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Abstract—This article is concerned with processing of data in testing for groundwater inflow at the Imeretin-
sky lowland, the area where construction of the Olympic infrastructure for Sochi-2014 is planned. Under the
complex hydrogeological conditions of this territory caused by the layered (anisotropic) structure of the stra-
tum and a free-flow filtration regime, interpretation of pumping tests from imperfect wells gives rise to some
difficulties related to the ambiguousness of identification of an analytical model. For interpretation, an entire
spectrum of methods, including hydrodynamic modeling and analytical calculation, were used.
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In order to develop a reliable drainage system in the
territory of the Imeretinsky lowland, where construc-
tion of the Olympic infrastructure for Sochi-2014 is
planned, it is necessary to develop an adequate hydro-
dynamic model. For this, first of all, it is necessary to
determine reliable calculated parameters.

In geological and hydrogeological contexts, the
lowland territory is rather complex, which is associ-
ated with the clearly manifested heterogeneity of fil-
tration in plan and geological sections.

The water-saturated stratum is represented by
marine sediments, which are widespread in the coastal
part of the Black Sea, in the interfluve area between
the Mzymta and Psou rivers. The stratum consists of
gravel—pebble sediments with sand-filling material,
sand interlayers, shell limestones, and inundation
clays. The stratum is represented by layers of Nim-

feisky (mQ;y nf), New Black Sea (mQ;, n¢), Middle

Black Sea (meVsE), and Old Black Sea (mQIIV

Holocene layers. The thickness of layers in the Imere-
tinsky lowland reaches 60—75 m. The specific capacity
of the wells tapping the underground waters vary
within a wide range from 0.1 to 32—80 1/(s m).

In different periods, about 200 pumping tests were
conducted in the area of the Imeretinsky lowland, pre-
dominantly from individual wells characterized by a
great level of imperfection with regard to reservoir
penetration degree and by partial penetration. To
determine the appropriateness of using all this data,
series of cluster pumping tests with aquifer piezome-
ters were performed. Later, the results were considered

as etalons, which could make it possible to evaluate the
degree of reliability of parameters determined in a well.

Under complex hydrogeological conditions, inter-
pretation of the pumping tests from imperfect wells
gives rise to several difficulties connected with the
complexity of identification of an analytical model
[Borevsky et al., 1983; Mironenko and Shestakov,
1973]. This can be due to the layered (anisotropic)
structure of the stratum and free-flow filtration
regime, represented by three characteristic time peri-
ods of the lowland formation. The time period of the
elastic regime is short and it rarely exceeds a few hours.
The period of the false stationary regime is character-
ized by a decrease in the rate of the water level varia-
tion or stabilization of the water level. During the
period of the gravitational regime, further intensifica-
tion of the decrease of the underground water level
takes place.

During hydrogeological research, the method of
analytic calculations for every period was used. How-
ever, for justification of these calculations, it is neces-
sary to carry out preliminary analysis of pumping tests.
This can be performed, in the best way, only by math-
ematical simulation [Mironenko and Shestakov,
1973]. For this purpose, the testing cluster must be
equipped with a number of proper observation wells to
avoid ambiguous interpretation of the results.

Some cluster pumping tests were carried out within
two intervals of the section. From the bottom to the
top, the lower and upper parts of the section were sam-
pled. At the same time, a decrease of the water level
within all intervals was observed, which makes it pos-
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sible to obtain information about the vertical perme-
ability of the aquifer.

In total, six pumping tests were conducted. For
every test, modeling was performed, such that the out-
put in the observation wells during every test at the
given parameters corresponded to the actual situation.

A detailed analysis of graphs of time correlation
and their primary processing was carried out, which
was used later for the modeling.

