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MATHEMATICAL MODELING OF CURTAIN
GROUTING PARAMETERS FOR THE

ROADWAYS FLOODING PREVENTION

O6’ckmom docuiomcenns € npoyec NiomonieHns 00PONCHLOZ0 NOLOMHA 6 30HI GNIAUBY 3POULYEALLHUX NOJIE.

O0num 3 nHatlbinvuL NPOOIEMHUX MICUD € BNAUE MAKUX MEXHOZEHHUX (PAKMOPIe HA PiBeHb TPYHMOBUX 600, SK
3POUYBALIL NOLSL A ABMOULLSX, U0 NePeBaANCaioms npupooui gaxmopu. Haomipnuil emicm 6002u 3HUNCYE He-
cyuy 30amuicmo rpyHmy, w0 npuU3coouUms 00 NPUCKOPEHO20 PYUHYBANHSL | YKOPOUEHHsL MePMiny ciyicou dopozil.
Y maxux sunadxax dis dopozu 3 npobremamu 60006i0eedenis nompiono Giivul YACMULL PeMOHM i 6I0HOGLCHMNS,
Hidie mil, Ha sKiil 6000sideedens pynuxuionye nopmaivio. Tomy sumpamu na e1AUMYBAHHS NOKPUMMSL He0O-
XI010 nopienIosamu 3 sumpamamii Ha NiIOMPUMKY 60006i0sedenns. /s sbepedxcenns dopiz ma nonepeoxcenns ix
niomonJienis HeoOXiOHUIl NOCMILIHULL KOHMPOLb 34 CMANHOM PieHie rpynmosux 600 (PI'B) ma npoezios 020 3min.

B x00i docnidvicernis 6uKopucmosysaiucs Mamemamuuni memoou (anarimuune po3e’ a3anms oudepenuianvnux
piensanv Qirempauii i3 sanyuennsm komn lomepnoi npozpamu Maple) 0ns mamemamuunozo Mooer06aNHs NAPa-
mempie npomuditompayiinoi sasicu. A maxox memoou eKoi0z20-eKoOHOMIUHOT OUIHKU MaA NOPIBHANLHOZ0 AHANI3Y
0nst eusnauenms eazomux (paxmopis enausy na PI'B ma enauey PI'B na 0oskiins.

3anpononosano inxcenepnuil 3axio 08 3axXUCmy O00PONCHLOZO NOJOMHA 610 WKIOAUBOL Oif IPYHMOBUX 600,
wo nepedbauac 6CmManosieHns NPomMupiibmpayitinoi saeicu 63006x asmounsxy. IIposedene mamemamuune
MOOeNI0BANHS NAPAMEMPIE NPOMUPIILMPAUITHUX 3A6iC, SKe 00360IUMD eDEKMUBHO BUKOPUCIIOBYBAMU NPOMIL-
Qinvmpauiini sasicu 6 6opomvoi 3 NIOMONIEHHIAM.

3 piensnns pyxy piokozo cepedosuwa Iony6apinosoi- Kouinoi, 6yio ompumarno piensamuns Jionioi, sxe euxopu-
cmano 0s piulenis Cmayionaphoi 3a0aui UsHauens eumpamu 600u Kpisb npomudirompauitiny 3asicy. Jani 6y.io
P036’43aH0 CMAYionapny 3a0auy SUSHAUEHNH GUMPAmMU 600U Kpidv npomudirvmpayiiny sasicy. Bcmanoeaeno,
wo BUKOPUCMAHH NPOMUGiLompayitinoi 3asicu € epexmusnum nagimv npu maxux napamempax: Ky <0,7 m/0006,
npu Ginvwiil doexcuNi ma MeHuwomy 3azaubienni camoi sagicu. Ompumani poPaAxXyHKU napamempie 003601my
BUKOPUCTNOBYBAMU NPOMUDLIGMPAUITIHI 36ICU 8 PISHUX 2a1Y35X 0L 3AXUCTY 610 NIOMONACHHA PISHOMAHIMHUX
z2ocnodapcokux 00 ’exmis.

