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Abstract. The calculation of water permeability through a system of defects (long narrow slits in the
junctions) in the screen is considered based on the filtration model. Its structural layout and description of
the model main elements are given. The solution is carried out for the plane formulation of the problem by
the methods of the filtration theory using the method of conformal mappings and the velocity hodograph
method. A distinctive feature is the study of free filtration through a system of screen slits (the isolated
standard fragment with a single defect), characterized by a pressure movement of the filtration flow in the
protective layer and pressure/pressure-free movement at the bottom of the screen, taking into account the
mutual influence of the slits on each other. We obtained the calculated dependences for the determination
of the specific filtration flow through the screen slit, as well as the total flow through the system of slits and
the averaged screen filtration factor, the results of the calculations are compared to the known formulas for
the defect system. For practical use, a table of averaged screen filtration factors and a graph of the change
in the reduced flow rate through the screen, considering and not considering the influence of the underlying
base are made.

AHHoTauus. PaccmaTtpuBaeTcsi pacyeT BOAONPOHULAEMOCTM 4Yepe3 cucteMy AedekToB (y3KUX
NPOTSHXKEHHbIX LEenen B MecTax CTbIKOB) B 9KpaHe Ha OCHOBe (hurnbTpauuoHHon mogenu. MNprueoautcsa ee
CTPYKTYPHasi CXxeMa 1 OnucaHne OCHOBHbIX 311ieMeHTOB Moaenu. PelleHne ocyLLecTBsSeTcs ANs Nnockomn
NOCTaHOBKM 3adaun MeTogamu Teopuu uUnbTpaLMyW € MCMOMb3OBaHWEM MeToda KOHMOPMHbIX
oTobpaxeHuit 1 crnocoba rogorpada ckopocT. OTANYUTENBHON OCOBEHHOCTLIO ABNAETCS U3yYeHue
cBobogHON hunbTpauum Yepes cuctemy Lenen dKkpaHa (BblOeneHHbI cTaH4apTHbIA parMeHT ¢
eMHNYHBIM AedeKToM), XapakTepu3yloLMecsl HamopHbIM [BUXEHWEM (UNbTPaLMOHHOrO MoToka B
3aLUMTHOM CrOe U HanopHO-6e3HanopHbLIM ABMKEHWEM B OCHOBAHWM 9KpaHa C y4eTOM B3aUMOBMUSAHUS
wenen napyr Ha gpyra. [lonydeHbl pacyeTHble 3aBUCMMOCTM [AOnA  onpefeneHus  yaenbHoro
nnbTPaLMOHHOro pacxoaa Yepes Lenb 3KpaHa, a Takke CyMMapHOro pacxoja 4Yepes cucTemy Lenem n
ocpeAHEHHOro koaddurLeHTa punbTpaummn 3kpaHa, pesynbTaTbl PacHeTOB CONOCTaBMEHbI C U3BECTHBIMU
dopmynamu Ana cuctembl AedekToB. [Ins npakTM4Yeckoro WCMonb3oBaHUS cocTaeneHa Tabnuua
OoCpeAHEHHbIX k0aPULIMEHTOB hMNbTpaLMK 3KpaHa 1 rpadpuk 3SMeHeHUs NpUBEAEeHHOro pacxoaa Yepes
9KpaH C y4eTOM BMUSIHUSI MOACTUNAtoLLEero ocHoBaHus 1 6es ero yyeta.

1. Introduction

In hydraulic engineering construction, impervious screens of polymeric materials, geomembranes,
and geocomposites are becoming increasingly used as more efficient and durable [1]. Their averaged
filtration factor is 10-8-10-1° cm/s, which is two to four orders of magnitude lower than for film screens, and
the predicted service life is 50-100 years, which is 2—-3 times longer than one of film screens.

The relevance of the use of geosynthetic materials in hydraulic engineering is also confirmed by
B. E. Vedeneev Institute of VNIIG [2—-4], SpbSTU [5, 6] and other authors [7, 9].
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The normative document [10] regulates the use of polymeric materials for anti-filtration devices of
hydraulic structures. According to paragraph 5.50 [10], they can be used for dams of Ill and IV classes,
and with proper justification for | and Il class dams up to 60 m high.

European experience in the use of geosynthetic materials for anti-filtration screens of waste storage
facilities is considered in the work of A.V. Pryamitsky and Yu. Shlee [11]. Here, the requirements of the
American Environmental Protection Agency, the European Directive and the German Geotechnical Society
for the construction of waste storage facilities are analyzed.

According to the authoritative experts on polymer screens [12], polymeric (flm and sheet)
geomembrane coatings can not be considered as waterproof, because through various defects and
damages, filtration leaks occur that are formed during construction and operation.