The main task of the modeling was the choice of
values of the horizontal and vertical filtration coeffi-
cients (k, and k) and the values of storativity and spe-
cific yield, wherein the difference between natural
(observed during a pumping test) and model values of
the water decrease in the wells of a cluster was of a
minimal value. The achievement of a high level of con-
sistency between actual and model values of the water
level decreases allowed us to assume that the model
parameters (the best correlation) are reliable and can
be considered as etalons by comparison with the data
obtained in individual wells.

For the modeling, we developed three-dimensional
models where the section included ten 5 m-thick
aquaifers and an upper 2.5 m-thick covering layer.

Because of the radial symmetry of the model, only
the sector with an angle of 90° was considered. The
grid arrangement was irregular, so the observation
wells (test points) were located in the centres of blocks.
The central wells in the modeling were drilled in the
block with coordinates of 1 : 1 with a Newmann’s
boundary condition (Q = const). The flow rate (Q) in
the modeling was given as equal to 1 : 4 of the actual
rate in a pumping test.

Every aquifer was characterized by the transmissiv-
ity T, = K.m and the leakage coefficient = m/k, (ver-
tical transmissivity 7, = 1/P), where m is the thickness
of a layer. During the modeling, the values of storativ-
ity and specific yield .S, were also selected.

During the modeling, an unsteady-state flow for
12—25 time intervals with a time step from 1—5 min-
utes at the start of a pumping test to 100 minutes and
more at the final intervals was considered.

Figure 1 shows the scheme of clusters and values of
k. and k_, obtained as the result of modeling.

In all clusters, the data on actual and model
decreases of the water level show a high level of corre-
lation; the value of the correlation coefficient is no less
than 0.95, which testifies to the high quality of the
solutions and their reliability.

As an example, the graphs (Fig. 2) present the vari-
ation of actual and model levels in the cluster for the
lower and the upper parts of the sampled section.

During the second stage of research, the “level”
pumping tests were processed using analytical depen-
dences [Sindalovsky, 2006; Shestakov, 1995 and 1955]
with the analysis of correspondence between the
results obtained and the modeling data. Finally, this

MOSCOW UNIVERSITY GEOLOGY BULLETIN

Vol. 64

377
5B 5-1B_ 5-3 5-4
54 -l 52 o
, A i N AN ZANYL,
B R 41 11 AN AN
qigo . N k=1
: k=1
10 ; .:.,. . .~.:'r:.
| k=1 |
IE] | R R
: R [ k=6 [ k=1 ]
' L l [ k=6 B[ k=05 ]
25 R R T
[ k=6 [ k=05 ]
30 — —
[ k=6 ]{ k=05 ]
35 e * e o ..".‘ e
[ k=4 [ k=05 |
45 P —
A k=4 || k=05 ]
7.5m 75m |

Fig. 1. Values of filtration coefficient (cm/day) of a stratum £,
and k, calculated based of the results of simulating cluster
pumping tests.

made it possible to determine acceptable analytical
schemes and dependences for processing the pumping
tests made in one interval.

First, filtration coefficients were calculated from
the results of testing for underground water inflow in
the “level” clusters, taking the anisotropy of the
medium into account.

According to the calculation of the anisotropy
coefficient based on data of cluster interval pumping

tests y = ./k_/k, it is supposed that the decrease in

observation well 1, located at a distance of r; from the
central well, with a filter at the same depth as in the
central well, is described by the formula (1):

S, = Q 2arcsinh(ilc. D
2nK.l

xtc "X

The decrease in the observation well 1, located at a
distance from the central well, with a filter in the lower
part of the section (Fig. 3) is described by formula (2):

S| = Q [arcsinh(L”_Z+ arcsinw} (2)
ank L, " "
No. 6 2009
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Fig. 2. Comparison between model and actual decreases in wells of the cluster SM (4, from well SA with a discharge of 172.81/c;

B, from well 5B with a discharge of 198.81/c).

