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Received: 03.05.2019 Abstract.The forecast of groundwater level together with the observation network of wells
Received in revised form: 08.05.2019 are important and mandatory components of hydrogeological monitoring. The reliability
Accepted: 13.07.2019 of predictive calculations is achieved by reasonable definition of boundary conditions

(inverse hydrogeological problem), correct calculation of hydrogeological parameters
(inverse problem), and reasoned choice of methods (inductive problem). The classical forecast of the level regime of groundwater is
a direct hydrogeological problem.The calculated dependences are proposed for four variants of hydrogeological conditions in relation
to landslide-prone areas. The first and second variants are watered ravine with boundary conditions of the first and second kind.
The third option is a special case of boundary conditions of second kind “impermeable boundary”. The fourth option considers the
periodic watercourse formation in the water intervals of the time climate series. A comparative analysis of four hydrodynamic schemes
“infiltration band” in unlimited and semi-bounded layers and half-plane is performed under the same conditions to estimate the error of
schematization. Significant differences in the calculation results confirm the need for a clear choice of the design scheme. A method of
accounting for evaporation from the groundwater surface lying above the critical depth was proposed. This scientific approach allows
accurate and detailed characterization of the average monthly groundwater regime in the course of a year. Multivariate calculations
allow us to assert that the main mode — forming factor at the depth of groundwater below the critical depth is infiltration replenishment.
Evaporation is a negative component of the water balance. Its value depends on the depth of groundwater, lithological composition of
the host rocks, vegetation cover and complex climatic factors. Accounting for the evaporation of ground water in the forward estimates
is required if they lie above the critical depth. The critical depth for the territory of Dnipropetrovsk region is assumed to be 2.0 m.
At this depth of groundwater level from the earth’s surface, the evaporation rate is zero. The maximum evaporation or evaporability
corresponds to the position of groundwater at the surface of the earth. The maximum evaporation is 800 — 820 mm for Dnipropetrovsk
region.The evaporation value increases inversely with the depth of its occurrence from the surface of the earth when the rise of the
groundwater level occurs above the critical depth. The process of changes in the groundwater level in the unsteady filtration regime
is described by two-dimensional differential equations of the second order in partial derivatives of parabolic type. This equation has
analytical partial solutions for all considered variants of boundary conditions with regard to the problems of meliorative hydrogeology.
It is possible to transform correctly to hydrogeological conditions of landslide slopes using numerical forecast.Infiltration nutrition
indices were calculated by comparing the monitoring data with the values of evaporation through the soil surface.

Keywords: groundwater, forecast, level, hydrodynamic schematization.

IIporuo3 piBHEBOI0 peKMMY IiI3eMHUX BO/I 3CyBOHeOe3edyHNX TepuTopiid B /[HinponeTpoBebKii
o0Jacri

€rrpamkina ['T1.", Mokpuipka T.I1.!, Xaputono M.M.?

Tninposcokuil nayionanvnuil ynisepcumem im.Onecs Tonuapa, Juinpo, Yxpaina, mokritska@i.ua
2 JTninposcokuil 0epacasnuil azpapHo - ekoHoMmiunuil yrieepcumem, [uinpo, Yipaina