At first, the problems of water permeability of polymer screens in the hydromechanical installation
were raised and solved by V.P. Nedriga [13], and then by Yu.M. Kosichenko and O.A. Baev [13-16], A.V.
Ishchenko [17]. Similar problems were considered by P.Ya. Polubarinova-Kochina and N.E. Zhukovsky
[18] for a single drain, by V.V. Vedernikov [18, 19] for a system of drains, by S.F. Averyanov [20] for a
channel with a finite depth of occurrence of a watertight stratum. In [15, 16] the main special functions are
presented, which are used in the theory of filtration. In [21] methods of calculating the theory of analytic
functions are given, and in [22] the main special functions used in the theory of filtration are presented.

The authors of [13] give the well-known approximate formula of V.P. Nedrigi (1976), which he obtained
as a result of the solution of the problem of permeability for sheet pile walls, and used in connection with film
screens with continuous gaps. However, the formula obtained is approximate, since the solution of such a
problem is obtained in a simplified formulation, where the filtration region is an infinite half-strip. It was shown
in [13] that V.P. Nedrigi's formula gives a significant discrepancy (from 30 to 50 %) with more exact
dependencies.

The authors of this article considered the solution of the problem of axisymmetric filtration through small
holes [14-16], and work [13] analyzes the main methods for calculating water permeability of polymer
impervious screens for the first time. At the same time, special attention is paid to theoretical methods based
on rigorous analytical solutions by methods of the theory of functions of a complex variable, as giving more
accurate computational formulas with physically correct results. A hydraulic model to calculate water
permeability of large channel liners is presented in [16].

Among the close problems of the theory of filtration, we consider the solution V.V. Vedernikov [18,
19] obtained for the drain system and it can be applied to the problems of water permeability of screens.
The solution of this problem is carried out in a pressure installation on the basis of the application of
Schwarz-Christoffel integral and elliptic integrals. However, the calculated formulas are rather cumbersome
and do not allow us to calculate the filtration features with small parameters. Therefore, for their application
in calculating the water permeability of the screen slits, it is necessary to reduce such dependences to an
approximate form with the possibility of calculation with small parameters.

Methods for calculating the permeability of geomembrane screens with defects are widespread
abroad, see works by J.P. Giroud, R. Bonaparte, K. Badu-Tweneboah [22-28], they are based on
experimental and theoretical dependences of degree type, using empirical factors based on field research
data reflecting the quality of the contact between geomembrane and base soil. The works by R.K. Rowe,
N. Touze-Foltz and C. Duquennoi [29-31] present rather cumbersome theoretical dependences for
computations of heads and flow rates through round and rectangular defects in geomembranes using
special Bessel functions, which significantly complicates their calculations.

As shown below, when comparing the calculation results for the various formulas in Table 1, it was
found that the dependences of J.P. Giroud on filtration through defects in geomembrane are considerably
overestimated. In the last works of authors [32, 33] the review of efficiency of geosynthetics for
environmental protection and methods of numerical modeling of geosynthetic systems is presented. The
works [34-38] is devoted to the evaluation of the performance of underground dams and self-healing cracks
of the polymer screen, as well as to the study of other anti-filtration devices.

As the main types of damage in the geomembrane, defects in joints in the form of narrow, long slits and
round holes in the form of punctures are usually considered [8, 14, 23].

In present practice, we have to see not only individual defects in polymeric impervious screens, but also
several damages in the form of long narrow slits that are formed at the joints of the cloths due to their poor
connection. Such damage, located at an equal distance from each other, is called a system of slits.
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They are especially common where the jointing of geomembranes or films is performed by welding with
extruders. Due to poor quality welding, defects such as low current welding or burned welding of joints with the
formation of the through slits can be observed.

The aim of the study is to develop a filtration model of water permeability for a polymer screen of
broken continuity with a system of targets.

Objectives of the study:

— to obtain an analytical solution of a polymer screen water permeability with a system of slits by
the methods of filtration theory, based on the methods of the theory of functions of a complex
variable;

— to find the calculated dependencies to determine the main features of water permeability;

— to compare the obtained dependencies with ones of other authors and evaluate their applicability
for practical calculations;

— for the purpose of practical use of the results of calculations based on the developed filtration
model, to build a graph of the change in the reduced filtration flow through the slit of a polymer
screen and make a table of the average screen filtration factor, depending on the parameters of
the slits system.

Thus, the subject of the study is a filtration model of water permeability of a polymer screen of
external continuity with a system of slits.

2. Methods
2.1. The filtration model description

To study the water permeability of a polymer screen with a slit system, an analytical method was
chosen on the filtration model, which is most often used in the theory of filtration in the steady motion of
the filtration flow [18]. In cases of unsteady, as well as spatial (three-dimensional and axisymmetric) motion
of the filtration flow, it is advisable to use numerical calculation models, as, for example, in [33, 39].