The relationship between the decreases in these wells
is described by formula (3):

2arcsinh =l
I vt 3)
1 arcsinh(Lc_z + arcsinh(&-FZ
X X

For the anisotropy coefficient y = ./k_/k,, one can
choose values such that the calculated relationship
S,/S; is equal to the actual ratio of the decreases.

For calculations, the decreases were determined for
the period of the pseudo-state flow. The results of cal-

culation of the anisotropy coefficient in the clusters for
different pairs of wells showed that x values vary within
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a wide range from 0.2 to 0.9, which testifies to the
strong heterogeneity of the water-bearing stratum.
The results of x calculation were found to be similar to
the results of the modeling. In Table 1, the results of
calculations in three clusters are presented.

As was mentioned above, in the territory of the
investigations more than 200 pumping tests were con-
ducted, including cluster tests. As a rule, the cluster
pumping tests were performed according to the
scheme where the filters of the central and observation
wells were located in the same interval of the section.
Accordingly, for purposeful use of these data for the
parameterization of a model it is important to deter-
mine how they correlate with values of the horizontal
Vol. 64
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filtration coefficient obtained during processing the
data of level pumping tests.

Thus, the following step of the second stage (the stage
of analytical calculations) was to show the possibility
of using the data obtained from calculation of the fil-
tration coefficient in a horizontal direction (k,) with
analytical solutions. In addition, in a complex layered
stratum it is always unclear which boundary condi-
tions should be taken into account during the process-
ing of the pumping test results, especially from the
pumping tests conducted in a free-flow aquifer. So,
different schemes with different boundary conditions
were used in calculations and then the results were
compared.

For the period of pseudo-steady-state flow, the cal-
culations were performed according to equations pre-
sented in Table 2. The symbols in the formulas are as
follows:

O—discharge of well;

t—time from the start of a pumping test;
S;—drawdown in i well;

r—distance from an observation well;
r.—the radius of a filter in the central well;
I.—Ilength of a filter in the central well;
m—thickness of an aquifer;

ly—penetration of the upper part of the filter in the
central well relative to the top of the aquifer or free sur-
face;

[—distance from the lower part of the filter in the
central well to the base of the aquifer;

z—distance between centers of the observation and
central wells (along the vertical);

k—filtration coefficient calculated in the central
well;

k—filtration coefficient calculated in the observa-
tion well;
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Fig. 3. Scheme for calculation of anisotropy coefficient
k
x= |=.
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The results of the analytical calculations at the
modeling without taking the anisotropy into account
and for the 5SM cluster are given in Table 3.

Analysis of the calculation results shows that the
filtration coefficient values calculated in the central
well do not depend substantially on the type of the
boundary conditions and the type of source (imper-
fectness of the well regarding penetration into the
aquifer). The calculation based on formulas (4), (6),
(8), (10), (12), and (14) (the formulas for the central
wells) gives the same values of k,.

Itis noteworthy that k, values calculated in the cen-
tral and observation wells of the same cluster are, as a
rule, slightly different. This testifies to the rather good
quality of the central wells and a weak skin-effect (low

Table 1. Results of calculations of the filtration coefficient k, with account for vertical anisotropy

Index of cluster IM 8M M

Index of central well 9-A 9-B 8A 8B 5A 5B

Index of observation wells 9-119-2|19-3{9-4|8-1|8-2|83|84]|5-1]52]|53]|5-4

O (discharge of pumping test, m3/day) 976 216 778 130 173 199

Scent (drawdown in the central well) 6.1 | 6.1 | 50| 50|55 55(4.12[4.12(4.37(4.37| 57| 5.7

Sops (drawdown in observation wells) 0.5310.29| 0.2 |0.15/0.75|0.53(0.23| 0.2 {0.45{0.28 | 0.4 | 0.27

r; (distance from the central well) 5 10 5 10 2 4 2 4 |75 15 | 7.5 ]15.1

1. (length of the filter in the central well) 3.5 3.5 3 11 3.7

Iy (penetration of the upper part of the filter in the 26.5 4.9 26.5 16.3 5.8

central well, with regard to the top)