Anoranisi. [IporHo3 piBHEBOTO peXHMy IMiI3eMHHX BOJ BiINOBIAHO JaHHX CIIOCTEPEKHOI MEPEKH CBEPIIOBHH € BAXKIHMBOIO 1
000B»S3KOBOIO CKJIQJIOBOIO T1IPOTCONOTIYHOTO MOHITOPUHTY. Y KOMIUIEKCI 3 1HIIMMHU IOCHTIIKCHHAMH TaKi CIIAaHOBaHI TpUBAaJi
CIIOCTEPEKECHHS € HAyKOBUM IIAIPYHTAM €(EKTUBHUX NPUPOJTOOXOPOHHHX 3aXOAiB TiIPOreoIoriyHol cpsaMoBaHoCTi. JJ0CTOBIpHICTH
IIPOTHO3HUX PO3PAXYHKIB JOCSATAETHCS BU3HAYCHHSIM IPAHUYHHUX YMOB (3BOPOTHA T'iJIPOTre0IIorivHa 3a/1a4a), KOPEeKTHUM PO3PaxyHKOM
TiIpOTreosIoTiYHIX MapaMeTpiB (iHBepciiiHa 3a/1a4qa), OJHO3HAYHO apryMEHTOBAaHUM BHOOPOM METOIB pilleHHs (IHIyKTHBHA 3ajada).
KitacnuHuii mporHo3 piBHEBOTO PEKXMMY IiA3EMHHX BOJ BHKOHYIOTH DIIICHHAM NpsAMOi rimporeonoriuHoi 3agadi. s 40THPHOX
BapiaHTIB TiJPOTEONIOTIYHIX YMOB 3allPOIIOHOBAHI PO3PaxXyHKOBI 3aJE€KHOCTI CTOCOBHO 3CyBOHeOe3meyHuX Tepuropiid. [leprmmit
1 Ipyruil BapiaHTu - 0OBOJHEHA Oajika 3 TPAaHWYHMMH YMOBaMH MepIuoro i apyroro poay. Tpetiil BapianT mepen0Oauae okpeMuit
BUIIA/I0K IPAHUYHOI YMOBH JIPYrOro pOAy «HEHNPOHHKHUI KOHTYp». UeTBepTHil BapiaHT pO3IIIsac MepiofnuHe yTBOPEHHS BOAOTOKY
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y BOJHI IHTEpBaJIM YacOBOrO KJIIMAaTHYHOIo psay. st OuiHKM MOXMOKM cxeMaTu3allii BUKOHAHMIT MOPIBHSUIBHUI aHali3 4OTHPHOX
T1IPOANHAMIYHHX CXeM («cMyTa iH(IIBTpanii» B HeOOMeKeHOMY 1 HaBMIBOMEXXCHOMY IIIACTaX Ta HAaBITIBILIOIIMHI B ITUX XK€ YMOBAX).
CyTTeBi po30KHOCTI Pe3yNbTaTiB pPO3pPaxXyHKIB MiATBEPIKYIOTh HEOOXITHICTH OJHO3HAUYHOTO BHOOPY PO3PAXyHKOBOI CXEMHU.
3anpomnoHoBaHa METOIMKA OOJIIKY BHIIAPOBYBAHHS 3 IIOBEPXHI IPYHTOBUX BOJ, IO 3aJISTAOTh BHUIIE KPUTHYHOT nOuHU. L MmeToanka
JI03BOJIIE OXapaKTEPHU3YBATH CEPEIHbOPIYHMI PEXKUM MiJ[3eMHUX BOJ i MPOTATOM pOKy. bararoBapiaHTHI po3paxyHKH J03BOJISIOTH
CTBEP/KYBATH, L0 TOJOBHUI PEKUMOYTBOPIOIOUM (paKTOp MpU [MOMHI 3aJsiraHHs! MiI3eMHUX BOJ HIKYE KPUTHYHOT INIMOUHU Lie
iHQinsTpariliHe KUBICHHS. BUIApoByBAHHS € HETaTHBHOK CKIAIOBOK) BOAHOIO GanaHcy. Moro BemHuMHA 3a1€KUTh Bi DIHOHHE
3aJIATaHHs Mi[3MHUX BOJI, JTITOJIOTIYHOTO CKJIa ly BMIIIyFOUMX IOPiJI, POCINHHOTO TOKPHUBY 1 KOMILIEKCY KJIIMATHIHUX (akTopiB. Ko
IPYHTOBI BOJM 3aJITAI0Th BUILE KPUTHYHOT NIMOWHH, TO 00K X BUIIAPOBYBAHHS IIPH IIPOTHO3HHUX PO3paxyHKax € 000B’sI3KOBUM. J[ist
TepuTopii micta Jninpo i JHimponeTpoBchKoi 00macTi el BaXKIMBUIA MapaMeTp B HAIIMX po3paxyHKax crtaHoBus 2,0 - 2,2 m. [lpu
TaKii IMOMHI 3ajsraHHs PiBHS IPYHTOBUX BOJ Bijl IOBEPXHi 3eMJIi BUTpaTa iX Ha BUIIApPOBYBAHHS JOPIBHIOE HYIO. MakcumasibHe
BHIIapOBYBaHHsI ab0 BHIIAPOBYBAHICTh BiJIOBiJa€ 1X 3HIKCHHIO OLIS MOBEPXHI 3eMili i U perioHy cepemnboro IIpuaHinmpos’s
cranoButh 800 - 820MmM 3a pik. Ponb BHIIapoByBaHHS 3pocTac 0OEpHEHO MPONOPLIIfHO MIMOMHI IX 3ajsraHHs BiJ MOBEPXHI 3eMili,
KOJU MiHOM piBHS IPYHTOBHX BOJ BiJOyBAa€THCS IPH IX 3aATaHHI BHINE KPUTHYHOI mHOMHU. [Ipomec 3MiHM piBHS IPYHTOBUX BOJ
B HECTAIlIOHAPHOMY PEKUMI (PUIBTpaLlil OMMUCYETHCS TBOBUMIPHUMH T (EpeHIiaTbHIMHI PIBHIHHAMH JPYTOTO TIOPSIKY B YaCTKOBHX
MOX1THUX MapaboniqyHoro Tiy. JlaHe piBHSIHHSA Ma€ aHATITUYHI YaCTKOBI PIILICHHS JJIS BCIX PO3IIIHYTHUX BapiaHTIB IPaHUYHHUX YMOB
CTOCOBHO JI0 3aBJiaHb MEJIIOpaTHBHOI rigporeosnorii. MOXINBUM € KOPEKTHE MEPETBOPEHHS y TiPOreooridHi yMOBH 3CyBHHUX CXMIIIB
3 BUKOPHCTAHHSIM YHCEJILHOTO NPOrHO3y. [TopiBHAIBHUN aHANi3 PO3PaXyHKOBUX CXEM, XapaKTepPHHUX IS 3CYBHHX IIPOILECIB MicTa
JHinpa, noka3ye iCTOTHI po30KHOCTI B pe3yibraTrax po3paxyHKiB. ToMy IOCTOBIpHICTB pe3ysbTaTiB IPOTHO3HUX 3aBIaHb iCTOTHO
3aJICKUTh BiJl OJHO3HAYHOTO OOTPYHTOBAHOTO BHOOpY MPOEKTHOI cxeMH. [HIeKcH iHQLIBTPaiiiHOrO KUBICHHS PO3PaXOBYBAIHCS
LIUIIXOM TTOPIiBHSHHS JAHUX MOHITOPUHTY 31 3HAYCHHSIMH BHIIAPOBYBAHHS YePE3 MOBEPXHIO IPYHTY.