Figure 1 shows a block diagram of the filtration model of the water permeability of a polymer screen
with broken continuity, developed by the authors of this paper, in the form of a system of extended slits.

Filtration Model

2. Solution of the
problem by the filtration
theory methods
W =g +iy

1. Formulation of the
problem and
establishment of the
filtration area boundaries

4. Calculated correlations to
determine the main
characteristics of screen
water permeability

3. Obtaining the basic
equation for the
complex potential

9. For the specific flow
rate through a single
slit in the 2™ fragment.

of G2

8. For the specific flow

rate through a single

slitin the 1% fragment
of Gu

7. The solution for the
2™ fragment by the
method of velocity
hodograph

5. Justification of the
calculation pattern
and accepted
assumptions

6. The solution for the 1%
fragment by the method
of conformal mappings

11. Determination of the
piezometric head in slit hy

10. Special cases arising
from the general solution

12. Determination of the

total flow rate through it
system Q;

13. Determination of the
averaged filration factor Kier

Figure 1. Structural diagram of the filtration model of a polymer screen water permeability
through a system of slits

This model includes the following main structural blocks: block 1 — formulation of the problem of
water permeability through the system of screen slits and the establishment of boundary conditions in the
physical filtering area, which consists of sub-block 5 to justify the calculation pattern and accepted
assumptions; block 2 — the solution of the problem with the methods of the filtration theory, which is divided
into sub-blocks 6 and 7 in accordance with the solution of the general problem for | and Il fragments with
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the method of conformal mappings and velocity hodograph; block 3 — obtaining the basic equation for the
complex potential; block 4 — calculated dependences for determining the main characteristics of water
permeability of the screen slits, consisting of sub-blocks 8, 9, 11-13, where specific flow rates are first

determined per a single gap in | and Il fragment () and (( ), and then the piezometric head in the slit

(hl) is determined, the total flow through the slits system (Q¢ ) and the averaged filtration factor (ks'cr).

Piezometric head (h1) can be calculated by the iteration method (successive approximation) or can be

determined directly with the formulas. In sub-block 10 there are particular cases arising from the general
solution. Thus, for example, when the underlying base is composed of more permeable soils at

k, >10kq, then it is neglected in the calculations.
More details of building the filtration model are considered further.
2.2. Research Methodology

The methodology for studying the water permeability of polymer screen slits system in the filtration
model is based on the hydromechanical approach to the solution of the problem widely used in the theory
of filtration [12, 13]. The method of conformal mappings and the velocity hodograph method are used.

The calculation pattern of the filtration model (Figure 2) includes a system of screen slits of small
dimensions located at a distance of (), protective layer with a thickness of (60) and the underlying base

of unlimited depth, in which sets of filtering areas in the protective layer are formed — when the filtration
flow moves from the channel or a reservoir to each slit, in the underlying base - when the filtration flow
moves from each slit to the ground base to infinity with their interaction.

Figure 2. Calculation scheme of the polymer screen slit system

A feature of water permeability here is filtration through each slit with the formation of an independent
filtration flow. Therefore, to solve this problem, it is advisable to consider a separate fragment of the filtration
region, with its conventional release along the boundary line of the current in the protective layer on the
right and on the left (fragment 1), and in the underlying base (where the flow movement will be
forced/unforced) considering the interaction with the adjacent area in the general line of current (fragment
2), the velocity of the filtration flow is assumed to be infinite.

In solving this problem, we will make the following assumptions:

— the movement of the filtration flow through the slit is considered to be steady and according to
the Darcy’s law (with laminar conditions);

— the soil of the protective layer and the base of the screen is assumed to be homogeneous with
the filtration factors, respectively, K; and K,;

— the thickness of the polymer screen is neglected in view of its smallness in comparison with the
thickness of the protective layer;

— the screen has a certain flexibility, in connection with which it fits snugly to the underlying base;

— capillary flow spreading in the base is accounted by the height of the soil capillary vacuum ( HC,
m).
To solve the task in hydromechanical formulation, we shall separately consider the 1st fragment in
the protective layer of the soil, and then the 2nd fragment in the underlying soil layer, while establishing a

connection between the fragments at the slit boundary with the help of an unknown parameter (hl),
representing the piezometric head in the slit (Figure 1).
Figure 3 shows the pattern of conformal mappings for the 1st fragment of the filtration area.
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Figure 3. A pattern of conformal mappings for the 15 fragment of the filtration area:
a) the filtration area z; b) an auxiliary semiplane ¢ ; c) the region of the complex potential W

The physical area (Figure 3, a) is a rectangle with permeable boundaries 1-6 and 3-4, where the
heads, respectively, are set as H; = hg + g and H, = h;. The impenetrable boundaries are lines 1-2-
3 and 6-5-4, which are boundary lines of the current. Within the filtration range of 1-2-3-4-5-6, the flow will
be purely forced, which occurs under the action of pressure H = Hy —H, =hy + 8y —hy, with hg being

water depth, m; 50 — the thickness of the protective layer, m; h1 — piezometric head in the screen slit, m.