Kmovosi cnosa: 72i0monienis asmounsxie, 3pouysaivii nois, Koepiyienm Qirvmpayii, Mamemamuuna mooeiv
napamempis npomu@irompayiunux 3asic.

1. Introduction

When constructing roads, special attention of project
developers is paid to the traffic safety. The construction
of roads and their maintenance in a satisfactory working
condition takes a lot of effort, time and funding. In Ukraine,

the problem of off-road is accepted to decide when traffic
is no longer possible, especially with regard to inter-city
traffic. Almost all regional roads become unsuitable for
travel, especially those that lead to remote and mountain
villages, where the road is the only thing that connects
these settlements with the regional center. The road industry
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is financed on a residual basis. The problem of off-road in
Ukraine has long been no news for anyone and everyone
is used to the fact that the roads go every spring along
with snow. In addition to natural factors affecting the
sustainability of roads, there are factors of anthropogenic
origin, in particular flooding, caused by the disturbance
of the water balance of groundwater through irrigation

destruction and shortening of the road life. In such cases,
the road with drainage problems requires more frequent
repair and restoration than the one on which the drain-
age system is functioning normally. Therefore, the cost of
the device coverage should be compared with the cost of
supporting wastewater.

of fields located along roads. Y
Therefore, it is important to solve the problem of ground- Derhachi  Lisne
water drainage and surface run-off from roads. Road lanes e, e S0
that extend along irrigation fields are prone to local flooding Binswariu
and require special attention. Kharkiv
CrabotiR Xapkis
2. The ohject of research “mm
and its technological audit o b bl \
The object of research is the roadway flooding process hﬁ";f;;fa -
in the zone of irrigation fields influence. Y
The paper considers a section of the R51 motorway, Jiiolsha o
which runs near the Gomolsha Forests National Natural Boaonara 3miin
Park (Zmiiv district, Kharkiv region, Ukraine), which unites \ _
such villages as Paseki and Zapadnia. The well, in which E%Tm'{fonnsaﬁ' Slobozhanske
the groundwater level (GWL) was measured, is located ot Okhoche Barkji SpCroeguPcere
50-80 m from this section of the road. ika o e Donetsy)
NoHeub

Motorway R-51 is regional road of Ukraine, Merefa —
Pavlograd. It passes through the territory of Kharkiv and
Zmiiv, Pervomaisk, Lozova districts of the Kharkiv region
and Yurivka, Pavlograd districts of the Dnipropetrovsk region.
The geographical location of the research object has been
presented in Fig. 1. The well in which the GWL monitoring
was conducted near the road has been shown in Fig. 2.

The well in which the GWL was measured, has the
coordinates: 49°54’24”N, 36°18’16”E. The measurements
were taken by the Kharkiv complex geological expedition
from 2006 to 2015 (Table 1) according to [1].

From the graph in Fig. 3 it can be seen that the depth
of the groundwater occurrence at the research site does
not always correlate with the precipitation amount. This
can be explained by the effect of additional technogenic

Fig. 1. Geographical location of the research object
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load from the impact of the road and irrigation fields on ® GWL 0,73-0,82 Tl A
annual changes in groundwater levels. Zapisiia Byebion
Thus, technogenic factors of influence on this site are Janzne BHixy
dominated by natural ones, which are caused by the in-
fluence of irrigation fields and roads on the change in the e
Byshkyn

groundwater level [2]. Excess moisture content reduces the
carrying capacity of the soil, which leads to accelerated