X 0.65 0.4 0.2

k, = _ 0 [arcsinh 057 arcsinh 05 ZCJ 21 22 27 34 1 2

2n(S) = S$y)1, "X Y4

Model values 30 24 24 12 6 8
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Table 2. Formulas for calculating the filtration coefficient b

ased on the results of pumping tests

Type of boundary conditions Formula i‘g?riﬁ]o;
0.71
k; = Q In—= 4
2TCScentlc rC
Non-limited medium
-2 5
4ns; r? +7
0.71 /
- L(zm cp_le ) 6
Filter in the central ) A Scentle re 2+l
well under no-flow Point
boundary source k = 0 ( 1 + 1 j .
8o\ [i21 2 2+ 2y £2)°
0.71 /
k, = L(z ottt ) 8
Filter in the central A Scenle re 2t
well under specified-
head boundary k = 0 ( | 1 ] o
1
AT S gos Jr? +7 «/”:2 + (2, z)2
0.71
k= —2 = 10
2nscentlc rc
Non-limited medium
0 . 050, -z .. 050 +z
k; = [arcsmh + arcsinh } 11
4TESobslc i r;
_ 0 (2]n0'7L“+ I, ) =
A4S onil, r, 20+ 1,
Filter in the central
well under no-flow k; = Q0 [arcsinho'Lc_Z + arcsinhO'SIc kS
boundary Linear 4TS sl i T 13
source
20,+0.5] — 20+ 1.51 —
— arcsinh R + arcsinh ST k7L }
i r;
0.7L /
k=2 (2 In——¢_ < ) 14
A4S ol r, 20+ 1,
Filter in the central
well under specified- k; = Y [ arcsinh (Lc_z + arcsinh 0.5 +z
head boundary 4TS sl ri ri 15
20,+0.5] — 20, + 1.5 —
+ arcsinh So* T arcsinh Zo* T }
T T

colmatation of the near-well zone of the central wells).
Thus, we have reliable information from the observa-
tion wells and from the central wells.

The relatively high reproducibility of the calcula-
tion results allows us to state that the most reliable val-
ues of the horizontal filtration coefficient were found
in the observation wells located close to the central
ones. These observation wells are equipped with filters

at the same interval as in the central well. The bound-
ary conditions are as follows: the boundary with per-
manent pressure or the no-flow boundary (at the top
or bottom) do not significantly influence the calcu-
lated values of the filtration coefficient.

The calculation of the filtration coefficient in the
central wells of the clusters, as a rule, gives generally
low values, which may be caused by the skin effect

MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 64 No. 6 2009
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Table 3. Comparison between model and calculated filtration coefficients in the cluster of wells
Index of central well 5A 5B
Index of observation well 5-B 5-1 5-2 5-3 5-4 | 5-1b | 5-A | 5-1 5-2 5-3 5-4 | 5-1b
r 2.0 7.5 150 | 7.8 15.1 7.8 2.0 7.8 150 | 7.5 15.1 8.5
/. 11.0 3.7
z 150 | 0.0 | 0.0 | 150 | 15.0 | 20.0 | 15.0 | 150 | 15.0 | 0.0 | 0.0 | 20.0
Iy 16.3 5.8
K value
Model | 8.0 | 6.0
Analytical
Index of | 4, 6,8, 10, 12, 14 3 6
formula | 5 8 3 7 7] s 6 6 | 4 5 4 4
7 10 8 7 15 15 7 9 10 7 8 7 6
9 5 12 2 5 3 2 2 1 2 1 1
11 8 4 3 8 8 5 6 6 4 5 4 4
13 12 4 12 12 8 23 20 9 8 7 12
15 4 3 2 3 3 2

(presence of colmatation in the near-well area), as well
as by the vertical anisotropy of a layer.