2.3. A solution by the method of conformal mappings
Now we will consider the solution for fragment | by means of conformal mappings [18, 19, 21].

We will map the polygon of the real filtration region to the upper semiplane (Figure 3, a, b) using the
Schwartz-Christoffel integral:

¢ ¢
2=Af(? ~) V2?2 -n?) M2 dr+B= Al
0

dg +B=
0(¢2-D)-(¢%-n?)

(€

¢

=Al d¢ +B,
0y(-¢?) (-2
where 4 =%>l.

The resulting formula (1) is an elliptic integral of the first kind with 4 modulus. Since in equation (1)
A >1, we make a change of variables, assuming:

t 1
=—,d¢ = —dt.
¢ 2 4 1

Then equation (1) can be written in the following form:

t
z=A $+B:AF(L/11)+B,

J. 2 @)
0 t 2
AT
1
where 4; = = <1 — being the elliptic integral modulus; F (t, ll) is an elliptic integral of the first kind with

A, modulus.

From the correspondence of points 2 and 5 in the equation (2), we will find the constants A and B:
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| .
T 2K(4)

From the correspondence of point 1 we will have:

or:

5 K() ©

where K(ﬂ.l) K'(ﬂ;l) are full elliptic integral of the fist kind, respectively, with modulus 4, and additional

modulus A{4/1— ﬂf .

The elliptic integral modulus in equation (2) is determined from correlation (3). Putting the identified
constants (A and B) to equation (2), we will have:

2= F(t. A1), @
2K (%)
or, replacing t = A¢ :
|
z= F(2¢ A1) ®)
2K (%)
Hence, from (5) the inverse function is expressed through elliptic sine:
7 fﬂ,lsn(mK(ﬂi) j’l) (6)

From the correlation of point4 (Z = m/2, ./; = /12) and formula (6) we will determine the unknown

parameter (4, ):

Ay = ﬂisn(M;/ﬁj. )

Mapping semiplane £ to the region of complex potential W (see Figure 2.3, b, ¢) we will find:

I
W=Cf?-0"?(¢?-25) V¢ +D ——j
0

gl ®)
204-¢?%)- (1 23¢?)

where A3 :%>1.
2

As A, >1 we will perform the replacement ¢ = i =14y, 4 = A,d7, then equation (8) will look

as follows:

A dr 1
=C +D:CF(r,iZ)+D:CF =14, [+D. ©)
0y@-72)-@-3?) A

From the correlation of points 4, 6 and equation (9) we will find the constants of Schwarz-Christoffel
integral:

. kiH . kyH
C=—i—t~:D=i—<K(1)-kH. (10)
K'(2,) K'(22)
Putting correlations (2.10) into equation (2.9), we will obtain a complex potential that looks as follows:

Kosichenko, Yu.M., Baev, O.A. Water permeability of the polymer screen with a system of slits of hydraulic
structures. Magazine of Civil Engineering. 2018. 83(7). Pp. 148-164. doi: 10.18720/MCE.83.14.

153



HH:keHepHO-CTPOUTEILHBII KypHaJ, Ne 7, 2018

. le . le
W=—i—t Flr, 2, J+i——K(2y)—kH .
) (f 2)+'K,(/12) (12) -k (11)

From formula (11) we will find specific filtration rate at section 1-6:
W=-KkH+iy,y=04, =&, 2=X.
Then:

() {K(iz)— F(r,/lz )} (12)

U6 =
where r:%f,.é’:ﬂlsn(ul, A)-

We will determine the specific rate through a screen slit by putting &=A4,, =0,
F (T,ﬂz ) =F (—1,12 ) =-K (ﬂQ) into formula (12):
2k, H

= K(4,),
%=1, K1) (13)
or:
2k, H
=——K(,),
% =) K2 (14)
where 4, = ﬂisn(mKl(ﬂl) ,AJ; E'((j;l)) = 2;{) — A, [13; H=h, + 7, —h —being head at the screen;

Ay =4/1- /'L% — being a complementary elliptic integral modulus.

At a small value of the screen slit width (m ) from a geomembrane, close to zero (m — 0), which
is often the case in practice, the formula for the specific flow rate through the screen slit (14) (considering

approximations [22, 40] K (/12) ~ % , K (ﬂ?’) ~In %) will look as follows:

ﬂkl(ho + 50 - hl)

T na2,)

) (15)
where 4, = 4K (%)IE-

with g /1 <1, when the elliptic integral modulus 4; — 1.0, the equation can be written in the
T

following way: K(/lz)z In(4/ﬂ{), K(ﬂl'): 2

Then the dependence for modulus A, (7), considering the correlations (3) and the degeneracy of
elliptic functions into hyperbolic functions [40], takes the following form:
2, =th(zm/48,). (16)
Substituting (16) in (15), we will find the approximate formula for flow rate through the screen slit:
_ ky(hy + 8, =hy)
In[4cth(zm/45, )]
This formula is applicable at m/1 <0.01.