Fig. 2. The groundwater level monitoring well

Tabhle 1
Groundwater level at the control point
Monthly mean values of groundwater levels (according to urgent observations) The average annual
Year Months values of groundwater
1 2 3 4 5 B 7 8 9 0 | 11 | 12 levels, Ay, m
2006 0.8 0.75 0.63 0.82 0.82 0.81 0.88 0.93 0.88 0.78 0.8 0.78 0.81
2007 0.78 0.73 0.56 0.80 0.80 0.79 0.88 0.89 0.85 0.78 0.82 0.8 0.78
2008 0.82 0.74 0.42 0.35 0.33 0.72 0.95 1.06 0.93 0.80 0.84 0.80 0.73
2009 0.82 0.65 0.39 0.74 0.65 0.69 0.94 0.96 0.93 0.89 0.72 0.78 0.78
2010 0.8 0.81 0.82 0.67 0.82 0.96 1.06 0.97 0.95 0.75 0.84 0.67 0.82
2011 0.75 0.72 0.68 0.65 0.75 0.79 0.87 0.92 0.98 0.89 0.85 0.79 0.78
2012 0.76 0.71 1.14 0.99 0.98 0.99 0.96 1.03 1.02 0.93 0.81 0.83 0.93
2013 0.81 0.77 0.88 0.93 0.95 0.96 0.95 0.97 0.98 0.87 0.75 0.76 0.88
2014 0.78 0.88 1.05 0.97 0.96 0.98 0.96 1.02 1.01 0.95 0.91 0.87 0.95
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Fig. 3. Average values of the groundwater level depth and the precipitation
amount of over the study period from 2006 to 2014

In Ukraine, repair and maintenance of roads is carried
out in accordance with the document «P-G.1-218-113: 2009.
Technical rules for the repair and maintenance of public
roads in Ukraine» [3]. But there is no special document
on strengthening roadsides of roads, which should contain
rules and guidelines for strengthening roadsides and diver-
sion of water in Ukraine. Only the document from 1980 is
used: «BSN 39-79. Technical guidelines for strengthening
roadsides of highways» [4]. For example, in Russia there
is «<ODN 218.3.039-2003. Strengthening the roadsides of
highways» [5].

3. The aim and ohjectives of research

The aim of research is prevention of flooding of roads
by installing curtain grouting. To achieve this aim it is
necessary to perform the following tasks:

1. To substantiate the effect of technogenic factors on
the change in the groundwater level.

2. To offer an engineering measure to protect the road-
way from the harmful effects of groundwater.

4. Research of existing solutions
of the prohlem

In [6] an inventory of flooding resulting from the construc-
tion of roads has been carried out. The problem of flooding is
considered only by the human impact of roads on the flooding
development. But the influence of flooding on road stability,
and the effect of irrigation fields near highways on changes in
groundwater levels has not been considered. That is, the issue
has not been considered comprehensively and number of im-
portant technogenic factors have not been taken into account.

The author of [7] gives options for the use of cur-
tain grouting in cities, both to protect against flooding
of individual sites, buildings and structures, and for the
construction of supporting and enclosing structures and
foundations. The author focuses only on one type of curtain
grouting — reinforced concrete, to protect metro stations
from the groundwater action. However, curtain grouting
with excellent parameters has not been considered.

The results of the comprehensive study of the microstruc-
ture and filtration intensity of curtain grouting have been
highlighted in [8]. However, there is an unresolved question
of the length and depth of the curtain grouting immersion.

The authors of [9] investigate the curtain grouting
effectiveness to protect the dam foundation. Studies have
been conducted for a limited number of options for the

choice of materials for curtain grouting, which limits the
use of curtain grouting.

The concept of «composite wall> as curtain grouting
using clay and concrete as the main components of the
curtain, has been presented in [10]. But the authors pro-
vide a detailed justification of the parameters of only two
types of curtain grouting: clay and concrete, and suggest
using curtains in cramped conditions.

The existing filtration calculations methods with low
power of groundwater flows and at the beginning of non-
watered soils [11, 12] do not cover all important cases of
flooding and drainage. For example, previously the exact
solution was not known for radial spreading over the wa-
ter resistance in non-irrigated soils, as well as other cases.

The latest publications on surface watering and low-
power groundwater flows [13] contain solutions within
the framework of the linearized hydraulic filtration theory.
And they are private in nature with idealized statements
about infinitely distant boundaries of influence, that is,
with fairly approximate solutions.

