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The paper presents the data processing on 2 cluster pumpings from imperfect wells inside a low-permeable rock
mass. The data was processed using graphical-analytical method involving three-dimensional modeling in GMS 10.4
software. The results obtained were analyzed and the interpretation methods of groundwater inflow testing (GIT) were
compared. The paper specifies common patterns in the model GIT interpretation with some assumptions made on how

to improve the processing of their results.
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Introduction

Groundwater inflow testing plays an important
role in the specification of flow filtration param-
eters in aquifers. Standard method used to identify
the GIT parameters is based on the Theiss model [1]
assuming that the pumping well is perfect, has zero
radius, there is no water accumulation in the well-
bore and the head loss through the well filter is in-
significant. Nevertheless, actual setup turns to be
quite different in practice. In addition, at the initial
stage of pumping, the water mass flows not from
the aquifer, but from a volume initially located in
the well casing [2]. Interpretation of these tests is
not always unambiguous, has some limitations and,
therefore, requires an integrated approach.

Under rough hydrogeological conditions, it ap-
pears quite difficult to analyze the pumping re-
sults due to the complex nature of computational

50

flowcharts, which is due to the anisotropic structure
of strata and various types of filtration modes [3].
In rock formations, the pumping data processing
appears to be more complicated. Another problem
is faced as well, namely, how to define the cracks in
the model and how their geometry can affect the
processing results. In [4], a semi-analytical solu-
tion was provided for a pumping carried out from
an aquifer represented by an inclined high-fracted
zone surrounded by rocks with low permeability. It
was found that a decrease in the groundwater level
in the well was directly proportional to the angle
of aquifer inclination at the initial pumping stage,
whereas, this dependence was almost absent at
later stages. Later during such pumping, filtration
properties of low-permeability rocks (matrices)
strongly influenced the changes in their level.
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To specify the filtration parameters, graphical and
analytical treatment of two cluster pumpings from
wells located on the territory of the site (cluster 1:
2C — R-2—2-2 and cluster 2: 7C — R-7—7-2) imple-
mented in 2012 was performed. These operations
were performed at the Yeniseiskiy site. To evaluate
the parameters of the structural elements, three-
dimensional models were built within the cluster
pumping sections, where the GIT operations had
been implemented.

Description of the site for the GIT

In hydrogeological terms, the upper part of the
section involves a saturated horizon of cover sedi-
ments that overlaps the rocky Archean and Protero-
zoic rocks [6]. Filtration properties of the water-
bearing medium in the area of the Yeniseiskiy site
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largely depend on the fracturing associated with
the main structural elements: discontinuous faults
(mainly represented by crushing zones) and dikes.

GIT was performed at the Yeniseiskiy site by JSC
Krasnoyarskgeologiya with their findings used un-
der this study. Under the GIT, pilot pumping was
performed at two purposely designed single-beam
well clusters: 2C — R-2—2-2 and 7C — R-7—7-2.
Central wells 2C and 7C and observation wells 7-2
and 2-2 were considered as imperfect in terms of
the reservoir penetration degree, and observa-
tion wells R-2 and R-7 were considered as per-
fect. Pumping was performed using an ETsV-4
submersible pump lowered to a depth of 184 m.
Figure 1 and Table 1 summarize the information
on the distance between the wells, the flow rate,
the pumping process in two clusters and the basic
data on the wells.
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Figure 1. The course of cluster pumpings at 7C - 7-R and 2C-2-R (according to the data from JSC Krasnoyarskgeologiya)

Table 1. Basic data on cluster pumping wells (according to the data from JSC Krasnoyarskgeologiya)

Distance from the | Well depth,| Testing interval, Aquifer = Testing data
central well, m from...to,m | thickness, m W S decrease,
method m3/day

2C 0 200 8.4-200 191.6 84  Central well 22 9.5 159.8

2-R 22.6 700 47.9-700 652.1 479 Obs. 6.58

2-2 31.8 200 7-200 193 7.05 Obs. 24 0.19

7C 0 200 16.3-200 183.7 16.3 Centralwell 109 6.8 126.04

7-R 19.5 700 21.7-700 678.3 21.7 Obs. 498

7-2 313 200 12-200 188 12.03 Obs. 0
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Both central and observation wells, in which the
groundwater level was changing, were used to pro-
vide the GIT data interpretation. The data obtained
from observation wells 7-2 and 2-2 were not pro-
cessed, since no changes in the groundwater level
had been observed in them during the pumping
activities.

Graphic-analytical processing of GIT

To specify the filtration parameters, the data
on the two cluster pumpings from wells 2C and
7C were processed based on graphical-analytical
method according to the Teiss flowchart for an
isolated homogeneous pressure head formation
being considered unlimited in the plan assuming
one test well and a constant flow rate. For pro-
cessing purposes, plotted were semi-logarithmic
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graphs representing a time-tracked decrease
(S, m) and groundwater level recovery from
the wellhead (S', m) shown in Figures 2 and 3
(S stands for a decrease in the groundwater level
before the pump was disabled, S’ stands for an in-
crease in the groundwater level after the pump
was disabled).