1 17)
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Under condition that m/dy < 0.25 formula (17) is simplified and expressed in terms of elementary
logarithmic functions:
= 7Zk1(h0 +§0 - hl)
In(165, /7m)

In the extreme event, when M = |, from equations (3) and (7) we have:

(18)

= imsn M) - ont )} .

Then the specific filtration flow rate through the protective layer of soil (with no screen) from (2.14)
can be written as:

K
g, = 2K.H (ﬂl’)
K(4)
H
From this, according to (3), we will find @, = k1|§— which completely corresponds to Darcy's

formula [12], if we take (1) as flow area, and | = H/é‘0 as pressure gradient.

Thus, we can assume that the resulting formula of the specific filtration rate through the screen slit
(14) gives correct results, and therefore it has a physically correct structure, which is confirmed by the
classical Darcy's law in the limiting case, which is fundamental for filtration problems.

With 8y /1 >1.0, when the elliptic integral modulus 4, — 0:

T
K(A)= 2 () = In(4/ ).
Taking into account the last correlations and the degeneracy of the elliptic sine into the trigonometric
sine (with 4, =0), formula (7) gives us this:

Qp = Jqsin(zm/21). (19)
Modulus ( 4,) from (2.3) can also be expressed by an exponential function:
2y = dexp(= 25, /1). (20)

Then the screen slit filtration flow formula from (15) looks like:

ﬂkl(ho + 50 — hl)

;réo/. ) (21)
In| exp sin—
| 2l

Using the reciprocal representations of the exponential and logarithmic functions for large values of
the arguments [22, 40], we will write the correspondence (21) as follows:

ﬂkl(ho + 50 - hl)

Arsh(ch ﬁI§0 / sin %] @2

Now let us find the main indicator of the screen water permeability — the averaged filtration factor
with a protective layer, using the formula [13]:

’ Qf§
Ky =%
scr (h0 +§0). F(, (23)

G =

=

n -
where Q; = (q,-Is) —being total flow through a sealed screen with a slits system in the area F,.
i=1
Putting formula (14) in (23), we obtain the most general and exact correspondence to determine the
averaged screen filtration factor with a slits system:
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o 2Kdy K(4p)-Is-n
Fo K(42)

where k1 — being the filtration factor of the screen protective layer, m/day; I; — the average statistical

. (24)

length of the screen slit, m; 50 — protective layer thickness, m; N — the number of geomembrane screen

slits, pes.; F, —screen area, m2

From correlation (24) and taking into account the approximated formula (18), we find the averaged
screen filtration factor with a slits system without taking into account the underlying base:

. o, -l -n

Ky =7 = e
<N F, - In(166, /2m)

The obtained dependence (25) to determine screen water permeability index (kscr) is a simplified

(25)

and approximated one, which can be used under condition m/ &y < 0.25.

The averaged filtration screen factor, taking into account the influence of the underlying substrate
permeability will be found from (22) as follows:

K150 (ho + S —hy)-Is -1
FoArsh(ch”T‘SO/sin%-(ho +68)

o
kSCI‘ -

(26)

2.4. The solution by the velocity hodograph method

Now let us consider the solution for fragment Il in the screen underlying base, where forced/unforced
filtration is observed, and when the slits are located closely to one another their mutual influence will occur
(Figure 2).

Figure 4 shows the calculated pattern of half the filtration region fragment (a) and the sequence of
conformal mappings onto the region of the complex potential (b-e). The surface curve (Figure 4, a) is
characterized by a point of inflection (a).

The solution of this problem is carried out by the velocity hodograph method and the conformal
mapping method [18]. The presence of a point of inflection on the surface curve is reflected in the velocity
hodograph region by a double pass of a part of the circumference (Figure 4, b). Accordingly, the inversion
of the complex velocity hodograph has the form shown in Figure 4, d.

a)

b)
mi2h  Z=XHY )

y w=v, +iv,
v,

w55 X
3[A% 72 axjy\,
A6
i &
1/2
y 7(), //7}1)
o
v
4 } N ¢=¢&+in
"7 5(0) /// ///
7 6 & 5 4 3
6()
77772
v W=g+iy
k(b +H,)
A alﬂsyw
k,(h+H, +y,)
1/2q,) : 7(/73
3

Figure 4. A pattern of conformal mappings for the 2" fragment of the filtration area:
a) a half of the filtration area z; b) velocity hodograph @ ; c) velocity inversion region @;
d) an auxiliary semi-plane ¢ ; e) the region of the complex potential W
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The mapping of the inversion region of velocity hodograph (@) on a semi-plane (Figure 4, c, d) is
performed by Schwarz-Christoffel formula [18, 21, 22]:

4
— gty
=C|————"—=-d{+D. 27)
¢ £(§+/3)~\/§ °

From there, after C and D constants are determined from equation (27) in section 4-3-7(~) we obtain

{F

this:

a:-

+arctg (28)
Ky B }

Mapping the region of the complex potential W on the semi-plane ¢ (Figure 4, d, e), we will have:
- in section 4-5-6:

W =q—2Arch7a_§(z_a)

; 29
2 all-¢) @9
- in section 3-4:
w=-% |arccosﬂ; (30)
27 all-¢ )
where (, — being specific filtration rate through fragment 2 slit.
Applying the obtained correlations (29) and (30) to formula (31):
soG 1 ,
aw vy —ivy ’ @)
we will find:
- in section 4-5:
. T
- '22 l: V=PS L artn ﬂ (- a)de TRLUY (32)
7%ky 3| 7-B JC-a)-(d-0)a-¢) 2
- in section 5-6:

B c

= '22 j{ e + Arcre g—”i} d-a)de ﬁ, (33)
7ky gl 7= P Vl-a)-d-9a-¢) 2

where B1 — being the width of the filtration flow rate spreading under the screen; k2 —the base soil filtration

factor.

From (32) and (33), omitting the intermediate transformations, we define the unknown coordinates
of points 5 and 6:

«/7 Arth——dt
_ 4% (arct [2=2 [ J ‘/E :
— g —arctg +m;  (34)
7%k, | ¥ =B l-a) Ji-a o A+t2)p+12

PR 3 B
o [Arch\/a Arch a(l—ﬂ)} (35)

The specific filtration rate through fragment 2 slit will be found, putting the coordinates of point 5

[¢=-8;W =k, (h +H_)]into equation (29):

yo_
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272'k2(h1+ HC)

Arch &+ PR2-2) ’ (36)
a(l+p)

where h1 — being piezometric head in the slit; Hc — base soil capillary vacuum.

dz =

Parameters ¢ and f are determined from the simultaneous equations:

w2 [
nzrgkz arctg+/A arcsinya + = j arctg( a/ﬁ'sm«p)d(p

(37)
arctg[ 1-a?sin? ]
Arthlt/ Bt
RO
M—amtg\/ﬁarccos\/} L [t (38)

4q, N £+ ”J/-Z Arctg(tggo/\/ﬁ)d(o '
arctgyp VA +1g 2

In a special case, when the forced/unforced flow mode of motion changes into forced flow and the
point 5 coincides with the point 6, we will have /3 — y — o0 Putting coordinates of point 7 (@ = —i/k, ;

¢ =1), into equation (2.28) after simple transformations, we obtain arctg\/ﬁ = 7[/2.

Then the simultaneous equations (37) and (38) will look as follows:

72'2mk2
= arcsm 39
40, 2 e @9
m(l-mk, «
———— = —alCcCos . 40
, > Vo (40)

Solving equations (39) and (40) jointly, we will find the filtration flow rate from the screen slit to infinity:

dy =kl (41)
where | — being the width of the considered fragment of the filtration area.

A similar expression (41) is given by P.Ya. Polubarinova-Kochina in her work [18] for filtration from

a channel of shallow depth to infinity, which confirms the validity of the theoretical solution obtained by the
authors.

Thus, the authors obtained exact solutions of the problems of water permeability through a slits
system for one of the filtration area fragments, including the problem of water permeability through a slit in

the screen with a protective layer of soil and the problem of water permeability through a slit of the screen
with underlying soil base.

To determine the piezometric head in the slit of the polymer screen, from the condition of continuity
of the flow, we equate the rates through fragments 1 and 2 (g, = (,) according to the approximate formulas
(17) and (36), from which we will obtain:

a+p2-a)

all+p)

ohArch| $T P2~ 4) +AR2-a)
all+p)

where 0 = kl/k2 , a and S —being parameters determined from simultaneous equations (37) and (38).

cr(h0+§o)Arch[ }—ZHC -In[4cth(zm/45,, )]

h]_:

: 42
} +2In[4cth(zm/45, )]

To calculate the piezometric head in the slit of a polymer screen with a protective layer of soil (hl),
a correlation similar to that obtained earlier in [14] can also be used:
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Lot +8,)Arch(1/ /oy —1)— H, In(1665, / zm)
oArch(l/ \Jaq —1) +In(165, / 7m)
where @7 — being a calculated parameter, defined in tabulated form by function F1 (al) [14].

(43)

On the basis of the above theoretical conclusions, the following simplified formulas can be used for
practical application to determine the total flow rate through a polymer screen with a slit system:

- with the use of correlation (17):

_zki(h,+5,-h)-T-n.

