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RESUMO

O esquema basico para o calculo das bases de fundacdes de grandes tamanhos é atualmente o
esquema de uma camada linearmente deformavel de espessura finita. A extensa experiéncia de operacgao e os
resultados das observagdes de longo prazo de seu assentamento mostram que o assentamento real se mostrou
significativamente mais do que os valores calculados pela formula de célculo de assentamento baseada na teoria
deste modelo. O material do assentamento real dos objetos construidos em fundagdes de grandes tamanhos
com cargas elevadas mostra que as curvas de assentamento consistem em segmentos lineares e nao lineares.
O segmento linear do gréfico de assentamento caracteriza o processo de compactagéo do solo. O aumento das
velocidades dos assentamentos no segmento ndo linear deve ser explicado pelo crescente papel dos
deslocamentos horizontais na deformacao total da base. O fato que os movimentos horizontais desempenham
um papel significativo no assentamento geral da estrutura é confirmado por numerosos estudos das bases sob
os tanques e aterros, bem como em experiéncias de pequena escala. A consideragao do deslocamento horizontal
permite que os valores de assentamento real e os calculados sejam tao préximos quanto possivel.

Palavras-chave: pressdo média, inclinacdo, placa base, assentamento, camada linearmente deformavel de
espessura finita.

ABSTRACT

The basic scheme for calculating the bottoms of large-sized foundations is at present a scheme of a
linearly deformed layer of finite thickness. A large operational experience and the results of long-term observations
for the subsidence of the foundations show that the actual subsidence of the foundations turned out to be much
larger than the calculated values determined by the subsidence of the foundations calculation formula based on
the theory of this model. The material of the actual subsidence of the constructed objects on large-sized
foundations under increased loads shows that the subsidence curves consist of linear and non-linear sections.
Then the settlement speed decreases and the stabilization stage begins. The linear section of the subsidence
graph characterizes the process of soil compaction. The increase in settlement speed in a nonlinear section
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should be explained by the increase in the role of horizontal displacements in the general deformation of the
bottom. The fact that horizontal displacements play a significant role in the overall subsidence of the structure is
confirmed by numerous studies of the bottoms under reservoirs and embankments and in small-scale
experiments. The account of horizontal displacement allows you to maximize the actual precipitation to the
calculated ones.

Keywords: average pressure, lurch, foundation plate, subsidence, a linear-deformable layer of finite thickness.
AHHOTALIUA

OcHOBHON CxeMoW pacuyeTa OCHOBaHMN Gonbluepa3mMepHbiX (yHOAMEHTOB B HacTosilee BpeMms
SBNAETCA CxXema NUHENHO-0edOPMUPOBAHHOIO CNOSA KOHEYHOW TOMLWMHbI. Bonblion onbIT akchnnyatauum u
pe3ynbTaTbl ANUTEmNbHbLIX HabnwaeHu 3a UX ocagKkamMy MOKa3sblBaKT, YTO (PaKTUYeCcKue OocafKku OKasanucb
3HauNTENbHO Gonblle pacHETHbIX BEMUYUH, OMpefeneHHbIX No opmyre pacyeTa ocajkm OCHOBAHHOW Ha
Teopun 3ToM Mopenu. MaTtepuan akTUYecKnx 0CafoK MNOCTPOEHHbIX OOBLEKTOB Ha OGornbluepasMepHbIX
dyHOamMeHTax Mpy MOBLIWEHHbIX Harpyskax MoKasblBaeT, YTO KpPUBblE OCAAOK COCTOSIT M3 JIMHENHOrO U
HenMHEeNHOro yyacTtkoB. JIMHENHbIA y4acToK rpadmka ocagku XapaktepusyeT Mpouecc YniOTHEHUS TPYHTOB.
BospactaHue ckopocTel 0CajoK Ha HENMHEWHOM YyyacTKe crnegyeT OObSACHWTb BO3pacTaHUeEM ponwu
rOpM30HTarbHbIX NEepeMeLLeHNIn B obLen gedopmaumnm OCHOBaHUSA. To, YTO ropu3oHTanbHble NepeMeLleHus
UrpalT 3HAYUTENbHYKD pofib B OOWeEW ocagke COOPYXKEHUs, MNOATBEPKAAETCA MHOrOYUCIIEHHBIMU
nccrnegoBaHUsIMM OCHOBAaHMI NOA pe3epByapamMu U HACINAMW, Tak U B MENTKOMacLUTabHbIX 3kcnepuMeHTax. Yyer
rOpU3OHTarbHbIX NepeMeLLeHNN NO3BONAET MakCUMarnbHO NPUBIM3nTL hakTUYeckue ocagkm K pacyeTHbIM.

