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Abstract. Based on the analysis of actual data and the results of numerical modeling,

Received 27.02.2019; ~ dependencies of deformations of the investigated residential complex due to technogenic
Received in revised form 07.03.2019; moistening of a loess massif of soils are investigated. It was established that a dynamics
Accepted 15.03.2019 of subsidence of bench marks in time is closely correlated with a moistening mode. In

order to form a picture of dynamics of development of moistening phases of the massif
and a quantitative estimation of main factors of their formation, a numerical model of the loess massif was built, based on the finite
element approximation of the section of built-up area of the residential complex. Stability of a soil massif was estimated by the
character of development of plastic deformation zones. Analysis of a stress-strain state of a rock massif indicated that water-saturated
soils are partially in a state of plastic flow in a base. The development of shear deformations is most characteristic within a zone of
the main moistening, as well as a boundary of its front. Development of rupture disturbances at the edge of the contour of buildings
corresponds with the formation of tear cracks. An intensification of subsidence of buildings with simultaneous frontal and subvertical
technogenic moistening of loess soils can be noted. Model estimations of a stress-strain state of the pile foundation, considering the
uneven subsidence that occurred along the perimeter of residential buildings, show that the elastic mode of their deformation has not
been exhausted. Options of redistribution of loads from residential sections onto an additional pile field, regulated base moistening
and grouting of soils are considered as engineering measures to prevent further deformation of the residential complex. Stabilization
of a soil base by means of high-pressure cementation is the most acceptable in the present conditions. Technological scheme of
cementation of the soil base is recommended, as well as measures after the base stabilization, such as monitoring of further
deformations of the complex itself and parking structures, and possibilities of constructing auxiliary drainage.
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Anoranis. Ha miacraBi anamizy (akTHUHMX JaHUX 1 Pe3yJbTaTiB YHUCENFHOTO MOJEGNIOBAHHS JOCIHI/KEHO 3aKOHOMIpPHOCTI
neopmaltiil dKUTIOBOTO KOMIUIEKCY BHACIIIOK TEXHOTEHHOTO 3BOJIOJKEHHS JIbOCOBOTO MAaCHBY IPYHTIB. BcTaHOBIIEHO, 0 TMHAMiKa
OCiZIaHHs PerepiB B Yaci TICHO KOPEJIOE 3 PeXKUMOM 3BOJIOXKEHHs. J[11s1 opMyBaHHS KapTHHM JMHAMIKU PO3BUTKY (a3 3BOJOIKECHHS
MACHBY 1 KUTbKICHOI OIIHKKA OCHOBHUX (hakTOpiB 1X popMyBaHHs Oylia TOOyIOBaHA YHCETbHA MOJIEI ILOCOBOTO MAacHBY, Ha OCHOBI
KiHIIEBO-€JIEMEHTHOI alpoKCHUMAIi IUITHKH 3a0ynoBaHOI TepHUTOpil KHUTIOBOrO KOMIUIeKCy. CTIHKICTh IPYHTOBOTO MAacHBY
OLIIHIOBANACS 3a XapaKTepOM PO3BHTKY 30H IIACTUYHOTO Ae(OpMyBaHHS. AHaNi3 HaIpPYKEHO-Ie(OpMOBAHOTO CTaHy ITOPOITHOTO
MacHUBY MOKa3aB, M0 0OBOJHEHI IPYHTH B OCHOBI YaCTKOBO 3HAXOMATHCS B CTaHI IIACTUYHOI Tedil. PO3BHTOK 3cyBHHX nedopmartii
HalOLIbII XapaKTepHHUi B MeXax 30HH OCHOBHOT'O 3BOJIOKEHHSI, @ TAKOX MeXi 11 ppoHTy. PO3BUTOK pO3PUBHHUX NOPYLIEHb Y KPOMKH
KOHTYpYy OyxiBenb BimmoBimae (opMyBaHHIO TPIIIMH BiApuBY. Biq3HauaeThCs akTHBi3alis 0caloK OyaAiBeNlb MPH OJHOYACHOMY
(bpoHTATIBHOMY i CyOBEpTiKaIbHOMY TEXHOT€HHOMY 3BOJIOXKEHHI JIbOCOBHX IPYHTIB. MOJIeNbHI OLIHKH HaNpyKeHO-1e(hOPMOBAHOTO
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CTaHy cCBaifHOrO (GYHIAMEHTY 3 ypaxyBaHHSIM HEPIBHOMIDHHUX OCaJOK, sKi BiOyIHCS MO IMEpUMETPy KUTIOBUX OyIMHKIB
MOKa3yloTh, IO NPYXHUH pexuM i1X aehopMyBaHHS He BHUYepraHuil. Sk iHKEHEpHI 3aX0AM IMOJ0 3amobiraHHs I10JANbLIINM
nedopMartiif KHUTIOBOTO KOMIUIEKCY PO3IJISHYTI BapiaHTH Mepepo3NoIily HaBaHTAXXEHb BiJl KHUTIOBUX CEKIIH Ha TOJAaTKOBE CBaliHE
1ojie, PEeryJIbOBaHE 3BOJIOKCHHS OCHOBHM 1 TaMIIOHAXXHE 3aKpiIUICHHSA IpyHTiB. HaiiOinpln mpuifHATHO B yMOBax, IO CKJIAJHCA,
3MII[HEHHS TPYHTOBOI OCHOBH CIIOCOOOM BHCOKOHAMIpHOI IleMeHTalil. PekoMeH/10BaHa TEXHOJIOTIYHA CXeMa IIEMEHTaIli TPyHTOBOL
OCHOBH, a TaKOXX 3aXOAM IICIIs 3MIITHEHHSI OCHOBH, TaKi K MOHITOPHHT MOJANBIINX Ae(opMariiii caMoro KOMIUIEKCY 1 KOHCTPYKIIH