= 44
& In(4cth (7m/45,)) @
- with the use of correlation (18):
h —hy) -l -
Qf :ﬂkl( 0+50 1) S ﬂ; (45)
In(L65, /7m)
- with the use of correlation (23):
h +8 —h
Qf = ks’cr % : Fo . (46)

o

where h1 — being piezometric head in the slit of the polymer screen, determined by correlation (42) or (43);

ks'Cr — being the averaged screen filtration factor, calculated by formulas (24) or (25);

|s — being the average statistical length of the screen slit;
N — the number of geomembrane screen slits;

F, being the screen area.

3. Results and Discussion

For the purpose of the results reconciliation, we perform calculations of the water permeability of a
polymer screen of a broken continuity with a slit system using the known formulas by V.P. Nedriga and
V.V. Vedernikov, also obtained in the first case for a slits system in a film screen, and in the second case
— for a drain system on watertight stratum as well as J.P. Giroud — for geomembranes with defects in the
form of extended slits [17].

In the calculation, we use solutions for the general case, when we take into account the influence of
the underlying base with slit head hl at kz < kl, and for a special case without considering the influence

of the base at Iy =0 and k, <10k;.

Inputs for calculation: by =3.0 m, 5, =0.5m, k; =1.0m/day, k, =0.3 miday, 1=3.0m,
H,=05-hy=05-1.0=05 m, m=0.001-0.1 m, I; =10m, n=10, h =0, qu =0.21,
qu =0.52 (with qu and Cg, - being the factors of quality of a contact between the geomembrane
and the base soil with a good contact by J.P. Giroud) [23].

The total filtration rate through the slit system according to the authors' formula is calculated from
the correlations (44) and (45), and the piezometric head in the slit hl — by formula (43).

Analysis of calculation results shows that in case of considering the permeability of the underlying
base, the total filtration rate according to the formulas by the authors of the work is reduced 2.7-3.3 times.
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Table 1. The comparison of the results of calculating the total filtration flow rate through the
system of screen slits according to the known formulas

By the authors' formulas

m, m | hi, m | Authors (43), (44) V.P. Nedriga V.V. Vedernikov J.P. Giroud
Qr, m¥/ day Qr, m¥ day E,% Q,m¥day | &,% | Qimin, m¥ day E,%
0.001 221 5.17/14.02 4.53/12.28 -12.4 5.87/15.90 13.4 8.66 67.5
0.005 2.24 6.35/17.64 5.89/17.01 -7.2 7.02/19.85 10.5 12.10 90.5
0.01 2.28 6.92/19.84 6.57/18.84 -5.0 7.59/21.83 10.0 14.13 106.9
0.05 2.35 9.19/27.96 8.54/27.03 -7.1 11.35/36.12 235 20.00 117.6
0.1 2.43 10.37/33.92 9.53/31.13 -8.0 13.24/43.26 275 23.73 128.8

Note: The numerator shows the values of the total filtration rates through the slits system considering
the head in the slit Iy, and in the denominator — without considering hy (hy =0).

The reconciliation of the obtained flow values (Q;) by the authors' formulas with ones by

V.P. Nedriga, gives a variance from 5.0 to 12.4 %, and by V.V. Vedernikov’s — from 10.0 to 27.5 %, which
can be considered a satisfactory match. However, when comparing the results with the formula by

J.P. Giroud, the discrepancy with the minimum flow rate at factor qu =0.21, Q¢ reaches from 67.5 %

to 128.8 % in the whole range of possible defects (slits) in practice within m =0.001+0.1 m. At the same
time, with the maximum value of factor qu = 0.15 the rate will already increase 5 times. Such significantly
overestimated values of rates by J.P. Giroud are explained by the fact that his formula differs fundamentally
from other authors' ones in structure that can be considered experimental and theoretical, taking into
account empirical factors qu and CqOC according to field study data and various degrees at the main

design parameters m, hl, and k2. In this regard, its dependence does not comply with Darcy's law, which
is fundamental in filtration problems. In addition, different degrees in the main variables indicate a violation
of the principle of compliance with the dimension.

In contrast, in the three dependencies by the following authors: V.P. Nedriga and V.V. Vedernikov,
who give close values of rates, which are based on strict filtration theory using the Darcy's law, the results
are unquestionable and confirm each other.

Nevertheless, we believe that the assumed calculated correlations by J.P. Giroud also have their
value and can be used for they are based on a large number of field and in-situ experiments and apparently
have already been undergone extensive testing at US facilities.

Apparently, these formulas require their specification for Russian conditions according to field research
data.