KnioueBble cnoBa: cpedHee daesrneHue, KpeH, hyHOameHmHas rsiuma, ocadka, JIuHelHo-0eghopmMupyembit
¢/10U KOHEeYHOU MOsTUUHBbI.

INTRODUCTION two cavities, external and internal, in each injector.
Through the internal cavity of the injector, high-
pressure pumps deliver a strong stream of water.
Water washes away the soil, and stationary pumps
lead it to the surface in the form of pulp through

the external cavity of the injector. The supply of

Safe and trouble-free maintenance of any
object depends mainly on uneven deformation of
bottoms and foundations. In this case, there are
undesirable displacements of buildings in the form

of lurches. water under considerable excessive pressure and

G removal of the soil occur until the building is

The building's lurch refers to the .,mpjetely aligned. Then, hardening solution is
unacceptable deformation of any building

supplied (through already drilled holes) under the

structure, as a result of which some deviation of bottom of the foundation.

the symmetry axis of the building from the vertical
occurred. Most often, lurches occur in multi-story 2.
buildings (Lurie et al., 2017; Albano et al., 2017). lowered

Freezing of soil. The pipes are
in the vertical wells drilled in the

The speed of its formation is different, but, as a
rule, the problem is detected in the process of
constructing. If the rate of a lurch does not reach a
critical level, stabilization methods are used. In
cases where the structure is already in an
emergency condition, one should resort to drastic
measures — aligning the lurch of buildings
(Lomakin et al., 2018; Tikhonov et al., 2018).
Currently, the newest methods of protecting
buildings from rolls are developed and effectively
used, which are shown below:

1. Washing out of the soil from the
bottom of a foundation. This technology based on
drilling of vertical wells in the foundation plate and
immersing injectors with seals in them. There are

foundation, through which cooled kerosene or
liquid nitrogen is supplied under the bottom of the
foundation. When the soil is frozen to the desired
radius, hot water or steam is passed through the
same tubes to thaw it. The pulp formed from the
soil has no structural connections and when the
foundation is settled, it is simply forced out to
reach the design position of the foundation;
several freezing and thawing cycles should be
carried out. When the works on extracting of
necessary volume of soil are completed, the soil
under the bottom of the foundation is strengthened
by carbonizing.

3. Vibrating-creeping method. It is
used in case of occurrence of sandy soil at the
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bottom. Through vertical wells drilled in the
foundation, holes are drilled even lower at the
sandy bottom itself. Special vibration equipment
creates oscillations at the bottom. As a result of
these fluctuations, the sandy soil fills the drilled
wells. The crumbled sand is removed through the
same working holes, after extracting the vibrator.
The actions are repeated until the foundation
reaches the design position. Then all the holes are
filled with a cement-sand mortar.

4, The method of aligning the lurches
of buildings and structures, put up on mat
foundations includes the removal of soil under the
bottom of the foundation. After removing the soil
some trenches are arranged at the bottom of the
excavation, they are filled with compacted soil and
pillars with supports are installed in the trench. The
gaps are left between the bottom of the foundation
and the pillars. Secondary excavation is carried
out under the bottom of the foundation during its
displacement in the direction opposite to the lurch.
The gaps between the bottom of the foundation
and the pillars are filled partially or completely with
the incompressible material, and after aligning of
the lurch, hardening of the ground under the pillars
supports is made by pumping the fixing solution
into the ground.