MIapKIHTY, MOXKJIIMBOCTI CIIOPYZIH CYIYTHBOTO JIPEHAXKY.

Krouogi cnosa. avocosutl macus, degpopmayii, niozemui 600U, 2i0po2eoiociuti ymosu

Introduction. An analysis of engineering and
hydrogeological conditions of a territory of the city
of Dnipro, a mode of groundwater and a state of
their balance indicate the complexity of a
mechanism of forming of a process of
underflooding within the city. At the present date,
underflooding of an urban area is a sufficiently
developed phenomenon which is observed
practically everywhere, as in areas with a lowered
relief and permeable sandy soils (left bank and
lower terraces of the right bank), and within the
right bank with higher marks of earth surface and
loess rocks with low permeability. It is known that
loess rocks are practically widespread in
Dnipropetrovsk oblast occupying 69.8% of its
territory (22.28-10° km?) (Mokritskaya, 2013,
Sadovenko, 2012). They demonstrate significant
subsidence deformations at additional loads and
subside under their own weight during moistening,
which is the prevailing factor among the causes of
activation of landslide processes in recent years.
The dominant influence of a rise of groundwater
level on conditions of construction and operation of
already built-up territories determines the necessity
of performing design and research work on
prediction of a state of rock massifs and justification
of corresponding protective measures.

That is why prevention of occurrence of
underflooding and landslide processes in areas of
spreading of loess rocks requires a development of
recommendations for a timely detection and
elimination of dangerous zones, considering the
features of technogenic loading of massifs.
Prevention and elimination of these physical and
geological phenomena in specific objects enable
saving considerable funds at stages of planning,
construction and operation of engineering structures
located on loess soils.

Materials and methods. Therefore, the purpose of
this paper is to justify hydrogeomechanical
parameters and to develop technical
recommendations for works on strengthening the
bases of foundations, which allow controlling,
predicting and managing processes occurring at a
base of a building and a loess massif as a whole in
real time. Methods of research — systematization of
geological and hydrogeological data, factor-range
analysis of parameters, numerical modeling of
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geomechanical processes, engineering analysis of
technical situations.

Geological and hydrogeological
characteristic of the object. The investigated
residential complex consists of two residential
sections and parking. Residential sections (eleven-
and fifteen-storey) are built on a wall constructive
scheme with cross-bearing walls. Parking is
constructed on a framework constructive scheme of
monolithic reinforced concrete.