To calculate the piezometric head in the slit of a polymer screen with a protective layer of soil, the
dependence obtained earlier in [14] can also be tested:

_ o(hy +8,)Arsh(1/ e, 1) - H  In(165, / am)
o - Arsh(l/ ey —1)+In(165, / am)

where 0, — being calculated parameter, defined in tabulated form by function Fy(d;) [14].

hy

(47)

For practical application, a graph was built to show the dependence of the reduced filtration flow
through the slit of the polymer screen on its width and on the thickness of the protective layer

q, = f (m,50) (Figure 5), where the reduced flow rate is understood as the correlation of the real filtration
flow, the base soil filtration factor and the screen head factor: ¢, = q/(k-H), with g, — being the reduced
filtration rate; K — soil filtration factor of protective layer or protective cover; H — the on-screen head.

The analysis of the obtained graphical dependencies shows that in the case of considering the
permeability of the underlying base, the resulted rates (|, are reduced in comparison with the curves,

Kocuuenko 10.M., Baes O.A. BomonpoHHIIaeMOCTb MOJIMMEPHOTO 9KpaHa ¢ CHCTEMOIl Ienel THAPOTeXHUIECKHX
coopyxenuii // NmxeHepHO-cTponTenbHbli xypHai. 2018. Ne 7(83). C. 148-164.

160



Magazine of Civil Engineering, No. 7, 2018

without consideration of the base, both in the thickness of the protective layer at 60 =05 m and at

0p =1.0 m approximately by 12.5 %.

001 001 4 01
without regard for the underlying base
— — — taking into account the underlying base

Figure 5. The graph of the dependence of the reduced filtration flow through the slit of the
polymer screen on its width and the thickness of the protective layer

The averaged filtration factor of the polymer screen has also been calculated by formulas (25) and
(26), with its values over a wide range of slit widths m = 0.001+ 0.1 m and their numbers n =1.0+20.0
presented in Table 2.

Table 2. The values of the averaged filtration factor of a polymer screen with a slits system
Kscr, m/s

Number of The width of the slit in the screen, m
Sl'r:s' 0.001 ‘ 0.003 ‘ 0.005 ‘ 0.01 ‘ 0.03 ‘ 0.05 ‘ 0.1
At kz 210|(1 (without considering head hl)
1 58X10° | 6.7X10%° | 7.3X10%° | 82X107 1.0X10° 12X10° 14X10°
5 2.9X10° 3.3X10° 3.6X10° 41X10° 5.0X10° 6.0X10° 7.0X10°
ig 5.8X10° 6.7X10° 7.3X10° 8.2X10° 1.0X10°% 1.2X10° 1.4X10°
% 8.7X10° 1.0X10% 1.1X10° 1.2X10° 15X10% 1.8X10° 2.1X10°
1.2X10° 1.3X10° 15X10° 1.6X10° 2.0X10° 2.4X10° 2.8X10°
At ky <10K; (considering head by )

1 20X10%° | 23X10%° | 24X107 2.6X107 31X10° | 33X10° | 3.7X107°
5 1.0X10° 1.1X10° 1.2X10° 1.3X10° 15X10° 1.6X10° 1.8X10°
ig 2.0X10° 2.3X10° 2.4X10° 2.6X10° 3.1X10° 3.3X10° 3.7X10°
0 3.0X10° 3.4X10° 3.6X10° 3.9X10° 46X10° 49X 10° 55X 109
4.0X10° 4.6X10° 4.8X10° 52X 10° 6.2X10° 6.6X 107 7.4X10°

The following data were taken into account: 55 =0.5 m, hy =3.0 m, k; =1.0 m/day, k, =0.3

m/day, I =1.0 m, Fy =400 m2, | =3.0 m.

The comparison of the values of factor Ky, at K, 210k; (without considering head hy) and

k, <10k, (considering head ;) shows that in the latter case the filtration factors are almost 3 times
reduced. Obviously, this is due to the lower permeability of the underlying soil base compared to the
protective layer (K, < Kj; 0.3 m/day < 1.0 m/day).

The reconciliation of calculated values kScr for a slits system by J.P. Giroud [23] for round holes in the

geomembrane at the same depths h =3.0 m indicates a close order of the numbers, although here we
also see that their values are overestimated as compared to our data, especially for large holes sizes.

Kosichenko, Yu.M., Baev, O.A. Water permeability of the polymer screen with a system of slits of hydraulic
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4. Conclusions

1. A filtration model of water permeability for a polymer screen through a slits system has been
developed, it includes an analytical solution of the problem by isolating standard fragments of the local
filtration area including head filtration area to the screen slit with a soil protective layer and an unforced
filtration area from the screen slit at its base.

2. As a result of the solution, the calculated correlations were obtained to determine the specific
filtration flow rate through a system of slits with their small dimensions and averaged screen filter factors.
The calculation results were compared to the formulas by V.P. Nedriga, V.V. Vedernikov, and J.P. Giroud.

3. For practical use, a graph of the change in the reduced filtration flow rate was made in its
dependence of g, = f(m, 50) as well as a table of changing the values of the averaged filtration factor.
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