The publications review [14, 15] shows that the exis-
ting methodology for predicting flooding and drainage
from different authors actually does not take into account
the influence of structures and construction technologies.

At the same time, new and original designs of fortifica-
tions are appeared, including prefabricated trellised, flexible
asphalt and reinforced concrete, with the use of geotextiles,
geocontainers and number of others. The generalization begin-
ning of fortifications various types have been laid in [16, 17].
However, a scientifically based solution to this issue in the
development and improvement of new designs is associated
with the need to form the theoretical and conceptual foun-
dations for the fortifications design. The beginning of the
development of such bases belongs to the author of [13].

Thus, the results of literary analysis allow to conclude
that the curtain grouting implementation can have a wider
range of uses, due to the simulation of their parameters.

5. Methods of research

Mathematical methods were used (analytical solution of
differential filtration equations involving the Maple com-
puter program) for mathematical modeling of the curtain
grouting parameters. As well as methods of environmental
and economic assessment and comparative analysis to de-
termine significant factors influencing the GWL and the
impact of GWL on the environment.

The curtain grouting arrangement (Fig. 4) along the
road to protect the roadway from the harmful effects of
groundwater has been proposed.

It has been solved stationary problem of determining
the water flow through curtain grouting.

The resulting formulas for the sequential calculation
of the heads on the curtain walls:
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where Hy and H3 — heads on the curtain walls, m; H; and
H; — heads without curtain, m; Ly — curtain length, m;
Ly, Ly — distance to the curtain, m; K, — curtain filtra-
tion coefficient; K — soil filtration coefficient. H, is first
determined and then Hs.

At K;>0.3 m/day, the curtain grouting efficiency is
significantly reduced, while its depth becomes an insig-
nificant parameter.

2. In the second version of the calculations, the length
of the curtain is extended to 10 m (Fig. 6) at Li=1;
Ly=0.1; L3=1; H;=10; H,=1.

Thus, Fig. 6 shows that the longer

Water level the curtain is, the less it needs to be

Landslide

deepened. The dependence of the curtain
depth on its length is studied in direct
proportion.

Fig. 7 shows rate graphs with and
without curtain.

From Fig. 7 it is possible to see that

T . | o
----- H;
i Sandy loam
Ls Lol I,

the curtain is effective at Ky < 0.1 m/day.
Fig. 8 shows the case when the curtain

Fig. 4. Diagram of the cross section of the soil mound of reclaimed territories:
1 — curtain grouting; 2 — depression curve without a curtain; 3 — the same with a curtain

Next is the flow rate by Dupuit:
a) through the curtain:

K. -(H} - H3)

Q=" ®)
where Q — filtration flow rate, m?3/s.
b) through the mound without a curtain:
K-(H-H}
_ K=Y W
2L+ L+ Ly)

Thus, the stationary problem of determining the water
flow through the curtain grouting has been solved.

To simulate the effectiveness of establishing curtain
grouting, formulas have been obtained for calculating the
curtain grouting depth and its effect on filtration rate by
Dupuit and on the height of the seepage section.

6. Research results

The depth of the curtain grouting has been investigated
for various parameters (Fig. 5):

1. For different filtration coefficients K;=0.1; 0.2; 0.3
L1=L2:L3: 1; H1= 1, H4:10.

H, m
5_

0 01020304 05 0.6 0.7 0.8 09 1.0
Ks, m/day

Fig. 5. Depth of curtain grouting at different filtration coefficients:
H — curtain depth, m; K; — filtration coefficient, m/day

length is increased to 10 m.

From Fig. 8 it is possible to see that
even at K;<0.7 m/day and the extended
curtain length, its use is effective.