Residential sections are erected on a pile
foundation — friction piles with a widened base with
length of 20-27 m. The foundations of parking are
erected on a dense cushion of thickness of up to 2 m
from a blast-furnace slag. The backfilling of cavities
of a pit is made with fill-up ground with an
inclusion of construction waste. From three sides of
the residential complex at a distance of 5.0-15.0 m
from the outer walls underground water-bearing
communications with a diameter of 100...400 mm
(water pipeline, sewage, storm drainage) are
located. The residential complex started operation
in 2004 with connection to all engineering
communications and  autonomous  heating.
Responsibility class of the building is Il, safety
coefficient for the intended purpose — 0.95.

The territory in terms of engineering-
geological conditions relates to the second category
of complexity. In a geomorphological aspect, the
site is related to the right-bank terraced slope of the
valley of the river Dnipro. The natural relief is
changed during a construction of the complex. The
general slope of the surface is in the south-east
direction towards the river.

The geological section to a depth of 43.0 m is
represented by a complex of interstratifying loess
clay sands and loamy soils, which are underlain by
sandy soils and hard rocks. From the day surface,
the covering deposits are overlaid with bulk
deposits and soil and vegetation grounds with a
thickness of 0.7-7.4 m.

Underground waters of a non-pressure water-
bearing complex lie at a depth of 31.4-32.0 m from
the day surface. The site relates to a category of
non-flooded by groundwater in terms of geological
and hydrogeological conditions. Presence of a
technogenic horizon (perched water table) was
noted at a depth of 5.1 m in bulk soils in the soil
moistening zone. The chemical composition of
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water of a technogenic perched water table indicates
that it is a contaminated tap water (Nauchno-
tekhnicheskiy otchet, 2010).

Surveys revealed and outlined a zone of
moistened soils due to leaks of water from
underground  water-bearing ~ communications.
Almost the entire building of a parking lot, a high-
rise fifteen-storey section and partially an eleven-
storey section were in the boundaries of a moistened
zone at the time of surveys (Nauchno-tekhnicheskiy
otchet, 2010). Stratum is divided into nine
engineering-geological elements (EGE).

Moistening mode of soils is disturbed. In the
moistening zone, the soils have a much higher
moisture content than outside of the moistening
zone: in clay sands of EGE-3 by 5-13%, in loamy
soils of EGE-4 by 3-10%, in clay sands of EGE-5
by 7-10%, in loamy soils of EGE-6 by 5-7%, in clay
sands of EGE-7 by 5-9%, in clay sands of EGE-8
by 3-6%. Clay sands transferred into plastic and
fluid state, loamy soils into a low-plastic, high-
plastic and very soft plastic state.

Moistening of loess soils caused deterioration
of physical properties of soils (moisture content,
consistency, and density), decrease of deformability
characteristics by a factor of 1.68-3.77 (coefficient
of compressibility variability) and strength by a
factor of 2.6-4.3, subsidence properties of soils
manifested.

The total subsidence of soils outside the

moistening zone under natural pressure is 54.73 cm,
the type of soil conditions in terms of subsidence is
the second. The thickness of subsided soils reaches
31.25 m.
Results and discussion. Modeling of deformation
dynamics of the base and the object condition.
Since March 2010, uneven subsidence of
foundations of residential buildings and parking
with manifestation of rupture strains and tilting was
visually and instrumentally recorded. Subsidence
values varied from 0 to 192 mm as of 02.25.2011.
The highest concentration of subsidence of bench
marks is traced within the contour of a zone of
technogenic moistening at a conjugation of parking
and a fifteen-storey residential section (Fig.1).

36n 35 31n
-45 mm 45 mm I |-35 mm 30n
-25 mm
40
< 14n lin 1n Fifteen-storey
15n = -29 mm e
-8 mm -16 mm 12n ac KR building
-20 mm
16n Bl om Eleven-storey 270
building
21n -6 mm
-21 mm
19n én
-5 mm
3n 4n -9 mm
2 mm -5 mm
Simferopolska str.