Knrouoei cnosa: rpynmosi 600u, npoeHos, pieeHs, 2IOpOOUHAMIUHA CXeMAMU3ayis

Introduction. Groundwater is basically a dynamic
resource that may be expressed as the quantity of
water measured by the difference between optimum
and minimum water table within the aquifer
(Jannat et al, 2014). Groundwater recharge includes
atmospheric, surface and underground components of
the water balance and depends on both climatic and
anthropogenic factors (Herrera-Pantoja and Hiscock,
2008; Holman et al., 2009; Jyrkama and Sykes, 2007).
Various studies have employed different methods
to estimate groundwater recharge including tracer
methods, water table fluctuation methods, lysimeter
methods and simple water balance techniques (Mohan
et al., 2018). The number of studies related to the
assessment of hydrogeological risks in the catchment
areas of rivers is increasing in many countries (Kalf,
and Woolley, 2005; Yihdego and Webb. 2015, Yihdego
and Webb, 2016).

Often predictions and operation assessment
using numerical models proceed without making
an adequate conceptual groundwater balance model
(Yihdego and Khalil, 2017). Landslides are one of the
most common and dangerous natural phenomena in
areas with rugged relief, including gullies and ravines.
It is very difficult to predict landslides because of the
complex mechanisms that affect their activation.