The graphs representing the level changes were
approximated by a straight-line equation according
to formulas (1)—(3). The approximation was done
manually. In this case, areas were selected on the
experimental graphs characterized with most simi-
lar slope coefficients both as regards pumping and
recovery. From these equations, the slope coeffi-
cient C and the intercept A were used to calculate
the filtration parameters: k was the permeability
coefficient (m/day), a was the piezo-conductivity
(m?%*/day) (Table 2).
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Figure 2. Graphs showing the changes in the groundwater level (S, S) for the period of cluster pumping level decrease and
restoration in wells 7C and 7R
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Figure 3. Graphs showing the changes in the groundwater level (S, S) for the period of cluster pumping level decreases and
restoration in wells 2C and 2R
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Calculation formulas:

r=0183Q )
C
k=L @
m
lga-Ar1g (3)
C °225°

where T is the conductivity (m?/day), Q is the flow
rate in the central well (m%/day), C is the slope coef-
ficient for the approximating straight line equation,
A is the intercept of the approximating curve equa-
tion, k is the permeability coefficient (m/day), m is
the aquifer thickness, a is the piezo-conductivity
(m?¥/day).

Table 2. Calculated filtration parameters

Decrease Restoration

T Tkl < ik
(20 545 003 4910° 694 003 3810°
R 82 68 021 3210% 15251 60 029 4410%
(7C 352 004 52107 409 003 4510°
7R 19 38 065 97104169000 26 048 71107

Based on the above results, the following conclu-
sion can be drawn: the analytical method can be
used to process the results only according to the
data on the observation wells. Areas were identi-
fied on these graphs that reflected a logarithmic
dependence, which was missing in case of graphs
plotted for the central wells. This is explained by
the influence of the skin effect of the central well,
which arises due to the differences in the filtration
parameters between the near-wellbore zone and
the water-bearing sediments of the aquifer. Thus,
the results from the observation well data process-
ing should be considered as the basis.

Table 3. Permeability coefficient calculated by JSC
Krasnoyarskgeologiya

E Piezo-conductivity
e

7C 19010 16010 |
R 114107 11810 50010 |
¢ 16010% 1.1010-* |
R 35010 230-10* 1620 |

For comparison purposes, Table 3 shows the re-
sults obtained by JSC Krasnoyarskgeologiya. The
same data processing method was used; therefore,
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the discrepancies in the results were insignificant,
i. e, falling within the margin of error.

The calculated filtration parameters can be used
for the GIT model interpretation.

Model interpretation of the GIT

Three-dimensional models representing the
structure of the Yeniseiskiy site in the GIT area
were built to assess the parameters of its structural
elements (Figure 4). As a result, two cluster pumps
from wells 7C and 2C with relevant observation
wells 7R and 2R were modeled. The Groundwater
Modeling System 10.4 [7] (Groundwater Model-
ing System, GMS) software was used for model-
ing purposes. It is a complex graphical user envi-
ronment for groundwater modeling. The entire
GMS system consists of a graphical user interface
(GMS software) and a number of analytical codes
(MODFLOW, MT3DMS, etc.). This software features
a Multi-Node Well (MNW2) module [7] required to
set a well according to the depth in several cells at
once. This module is applicable for wells consid-
ered imperfect in terms of the degree and nature
of penetration, the model implementation of which
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Figure 4. 3D model of experimental pumping from well 7C
at the Yeniseiskiy site
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requires detailed vertical sampling, when the well
is implemented in several model layers (with the
central well being considered as such). This module
allows to obtain a general (single) water level in the
well, thus, it can be considered adequate for obser-
vation well modelling purposes, and also takes into
account the imperfection of the well by the nature
of the penetration (skin effect).

3D GIT modeling

A three-dimensional model was built in a com-
putational domain of 500x500x700 m with a
rectangular mesh. The size of the grid cells of
10x10x 10 m with grid consolidation to the wells up
to 1.8 x 10 x 10m was decided upon since the model
had to specify the geological elements, central and
observation wells. Figure 4 presents the general
view of the model. In accordance with the geologi-
cal sections with identified geological differences,
various geological structural elements were also
identified in the model: dikes, zones of increased
fracturing, weathering crust, gneisses. Hereinafter,
the term “matrix” will be used to designate gneiss-
es (Figure 5, 6). During model calibration, these
elements were assigned with different filtration pa-
rameters. The distance between its boundaries and
the wells were set a distance exceeding the pump-
ing influence radius.

In the course of modeling and model verifica-
tion performed based on actual data from GIT, the
following could be noted: groundwater level in the
observation well was to a greater extent governed
by the capacitive parameters of the elements con-
stituting to the geological structure, rather than by
the permeability coefficient. This is explained by
the fact that the pumping process was implemented
entirely in a non-stationary mode. Therefore, dur-
ing the calibration, the specific storage (Ss) rarely
changed and was set in a matrix of 1077 m!: only at
these values it was possible to achieve a most simi-
lar decrease in the observation wells.