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1.0
Ks, m/day

Fig. 6. Depth of curtain grouting
at different filtration coefficients and length:
H — curtain depth, m; K — filtration coefficient, m/day;
1 — the original version of the calculation (Fig. 5);
2 — extended curtain length

Q, m’s 1.6

Nt

1.4

1.2

1.0,

0.8

0.6,

0 010203040506 0.7 08 09 1.0
Kt, m/day

Fig. 7. Rate graphs with and without curtain:
] — water rate, m%/s; K; — filtration coefficient, m/day;
1 — water rate with a curtain; 2 — water rate
without a curtain

;28
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Fig. 8. Rate graphs with and without curtain with
a curtain length L=10 m: {J — water rate, m%/s;
By — filtration coefficient, m/day; 1 — water rate with a curtain;
2 — water rate without a curtain

From the Polubarinova-Kochina equation of the li-
quid medium motion [11], the Dupuit equation has been
obtained, which was used to solve the stationary problem
of determining the water flow rate through the curtain
grouting. Further, according to formulas (1)—(4) [18], the
stationary problem of determining the water flow through
the curtain grouting has been solved. It has been estab-
lished that the curtain grouting implementation is effective
even at K;<0.7 m/day, and with a greater length and
a smaller deepening of the curtain itself.

7. SWOT analysis of research resulis

Strengths. The effect of the additional technogenic load
from the impact of the road and irrigation fields on the
annual changes in groundwater levels has been substantiated.
An arrangement of curtain grouting along the road to protect
the roadway from the harmful effects of groundwater has
been proposed. It has been solved the stationary problem of
determining the flow rate through the curtain grouting and
the parameters of curtain grouting to prevent roads flooding.
This will allow to use the curtain grouting in various in-
dustries to protect against flooding of various objects.

Weaknesses. Calculations on the model show that the
use of curtain grouting affects, but not very intensively
on the filtration flow decrease.

Opportunities. Local use of curtain grouting is also pos-
sible to protect construction sites from the groundwater
harmful effects in built-up areas.

A more effective means of preserving roads may be
the arrangement of drainage in the lower part of the road
embankment. This event will ensure complete intercep-
tion of the filtration flow with the elimination of seepage
areas and landslides.

Threats. The construction of roads and their mainte-
nance in the satisfactory working condition takes a lot
of effort, time and funding. In Ukraine, the problem of
off-road is accepted to decide when traffic is no longer
possible, especially with regard to inter-city traffic. Almost
all regional roads become unsuitable for travel, especially
those that lead to remote and mountain villages, where
the road is the only thing that connects these settlements

with the regional center. The road industry is financed
according to the residual principle and there is usually
not enough money for expensive research and forecasting
changes in the groundwater level. To preserve the roads
and prevent their flooding, constant monitoring of the
state of the groundwater table, water bodies, irrigation
fields and economic objects near roads and a forecast of
their changes are necessary [19, 20].

1. It has been revealed that the groundwater depth
of the occurrence at the research site does not always
correlate with the amount of precipitation. In particular,
in the period from 2011 to 2014, GWL is reduced by
0.2 m, and then increases by 0.1 m, while the amount of
precipitation remained unchanged. This can be explained
by the effect of additional technogenic load from the im-
pact of the road and irrigation fields on annual changes
in groundwater levels. That is, technogenic factors of in-
fluence on this site are dominated by natural ones.

2. An engineering measure has been proposed to protect
the pavement from the harmful effects of groundwater,
providing for the installation of curtain grouting along the
road. The mathematical modeling of the curtain grouting
parameters has been carried out, which will make it pos-
sible to effectively use the curtain grouting in the fight
against flooding.

From the Polubarinova-Kochina equation of the liquid
medium motion [11], the Dupuit equation has been obtained,
which was used to solve the stationary problem of deter-
mining the flow water rate through the curtain grouting.
Further, according to [18], the stationary problem of de-
termining the water flow through the curtain grouting has
been solved. It is established that the use of curtain grouting
is effective even at such parameters: Ky<0.7 m/day, with
a greater length and a smaller deepening of the curtain itself.
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DEVELOPMENT OF THE METHODOLOGY
OF THE CHOICE OF THE ROUTE OF WORK

OF PLATFORM SUPPLY VESSELS IN THE
SHELF OF THE SEAS

O6’exmom docridcenns € opzanizauis pobomu cneyianizosanux cyoen nocmauanis eudobyenux naamepopm (CIIII)
6 weavgpax mopie. OOnuM 3 HAUOLILUW NPOOICMHUX MICUDL € He0OXIOHIcIb Nidsuens ehekmusHocmi pobomu cne-
ulanizoeanux cyoie 06Cay208ysanus 0s O0CMABKU NePCOHAY, OYOi6e bHUX MAMEPIAlis | NOCIAYAHHSA HA HAPMOBT
niaameopmu 8 wenvpax mopis nio yac excnayamauii naam@opm 0. 6udobymxy Hagmu.