Therefore, research on landslide prevention
and mitigation mainly focuses on the distribution
forecasting of unstable slopes that are prone to
landslides in specific regions and under multiple
external forces (Zeng et al, 2017). The prediction
of the spatial distribution of unstable slopes, termed
landslide susceptibility zonation, is important in

assistance with government land-use planning and in
reducing unnecessary loss of life and property.

The relationships between rainfall, hydrology
and landslide movement are often difficult to establish
(Malet et al, 2005). In this context, ground-water
flow analyses and dynamic modelling can help to
clarify these complex relations, simulate the landslide
hydrological behaviour in real or hypothetical
situations, and help to forecast future scenarios based
on environmental change. Slow-moving landslides
show complex mechanical and fluid interactions (Van
Asch et al, 2009). Parameterization of hydrological
and geomechanical factors by field and laboratory tests
to describe the movement pattern of these landslides
is difficult. The complete assessment of landslide
susceptibility needs uniformly distributed detailed
information on the territory (Sdao et al., 2013). This
information is often fragmented, heterogeneous
and related to the temporal occurrence of landslide
phenomena and their causes.

The main goal of our research was to conduct a
comparative analysis of the design schemes typical
for landslide processes in Dnipro city.

Materials and methods. Four types of landslide
slopes in Dnipropetrovsk region were identified
taking into account the prevailing hydro-geological
conditions conditions (Yevgrashkina et al, 2017;
Yevgrashkina et al, 2018). First variant of hydro-
geological conditions of landslide slope: ravine, pond
and watercourse are the first kind boundaries (Fig.1).
The second type: ravine, pond and watercourse are
the second kind boundaries (Fig.2).
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Fig. 1. First variant of hydrogeological conditions of landslide slope
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Fig. 2. Second variant of hydrogeological conditions of landslide slope

There is no water flow in the ravine (Fig.3). Two
options are considered here.

The centre of the ravine with reasonable
assumptions can be considered as a boundary of the
II kind with a homogeneous structure of the aquifer
(Fig.3a). In this case, the underground flow does not
go up, but is combined with the flow from the opposite
slope. As a result, they together change the direction
under the bottom of the ravine to perpendicular r.

The second option (3b): the opposite slope is
composed of weakly permeable rocks. This is a classic
example of a particular case of boundary conditions of
type I “impermeable boundary”. The flow rate in this
direction is equal to zero.The watercourse in the ravine

"'a)."

occurs periodically in years with high rainfall. In this
case, the forecast problem is solved by time intervals
reflecting changes in hydro-geological conditions.
A detailed characterization of infiltration feed and
monthly evaporation is necessary as initial data to
calculate the negative component of groundwater
water balance — their evaporation rate, if they lie above
the critical depth.

Results. The process of change in the level of
groundwater in the unsteady filtration regime is
described by two-dimensional differential equations
of the second order in partial derivatives of parabolic
type (Bochever et al, 1969):

TITI7 7777 7777777777

Fig.3.Third variant of hydrogeological conditions of landslide slope

(a) homogeneous structure of the aquifer; b) impenetrable opposite slope
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where
h
X, ¥ distance from the aquiclude to the surface, m;
& — spatial coordinates of the calculated points, m;
T — infiltration feed, m/day
a — water supply, m%day;
¢t — level conductivity, m*day;
the temporal coordinate, the time of the
forecast, day.

This equation has analytical partial solutions
for all considered variants of boundary conditions
(Rudakov and Andreyeva, 1970; Yevgrashkina and
Andreyeva, 1973). It is possible to transform to
hydro-geological conditions of landslide slopes cor-
rectly using numerical prediction. Two computational
schemes are applicable for the first variant of bound-
ary conditions (Fig.1). The first scheme - the infiltra-

b,

. :-: Y:O '_.'..::_

computational scheme “infiltration band in a semi-
bounded layer” (Fig.4b) has the following form:

2 =28 Perfes’ —2ierfes +iterfen’ ), ()
7,

_x=b-2

_2\/E’§

X i X+b-2

_2«/a-t’77 - 2a-t ’

i

fﬁ

The following designations are accepted in
equation (2):
7 —
the value of groundwater level rise above its initial
M — position, m;
the coefficient of hydrocapacity, share units;
i’erfc — tabulated function.
Analytical equation solution (1) has the form for the
calculation scheme «half-plane infiltration in a semi-

b,

fa— b1—>
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Fig.4. The block diagram, the band of infiltration in the semi- bounded layer

a —hydro - geological section; b - scheme of the section bl * 0; b2 # 0 ;c - the scheme of the section bl = 0; b2 #0

tion band in the semi - bounded layer will be legiti-
mate if the ravine is parallel to the next one. This does
not mean necessarily that the ravine is watered. The
width of the infiltration strip is equal to the distance
from the water edge in the watercourse to the highest
point of the watershed (Fig.4).

Application of the scheme “half-plane infiltration
in a semi-bounded formation” in the modification
b,=0 is appropriate if there is no parallel ravine, as in
the previous scheme (Fig.5).

Variety of schemeb, # Qin the study area is
absent. Analytical solution of equation (1) for the

bounded layer»:
z=22105-2%rfcE"), (3)
Y7,

Analytical solutions (2) and (3) correspond to the
hydrogeological conditions shown in Figure 1.

Two design schemes in Figure.6 can be applied
to the hydrogeological conditions shown in Figure 2
above.

The first design scheme-“band infiltration in an
unlimited reservoir” (Fig.6a)
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Fig.5. Computational hydrodynamic scheme “ half-plane infiltration in a semi-bounded layer»
a- bl # 0 ; b-section diagram bl =0;

E-t 2 .2 x_b
z=2—/\i"erfc§, —ierfen, ) &, = ——;

x+b
=@
7 24a-t

The second design scheme is “half-plane in an
unbounded layer” (Fig.6b).

g't .2 X+b
z=2—-I\1-2ierfc = ;
H ( fflﬂ 2+Ja-t

)

Two calculation schemes with boundary of
I kind of “tight circuit” for the hydrogeological
conditions are presented in Fig. 3. The scheme of the
“strip infiltration in the bounded aquifer” (Fig.4 c) can
be represented by the equation:

z= 2ﬂ(izeﬂc§ﬁ —ierfcn’ l (6)
U

The calculated dependence (5) is valid for the
scheme “half-plane in an unbounded aquifer” (Fig.5c¢).
A comparative analysis of the calculation schemes
typical for landslide processes of Dnieper city shows
significant discrepancies in the results of calculations.
Therefore, the reliability of the results of predictive
problems significantly depends on the unambiguous
reasonable choice of the design scheme.

It is known that evaporation gradually increases
from the critical depth to the earth’s surface. In our
case, the evaporation from the groundwater level was
calculated by the formula (Aver’yanov, 1978):

E=E,(1-—)",

Z

(7
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where E —evaporation from groundwater level, mm;

E, —evaporation, mm;
Z — depth of groundwater level from the ground sur-

face, m;

Z, — critical depth, m
n — an exponent that depends on the above factors.

n is taken to be 1-3 for the conditions of the
Dnipropetrovsk region. The practical calculation is
performed in three variants n =1, 2, 3 and the average
value n = 2 is preferred more often. We will take
groundwater evaporation into account when their
level reaches a critical depth. In this case, we subtract
the value from the infiltration feed in the calculated
dependences (2) - (5).The dependence (5) takes the
form:

22T opege) )
7,

All the rest is likewise. The rise of the groundwater
level will stop at € =u,z =0 The point depth is
calculated from the surface of the earth. In this case,
the condition E = ¢ is fulfilled: in each case, we find
from the solution (7) with respect to Z .