The skin effect (permeability coefficient of the
near-wellbore zone) near the central well strongly
affected the decrease in the groundwater level. Fig-
ure 7 compares the groundwater level decrease in
the central well 7C given different permeability co-
efficients of the near-wellbore zone. In the observa-
tion well, the skin effect did not affect the model-
ling results.

Based on these data, specified was a set of pa-
rameters (Table 4) referring to the changes in the
groundwater level that occurred in the wells during
pumping and were calculated based on the model
that to the greatest extent possible corresponded
to those observed during cluster pumping. The
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skin effect in the observation well was taken equal
to 0.1 m/day, in the central one it was assumed as
0.00075 m/day. Figure 8 presents the most optimal
convergence of the model with the data observed
for cluster pumps in 7C and 2C.

Table 4. Model parameters

Cluster 2C — 2R model | Cluster 7C — 7R model

Geological Permea- | Specific | Permea- | Specific
element bility coeff.,| yield, | bility coeff.,| vyield,
m/day |Ss(m')| m/day |Ss(m™)

Matrix 0.0001 1.00-107 0.0051 1.00-10”
Zones of increased o5 50010-7 001 100107
racturing 1
Zones of increased a0-7
fracturing 2 0.0008 1.00-10
Dikes - - 0.00001 1.00-1077
Weathering crust 0.005  1.00-10°7 0.01  1.00-107

During the study, the influence of observation
well 7R on the modeling results was investigat-
ed: plotted was a graph showing the dependence
between the model head in the observation well
and the depth (Figure 9). It can be seen from this
graph that these values are directly proportional.
This suggests that there is an ascending ground-
water flow providing additional recharge drawing
some amount of water from the depth. Figure 10
allows to compare the dynamics of the chang-
ing groundwater level in the central well during
pumping assuming two basic options: with and
without an observation well. If the observation
well is absent, the decrease by the end of the
pumping increases by 4 m. Thus, if the observa-
tion well is not considered in the modeling pro-
cess, then the permeability coefficients turns out
to be overestimated.

Conclusion

Based on the results of this study, the following
conclusions can be drawn:

1. Analytical processing of the data obtained by
JSC Krasnoyarskgeologiya on the permeability co-
efficients (Table 3) has yielded in the results that
turned out to be quite similar to the calculations
implemented by the authors. The slight difference
was due to the inaccuracy of the above method.
Both the findings presented in this paper and the
results of other researchers demonstrate that the
permeability coefficient calculated for the central
wells appeared to be underestimated since the skin
effect had not been accounted for by the applied
analytical method.
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Figure 6. Section of a three-dimensional cluster pumping model from well 2C (left) and a map extract of a geological section
for wells R4—R9—R13—R2—1E (right) constituting to the Yeniseiskiy site
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Figure 8. Modelled and observed decrease in the groundwater level in the well clusters 7C—7R and 2C—2R

2. Numerical modeling has provided more in-
depth consideration of the fractured strata, i.e.,
to specify the structural elements. Therefore, the
permeability coefficient for the matrix turned out
to be 2-3 times lower as compared to the analyti-
cal processing results (Table 4). In this case, most
of the water conductivity appears to be associ-
ated not with the matrix, but with the structural
elements. The study allowed to assess the perme-
ability properties of structural elements and ob-
servation wells, thus, demonstrating the need of
their consideration in the modeling process.

3. Compared were the graphs representing the
groundwater level decrease calculated based on
the model and observed during pumping: it was
found that the model reflects the actual pumping
process and the differences are observed during
groundwater level restoration only. The model

shows a sharper increase in the groundwater lev-
el than the experimental data. This can be prob-
ably explained by the fact that the model does
not consider the relationship between the flow
in the fractured zone and the matrix. In practice,
the effect of the relationship can be traced, i.e.,
more permeable fractured zone is drained dur-
ing pumping and is recharged from the matrix,
which is slowed down due to its low permeability.
After the pump was disabled, early in the stage
of groundwater level restoration in the well, the
model did consider this relationship, therefore,
the groundwater level in the well raised rapidly.
In the future, the relationship between the ma-
trix and the fractured zones can be accounted for
by introducing some special additional water ex-
change coefficients taking into account the rela-
tionship between them.
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Figure 9. Modelled pressure head near the wellbore and a schematic section of the model

4. If the modeling accounts for no special con-
dition specified for the observation wells using
the Multi-Node Well (MNW?2) package [7], the
calculated permeability coefficients can appear
to be overestimated. This is explained by the fact
that since a perfect well is considered, a channel
emerges (which is modeled via MNW2): it runs
through the entire stratum providing some addi-
tional recharge.

Three-dimensional numerical modeling can be
used to calculated the permeability coefficients for
the key structural elements, which are considered
by the authors of the study as the most important
hydrogeological characteristics of the rock mass.
These are required to build geofiltration models
serving the basis for subsequent geomigration fore-
casts. Interval injection, that are to be implemented
in the near future at the Yeniseiskiy site, will help
to check the feasibility of the obtained preliminary
results.
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