Fig. 1. The plan of installation of bench marks on the residential complex and the subsidence as of 09.17.2018: 3n-37n — the number
of bench marks with an instrumental measurement of subsidence (red zones indicate the maximum subsidence of buildings, green —

the minimum)

At the first and second levels there is a
regular tilt at the ceiling towards the fifteen-storey
section of a residential building. The estimated
values of the tilt at the ceiling of parking in the zone
of maximum deformations are 0.0056 decimal units
(parking — fifteen-storey section) and 0.003645 at
the ceiling of the fifteen-storey section. The value

of an estimated tilt of the 11-storey section is
0.00323 decimal units.

Horizontal, inclined and vertical cracks in a
ground floor part, detachment and local destruction
of a building blind area along the entire perimeter of
walls, inclined through cracks in joints between the
foundation blocks in an underground part of
supporting walls, through cracks along the entire
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height of the floor in internal self-supporting walls
and supporting walls as a result of estimation of a
technical condition of building structures of the
parking. Separate cracks in horizontal and vertical
elements of a framework, cracks in the places of
connection of the floor with walls and the place of a
local subsidence of a floor of a parking lot, cracks
in the places of connection of roof structures with
the parapet.

Inconsistencies with the project during the
installment of a soil cushion are identified. Based
on geological surveys, the soil cushion consists of
blast-furnace slag with minor inclusions of bulk
soil. There is no soil cushion in the bore hole
located 1.0 m from the outer wall of the parking lot.

In order to form a picture of dynamics of
development of moistening phases of the massif and
a quantitative estimation of main factors of their
formation, a numerical model of the loess massif
was built, based on the finite element approximation
of the section of built-up area of the residential
complex. Dimensions of the model are defined with
the condition of minimizing the influence of its
contours on a stress-strain state of the modeled area
and cover an area of 80 m in length and 42 m in

thickness of soil. Soil massif is broken into a
network of triangular elements in accordance with
the geological and lithological structure of the
massif along the section line with the greatest
deformations of structures. Zero displacements are
also set at the side boundaries of the model and
along its lower contour corresponding to the sand
bottom. According to the documentation, it is
known (Nauchno-tekhnicheskiy otchet, 2010) that
the residential sections were erected on friction
piles of length from 20 to 27 m with a widened
base. Based on this, the model was given a one-
piece foundation, equivalent in load to the impact of
pile foundation. The force interaction between the
elements of the model was ensured by the action of
gravitational forces caused by the weight of a soil
strata and structures.

The numerical model consists of 9
engineering-geological elements, including zones of
spreading of technogenic moistening (Fig. 2), which
is divided into three phases. Fig. 2 shows the final
position of soil moistening phases, which are
connected with the period of the most intense leaks
during accidents of water-bearing communications.

EGE 1

EGE 2

EGE 3

EGE 4
EGE 5

EGE &

EGE 7

ECHETS

EGE &

Fig. 2. Geological section with phases of technogenic moistening of the modeled area (I-111 — moistening phases): 1 — bulk soil, 2 - 7
— upper quaternary deposits of the loess complex; 8, 9 — lower quaternary alluvial quartz sand

Stability of a soil massif was estimated by the
character of development of plastic deformation
zones. Analysis of a stress-strain state of a rock
massif indicated that water-saturated soils are
partially in a state of plastic flow in a base (layers 4-
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7). The development of shear deformations is most
characteristic within a zone of the main moistening,
as well as a boundary of its front. Development of
rupture disturbances at the edge of the contour of
buildings corresponds with the formation of tear



1.0. Sadovenko, A.M. Puhach, N.I. Dereviahina

Journ.Geol.Geograph.Geoecology, 28(1), 173-179

cracks. An intensification of subsidence of
buildings with simultaneous frontal and subvertical
technogenic moistening of loess soils can be noted.