The vertical anisotropy significantly influences the
values of the calculated filtration coefficient, which is
manifested in its decrease. The calculated filtration
coefficient based on a pair of observation wells with
anisotropy considered is 1.5 times less then without
considering the anisotropy. Accordingly, this fact
should be weighed during the choice of the calculated
parameter k,.

Thus, when choosing the calculated parameters to
develop the model it is necessary, first, to use the
results of modeling the pumping test clusters, and sec-
ond, to use the results of analytical calculations based
on a pair of nearly observation wells that are equipped
in the same interval as the central well. The results,
based on individual pumping tests can be used only in
wells of perfect quality, which, under the given condi-
tions, are established based on of the discharge value.
The discharge in these wells must be 5 1/s at a mini-
mum. It follows that in a layered stratum the sum con-
ductivity can be evaluated individual pumping tests.

From the data set a frequency curve of the filtration
coefficient was constructed for all testing of under-
ground water inflow (Fig. 4).

As follows from these data, more than 20% of the
wells have relatively high values of their discharge and
filtration coefficients. These data can be used for
determination of the total conductivity of strata. At
the same time, we consider conditionally that the low
values from this data set are characteristic of layers
with clay filling material.

In order to consider a layered strata as an anisotro-
pic one, let us consider a section with thickness M,
consisting of » different alternating layers with a uni-
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form thickness m (mg,,, = nm) and the “isotropic” fil-
tration coefficient k;. According to well-known depen-
dences, the total conductivity of this layer is calculated
from the formula:

T = mZki. 4)
i=1
Accordingly, vertical conductivity A, is calculated
from the following formula:

AO = i .
1

i=1
The average anisotropy coefficient is calculated
from the combination of formulas (4) and (5) sup-

&)
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Fig. 4. Frequency curve of filtration coefficients for the
dataset on individual pumping tests.
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Table 4. Results of determination of weight-average filtra-
tion coefficients in Holocene marine sediments

Gei(l)llc(l)egical mQynf mQync mﬁ%ﬁiﬁ? ‘
Number of 31 17 39
determinations
k,, m/day 30 15 25
e 0.2 0.4 0.4
k., m/day 1.2 1.4 4

posing that an equally probable combination of every
layer in the cross-section is possible.
A
X = Mynm ﬁ = n;”l . (6)
2k
i=1 i=1

Since, as a rule, the length of the well filters where
the samples were collected is rarely more then 5 m at a
total thickness of 80—100m, one can suppose that the
horizontal filtration coefficient was determined at
every sampling for a single layer. Accordingly, with
such an approach, the number of layers may equal the
number of determinations of the filtration coefficient
values.

Thus, during the choice of the calculated parame-
ters for the development of the model, one can accept
the average values calculated for the whole dataset,
including the data from pumping test clusters. The
results of the determination of parameters are listed in
Table 4.

CONCLUSIONS

1. The water-bearing stratum is characterized by a
high level of filtration heterogeneity in plan view and
section, which may be caused by a variable lithological
composition of the rocks and filling material.

2. For calculation of reliable values of the filtration
parameters of the medium, it would be more reason-

MOSCOW UNIVERSITY GEOLOGY BULLETIN
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able to use the mathematical simulation of the “level”
pumping tests with arrangement of filters in the obser-
vation wells at all intervals of the stratum studied. It
seems possible to calculate filtration coefficients from the
results of cluster tests of underground water inflow using
the analytical dependences. For this purpose, careful
testing of the analytical scheme will be necessary.

3. For justification of the calculated parameters
chosen for the modeling, one can use the results from
the whole dataset of filtration coefficients. In this case,
the total conductivity can be determined in individual
wells with high discharge.

4. It is possible that the values of filtration coeffi-
cients given in this work and based on the results of mod-
eling and the analytical solutions are approximate. This
fact needs to be analyzed thoroughly during the data
choice for parameterization of regional models.
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