B x00i docridncenns ons sdockonanenns pooomu CIIII npu pospobui memoodonozii 6UKOPUCMOosY8aIUcs Memoo
gapianmis i Mapupymu3ayii podomu HaseMHUx mpancnopmuux 3acodis. Lle dossonuno yoockonaiumu poomy CIITT
npu 06cay208ysanii 6U000YEHUX NAAMMDOPM, 3A80SKU SHUNCCHHIO COOIBAPMOCMI BUKOHANNS PEUCIS.

Ompumano naikpauguii mapupym ma cnocio opeanizauii pooomu CIII npu o6cayzosysanii 6udobysuux niamgpopm,
na npuxaadi weavdpy Yoprozo mops (Yepaina). A came, ckradeni moxciusi mapupymu poéomu CIIII npu masmiu-
K0BOMY 1 30IPHO-PO3GI3HOMY CNOCOOT POOOMU, A MAKONC 34 OOPAHUM KPUMEPIEM BUSHAYEHO KPAUWULL cnocib pobomu
CIIII Ons naiixpawozo mapwpymy. Pospaxosano exonomiunuii epexm 6id pobomu CIIII 3a obpanum mapupymom
i cnocobom, sixuil ckaag 6usvko 44 muc. doa. 3a petic. Lle no’s3ano 3 mum, wo pospobiena memoodonozis wodo euéopy
natikpaw02o sapianmy podomu CIIII mae pso ocobiusocmeti, 30kpema 60HA CKAAOAEMbCS 3 NOCII006HUX eMAaNis:

— BUOUPAIOMBCSL CXeMU Mapupymie no opzanisayii pooomu CIIII;

— cxknadaromvcs sapianmu mapupymis pooomu CIII 3a KoxcHow cxemoro;

— NPUSHAYAEMBCS KpUmMepill 6ubopy cxemi;

— PO3PAXOBYIOMbCSA NOKASHUKYU POOOMU CYIi6;

— BUOUPAECTNLCSL ONMUMALLHUTL MAPUPYM T CXEMA 30 NPUUHATMUM KPUMEPIEM ONMUMI3AUiT.

Pospobnena memodonozis 3abesneuye sUsHAUeHHs ONMUMATLHOZ0 Mapupymy i eapianmu cxemu pobomu CIITI,
saKuil 3abesneuye nalkmenue suauenns codisapmocmi nepesesens 1 monno-xkm sanmaicis. Y nopiensnni 3 ananoziviu-
MU GIOOMUMU MEMOOAMU, KT 3ACMOCOBYIOMBCS 8 ABMOMOOLILHOMY MPAHCNOPMI, 8 MOPCLKOMY HAPMOBUI0OYEHOMY
Oizneci nodibmi memoou He 3acmoco8Y8aAIUCSL.

Kmouosi cnosa: cneyianizosani cyona nocmauanms 6udoOYGHUX NAAMPOPM, MOPCOKI OYPULLHT NAAMPOPMU,
sapianmu mapupymie pobomu.

of 798.442 million m? and 135 combustible liquid minerals,
with a volume of 121.124 million tons. 3 Gas facilities on the
shelf of the Azov Sea, with a volume of 10.534 million m3,
and two oil volumes of 5.425 million tons and on the shelf
of the Black Sea three gas facilities of 3.7506 million m3, and

1. Introduction

According to the State Informational Geological Fund
(«Geoinform»), as of January 1, 2017, Ukraine is developing
269 objects of combustible gaseous minerals, with a volume
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