Analysis of the actual subsidence data and
simulation results showed a direct dependency
between subsidence activation and seasonal factors.
The deformation bursts are related to the autumn-
winter periods — an analysis of weather conditions
shows that these periods with precipitation, mainly
rain, and active snowmelt, coincided with the
activation of deformation processes. The subsidence
fading phase corresponds with the period of
engineering measures for a renewal of water-
bearing communications, but the final stabilization
of subsidence does not occur. Increased values of
subsidence acceleration were recorded after the
pilot stage of injection cementation, which
overlapped with a seasonal burst.

When performing cementation works, a
significant overuse (about 40-45%) of cement slurry
was observed in the experimental area compared to
the projected use, while the project pressures were
not reached. Sub-vertical and vertical cracks,
mainly in EGE 4 and 5 were discovered by
subsequent engineering and geological surveys,
which apparently led to the absorption of cement
slurry. Information about the presence of cracks and

0,08

0,09

0.07

cavities formed in the soil under the action of
technogenic filtration and vertical movements under
the loading of the slope was confirmed by visual
inspection of communication wells in the vicinity of
the residential area. At the same time, soil
accumulations carried out as a result of suffusion
processes were also recorded.

According to the method (Sadovenko,
Dereviahina, 2012, 2014), which considers
structural connections in loess soils, a field of
physical gradients of the vertical section of the soil
massif was built (Fig. 3), considering three types of
energy — undercompaction of rocks, gravitational
position and deformations. Intersections of isolines
of deformation gradients and isolines of a total
potential energy in a loess massif show the position
of critical surfaces inside the soil. Predicted
deformation zones in a body of the slope with their
guantitative characteristic by the magnitude of
activation potentials are highlighted according to
the normals. Compared to the classical schemes of
estimation of stability of a slope massif (Sadovenko,
2012), this model considers the subsidence of loess
rocks in the form of a field of potentials with
highlighting of predicted zones of dangerous
deformation processes.

0,06

0,08

0,06

Fig. 3. Isolines: 1- of gradients of energy of a loess slope; 2 ---- slope activation potential; .....- predicted sliding surface; . . . .

boundary of technogenic moistening

Presence of cracks and cavities in the massif,
formed in a soil under the influence of technogenic
filtration and vertical deformations of the slope,

were defined as zones with corresponding values of
the rock strength properties. The most dangerous
zones are located within EGE 4 and locally within
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EGE 5 and 6. Activation potential of the slope in
these zones varies within 0.07-0.08. Isolines of
energy gradients of the massif have visible extremes
in zones of greatest deformations. The boundary
value of a gradient of activation potential for a
range of potentials of 0.08-0.09 is 0.00125. At this
value, processes of deep erosion are activated in the
loess massif with the subsequent stage of the flow
landslide (Sadovenko, 2014).

Measures to stabilize the deformations of the
residential complex. According to the simulation
results, it was established that the main cause of
deformations of residential sections and parking is
the  simultaneous frontal and  subvertical
technogenic moistening of a loess complex of soils,
which are of the second type by subsidence.
Moistening dynamics is caused by sources of
moisture from water-bearing communications that
are heterogeneous in intensity and location in space.

The absolute values of deformations are not
critical, but the range of their changes led to the
occurrence of cracks in bearing elements and the
occurrence of tilting of ceilings. At the same time,
the state of the structures of residential sections and
parking is estimated as satisfactory according to the
current standards.

The dynamics of subsidence of bench marks
over time are closely correlated with the moistening
mode. Subsidence fading phase corresponds to the
period of engineering measures for the renewal of
water-bearing communications with some delay. In
this regard, the final stabilization of subsidence is
not expected. This is confirmed by expert
calculations (Nauchno-tekhnicheskiy otchet, 2010)
of summing up the negative friction forces on the
surface of a pile foundation and the occurrence of a
concentrated pressure in the base of piles of more
than 1.4*10°® kPa, which can lead to loss of
connection of the pile with a widened base.

According to the estimation of modeling of a
stress-strain state of the pile foundation, considering
the uneven subsidence that occurred along the
perimeter of residential buildings, it was shown that
the elastic mode of their deformation has not been
exhausted.