Z:(l_ﬁ)zk :(1_\/30)21{(9)

The territory of Dnipro city is dissected by
several ravines. Hydrogeological conditions of the
“Evpatoriyska” ravine were considered as an example.
“ Evpatoriyska “ ravine is located in the southern part
of Dnipro city within the watershed slope of the Right
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Fig.6. Band infiltration and half-plane infiltration in an unbounded layer a) band
infiltration; b) half-plane

Bank of the Dnieper River. The average annual value
of infiltration replenishment according to the results
of treatment of regime observations is m/day or 6.2
mm / year.Substitute in the formula (9) the original
data as follows:

e =062mm/ year; E, = 800mm/ year; z, =2,0m; n=2,

z= 1—6’2 2=197m
800

Following the calculations, the rise of groundwa-
ter level in long-term incision in this area will cease
when the depth of its occurrence from the ground
surface is 1.97 m with account of evaporation. How-
ever, seasonal variations are possible. Large values of
groundwater level rise are possible during the period
when the maximum amount of precipitation falls with
minimal evaporation. The average annual value of in-
filtration replenishment in February reaches a maxi-
mum value of 8.37mm with evaporation of 10.3 mm
(Table.1).

Enter this data in the formula (9):

=l 1= L2z 0om,
10,3

According to the calculation it, follows that the

groundwater level in February may be at a depth of
0.2 m from the earth’s surface.
Discussion. Evaporation is a negative component
of the water balance. Its value depends on the depth
of groundwater, lithological composition of the host
rocks, vegetation cover and complex climatic factors.
Accounting for the evaporation of ground waters in
the forward estimates is required if they lie above the
critical depth. The critical depth for the territory of
Dnipropetrovsk region is assumed to be 2.0 m.

At this depth of groundwater level from the
earth’s surface, the evaporation rate is zero. The
maximum evaporation or evaporability corresponds to
the position of groundwater at the surface of the earth.
The maximum evaporation for the Dnipropetrovsk
region is 800 — 820mm (Yevgrashkina et al, 2018).

Evaporation gradually increases from the
critical depth to the earth’s surface. This parameter
is determined experimentally in lysimeters or by
calculated dependences. Currently, standard methods
for assessing infiltration nutrition at the regional level
most often include a long-term assessment of soil
moisture (Jannat et al., 2014).

This approach is used to estimate surface runoff,
evapotranspiration, and recharge in the unsaturated
zone. Another approach is used when water is
discharged from the atmosphere to the surface of the
earth.

Meanwhile, most of the precipitation passes
through the surface of the earth and enters the
unsaturated zone, while precipitation that does not
penetrate forms surface runoff and flows into the river
network (Yeh et al, 2007). Water in the unsaturated
zone vertically seeps into the deeper soil layers under
the influence of gravity.

Uncertainty in the calculation of infiltration
supply and discharge of groundwater seriously
hampers the development and implementation of
effective environmental policies for groundwater
management. Further studies on the hydrology of
landslides should therefore be carried out on the basis
of the various databases.

Conclusion. The substantiated definition of infiltra-
tion feed is the main factor in the reliability of the
predicted calculation at the depth of occurrence of
groundwater level below the critical depth. The role
of evaporation increases inversely with their depth, if
the rise of groundwaters exceeds their critical depth.
The stabilization of the level corresponds to the depth
of its occurrence of ground waters of 1.84 m without
taking into account additional sources of technogenic
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Table 1. Evaporation and infiltration replenishment of the territory of Dnipro city during one year

Balance Balance sheet items by month
elements mm mm
1 2 3 4 5 6 7 8 9 10 1 12 year
Evaporation | 8.86 |10.3 |22.5 |552 |93.8 | 1343 178.5 150.9 |93.8 43.1 | 174 11.0 819.75
Infiltration 3.69 | 837 |4.44 |1.14 |09 1.14 -216 -2.01 -0.69 0.45 |2.07 1.77 +23.97
m/cyT 10°
Evaporation | 0.27 [ 034 |0.75 | 1.84 |3.13 |4.48 5.95 5.13 3.13 1.44 10.58 0.37
Infiltration 123 |279 | 148 |38 |3.0 |38 -7.2 -6.7 -2.3 1.5 |69 59
influence, including emergency situations. A landslides with a spatially distributed hydrologi-

significant error in the results of the forecast is proved
by calculations due to insufficiently substantiated
schematization of boundary conditions. Separate
periods of the year are characterized by significant
rise in groundwater level (up to 0.2 m from the surface
of the earth).
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