DM (2002) Evaluation of a
pumping test of the Snake River Plain aquifer using axial-flow
numerical modelling. Hydrogeology Journal 10(3):428-437, DOLI:
10.1007/s10040-002-0201-0

Kuang X, Jian JJ, Zhang K, Mao D (2014) Air and water flows induced
by pumping tests in unconfined aquifers with low-permeability
zones. Hydrological Processes 28(21):5450-5456, DOI: 10.1002/
hyp.10058

Lin HT, Tan YC, Chen CH, Yu HL, Wu SC, Ke KY (2010) Estimation
of effective hydrogeological parameters in heterogeneous and
anisotropic aquifers. Journal of Hydrology 389(1-2):57-68, DOI:
10.1016/j.jhydrol.2010.05.021

MalL, XuY, Shen S, Sun W (2014) Evaluation of the hydraulic conductivity
of aquifers with piles. Hydrogeology Journal 22(2):371-382, DOLI:
10.1007/s10040-013-1068-y

Mark B, Kick H (2002) A Dupuit formulation for flow in layered,
anisotropic aquifers. Advances in Water Resources 25(7):747-754,
DOI: 10.1016/S0309-1708(02)00074-X

Neuman SP (1972) Theory of flow in unconfined aquifers considering
delayed response of the water table. Water Resources Research
8(4):1031-1045, DOI: 10.1029/WR008i004p01031

Neuman SP, Blattstein A, Riva M, Tartakovsky DM (2007) Type curve
interpretation of late-time pumping test data in randomly heterogeneous
aquifers. Water Resources Research 43(10):1-15, DOI: 10.1029/
2007WR005871

Ou CY, Chen SH (2010) Performance and analysis of pumping tests in a
gravel formation. Bulletin of Engineering Geology and the Environment
69(1):1-12, DOI: 10.1007/s10064-009-0218-x

Sethi R (2011) A dual-well step drawdown method for the estimation of
linear and non-linear flow parameters and wellbore skin factor in
confined aquifer systems. Journal of Hydrology 400(1-2):187-194,
DOI: 10.1016/j.jhydrol.2011.01.043

Shaqour FM, Hasan SE (2008) Groundwater control for construction
purposes: A case study from Kuwait. Environmental Geology 53(8):
1603-1612, DOI: 10.1007/s00254-007-0768-9

Shen SL, Xu YS (2011) Numerical evaluation of land subsidence induced
by groundwater pumping in Shanghai. Canadian Geotechnical
Journal 48(9):1378-1392, DOI: 10.1007/s12204-013-1394-1

Shen S, Wu Y, Xu Y, Hion T, Wu H (2015) Evaluation of hydraulic
parameters from pumping tests in multi-aquifers with vertical leakage
in Tianjin. Computers and Geotechnics 68:196-207, DOI: 10.1016/
j.compgeo.2015.03.011

Wu SC, Tan YC, Chen CH, Lin ST, Ke KY (2008) A two-dimensional
inverse model to identify transmissivity in an anisotropic aquifer.
Hydrological Processes 22(26):5086-5096, DOI: 10.1002/hyp.7134

Yeh H, Huang Y (2009) Analysis of pumping test data for determining
unconfined-aquifer parameters: Composite analysis or not?
Hydrogeology Journal 17:1133-1147, DOI: 10.1007/s10040-008-
0413-z

Zhang L, Zhou X, Pan Y, Zeng B, Zhu D, Jiang H (2020) Design of
groundwater extraction in open cut foundation pit and simplified
calculation of ground subsidence due to dewatering in sandy pebble
soil strata. Advances in Civil Engineering 2020:1046937, DOI:
10.1155/2020/1046937


https://doi.org/10.1007/s12204-013-1394-1
https://doi.org/10.1139/t05-045
https://doi.org/10.1061/(ASCE)1084-0699(2008)13:3(141)
https://doi.org/10.1016/S1001-6058(11)60283-7
https://doi.org/10.1016/S1001-6058(11)60283-7
https://doi.org/10.1007/BF00429681
https://doi.org/10.1111/j.1745-6584.1996.tb02073.x
https://doi.org/10.1111/j.1745-6584.1996.tb02073.x
https://doi.org/10.1007/s10040-002-0201-0
https://doi.org/10.1007/s10040-002-0201-0
https://doi.org/10.1002/hyp.10058
https://doi.org/10.1002/hyp.10058
https://doi.org/10.1016/j.jhydrol.2010.05.021
https://doi.org/10.1016/j.jhydrol.2010.05.021
https://doi.org/10.1007/s10040-013-1068-y
https://doi.org/10.1007/s10040-013-1068-y
https://doi.org/10.1016/S0309-1708(02)00074-X
https://doi.org/10.1029/WR008i004p01031
https://doi.org/10.1029/2007WR005871
https://doi.org/10.1029/2007WR005871
https://doi.org/10.1007/s10064-009-0218-x
https://doi.org/10.1016/j.jhydrol.2011.01.043
https://doi.org/10.1007/s00254-007-0768-9
https://doi.org/10.1016/j.compgeo.2015.03.011
https://doi.org/10.1016/j.compgeo.2015.03.011
https://doi.org/10.1002/hyp.7134
https://doi.org/10.1007/s10040-008-0413-z
https://doi.org/10.1007/s10040-008-0413-z
https://doi.org/10.1155/2020/1046937
https://doi.org/10.1155/2020/1046937

	The Evaluation of the Hydrogeological Parameters of a Field Pumping Test within Multi-layer Unconfined Pebble Aquifers: A Case Study
	ARTICLE HISTORY
	ABSTRACT
	KEYWORDS
	1. Introduction
	2. Field Pumping Tests and Results
	2.1 Site Conditions
	2.2 Engineering Geology and Hydrogeology
	2.2.1 Engineering Geology
	2.2.2 Hydrogeology

	2.3 Pumping Tests and Results
	2.3.1 Pumping Tests
	2.3.2 Results of Pumping Tests without the Supporting Structure
	2.3.2.1 Results of the Single-Well Pumping Tests
	2.3.2.2 Results of the Group-Well Pumping Test

	2.3.3 Results of Pumping Tests with the Supporting Structure
	2.3.3.1 Results of Single-Well Contrast Tests
	2.3.3.2 Results of the Group-Well Contrast Tests

	2.3.4 Discussion of the Pumping Tests


	3. Analysis of Hydrogeological Parameters
	3.1 Neuman Model
	3.2 Hydraulic Conductivity
	3.2.1 Hydraulic Conductivity for Loose to Slightly Dense Pebble Aquifers
	3.2.2 Hydraulic Conductivity for Medium-Dense to Compacted Pebble Aquifers

	4. Numerical Verifications
	4.1 Numerical Model
	4.2 Calculation Range
	4.2.1 Hydraulic Characteristics of Unconfined Pebble Aquifers
	4.2.2 Pumping Wells and Boundary Conditions
	4.2.3 Back-Calculation Process

	4.3 Simulation Results
	4.3.1 Parameter Identification
	4.3.2 Numerical Model Calibration


	5. Conclusions
	Acknowledgments
	ORCID
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