As engineering measures to prevent further
deformations of the residential complex, options for
redistribution of loads from residential sections to
an additional pile field, regulated moistening of a
base and grouting of soils are considered. In the
current conditions, stabilization of a soil foundation
by the method of high-pressure cementation is the
most acceptable (Golovko, 2010, DBN B/1/1-5-
2000, Sadovenko, 2002). It was selected that the
first stage of stabilization occurs directly under the
pile cap, where the greatest subsidence is observed.
Considerable experience of such works showed that
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in this case there is a moderate increase in a
modulus of soil deformation near the piles of up to
2 times and a decrease in porosity of up to 20%,
while eliminating subsidence and the effect of
negative friction on the side surface of piles. These
factors were major in observed processes of
deformation of buildings.

The technological scheme of cementation of
the soil base was approved to be by intervals from
top to bottom (due to unsatisfactory backfilling) and
the distribution of injection wells under the pile cap
from the most subsided areas to the smallest ones.
The discharge pressure is selected in a mode of
transition from filtration injection to controlled
hydraulic fracturing, which is controlled by the
pressure drop and increase in a grouting mix.

The final phase of grouting is a phase of
stabilization of the flow and pressure after the
hydraulic fracturing, which provides cementing
stabilization of zones containing pressed-out water.
After performing the cementing stabilization of soil
base of residential sections, it is recommended to
continue the monitoring of their deformations and
parking structures, in order to finally resolve the
issue of stabilization of soils under the entire
complex.

To ensure reliable operation of the residential
complex, the reconstruction of the main water
supply system on Simferopolska str. was performed,
as well as a drainage well with automatic pumping
of water into storm drainage was constructed.
Conclusions

1. The main reason for the occurrence of
deformations of residential sections and parking is
simultaneous frontal and sub-vertical technogenic
moistening of the loess complex of soils, which are
of the second type by subsidence. Moistening
dynamics is caused by sources of moisture from
water-bearing communications that are
heterogeneous in intensity and location in space.

2. The dynamics of subsidence of bench
marks over time are closely correlated with the
moistening mode. Subsidence fading phase
corresponds to the period of engineering measures
for the renewal of water-bearing communications
with some delay. In this regard, the final
stabilization of subsidence is not expected. This is
confirmed by expert calculations of adverse
summing up of negative friction forces on the
surface of a pile foundation and the occurrence of a
concentrated pressure in the base of piles of more
than 1.4*10° kPa, which can lead to loss of
connection of the pile with a widened base.

3. Model estimations of a stress-strain state of
the pile foundation, considering the uneven
subsidence that occurred along the perimeter of
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residential buildings, show that the elastic mode of
their deformation has not been exhausted.

4. Options of redistribution of loads from
residential sections onto an additional pile field,
regulated base moistening and grouting of soils are
considered as engineering measures to prevent
further deformation of the residential complex.
Stabilization of a soil base by means of high-
pressure cementation is the most acceptable in the
present conditions.

5. It is recommended that the first stage of
cementation is performed directly under the pile
cap, where the greatest subsidence is observed.
Considerable experience of such works showed that
in this case there is a moderate increase in a
modulus of soil deformation near the piles of up to
2 times and a decrease in porosity of up to 20%,
while eliminating subsidence and the effect of
negative friction on the side surface of piles.

6. The technological scheme of cementation
of the soil base should be approved to be by
intervals from top to bottom (due to unsatisfactory
backfilling) and the distribution of injection wells
under the pile cap from the most subsided areas to
the smallest ones. The discharge pressure is selected
in a mode of transition from filtration injection to
controlled hydraulic fracturing, which is controlled
by the pressure drop and increase in a grouting mix.
The final phase of grouting should be a phase of
stabilization of the flow and pressure after the
hydraulic fracturing, which provides cementing
stabilization of zones containing pressed-out water.

7. After performing the cementing
stabilization of soil base of residential sections, it is
recommended to continue the monitoring of their
deformations and parking structures.

8. To ensure reliable operation of the
residential complex, it is necessary to consider the
possibility of constructing an auxiliary drainage, in
order to intercept leaks from the main water supply
system on Simferopolska str. In this case, it is
possible to construct drainage well with automatic
pumping of water into the storm drainage.
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