LITERATURE REVIEW

The fact that horizontal displacements play
an important role in overall subsidence of
foundation is confirmed by studies in bench
conditions with the models of foundations carried
out by M.N. Okulova and M.N. Baliuroy (Balura,
1983; Balura, 1975; Balura and Okulova, 1977;
Okulova, 1966; Okulova, 1967), as well as in
polygon and field conditions conducted by L.A.
Shelest (1972; 1975). The most valuable studies
in field conditions were carried out in the
foundations for the cases of reservoirs and
embankments of reservoirs.

Analyzing the results of the research, R.
Darragh (1964) came to the conclusion, that when
the load on the base of the reservoir increases, a
considerable rise in the horizontal displacements
of soil is observed.

The studies of P.A. Konovalov and R.A.
Usmanov (1983) also revealed a significant effect
of horizontal displacements of soil on the rate of
overall subsidence of models and natural
reservoirs. The rates of a proportional limit
determined by the graphs "subsidence-load"

indicate that the curvilinearity of the graph S=f(P)
is due to the increasing rates of horizontal
displacements of bottom soil.

The close relationship between horizontal
displacements of soil and vertical subsidence is
indicated by the graphs of their mutual
dependence. The linear relationship between
them is observed only during the first increments
of loading, then the horizontal displacements
begin to increase drastically. During the last
increments of loading, the increase in subsidence
is determined to a large extent by the increase of
horizontal displacements. This is confirmed by the
results of observations of subsidence of Cubzak-
les-Ponts embankments (Magnan, 1978), Kaliks
(Holtz and Holm, 1973), King Lin and Tikton
(Wilkes, 1972).

We also obtained results similar to those of
R. Darragh (1964), Belony (1974), P.A.
Konovalova and R.A. Usmanov (1983) etc.
Observations of the horizontal displacements at
the bottom of one of the objects showed that y-
coordinate of the maximum  horizontal
displacement Ymax = 4 cm is located approximately
at a depth of z = 0.2b. The average subsidence is
about S=8 cm. The average pressure at the time
of the study was P;»=300 kPa.

MATERIALS AND METHODS:

In order to establish the regularities of
deformation of the foundations and the course of
subsidence of large-sized foundations, field
studies were conducted on the construction sites,
related to the measuring of the subsidence,
horizontal displacements of soil, bearing
pressures under their soles, and the measuring of
pressure in the working reinforcement of the plate.
Subsidence of the foundations was measured by
geometric leveling of the precise levels and lined
invar rods every other month. For this purpose,
settlement points were installed on the lower
monolithic plate and along the perimeter of the
upper monolithic foundation plate 0.5 m above the
design elevation.

In the ground on an undeveloped territory,
the initial geodesic signs were arranged - deep
benchmark, as well as layer-by-layer deep-earth
marks. Field studies on observations of horizontal
displacements were organized by drilling wells to
the required depth, with a diameter of 120 mm with
a drilling rig UGB — 50 with an auger tool. After
cleaning the bottom of the well, a casing of 89 mm
diameter assembled from separate parts was
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descended. To avoid siltation of the casing, its
lower part was closed with a plug. A polyethylene
pipe with an external diameter of 63 mm was then
immersed in the casing, assembled beforehand
with gas welding. To measure bearing pressures
in 1/4 of the bottom area of the lower plate, 36 soil
dynamometers of SDCS-7 and SDCS-6BMR
types were installed. Bearing pressures were
measured by dynamometers of SDCS-7, which
are strong electro-acoustic measuring devices.
The force in the upper and lower belts of the
reinforcement of the lower monolithic plate was
measured with the help of 38 string transducers-
dynamometers PSAS, deformation of concrete by
21 string dynamometer such as PLDS. Part of the
instruments is located at distances of 6.0: 7.5; 3.5;
27.0; 33.0 m from the center of the foundation
plate.

Average subsidence of objects Nos 1+5 on
the box-shaped foundation, which is from 20 to 60
cm, does not affect the normal maintenance of the
structure. However, with big subsidence,
unevenness appears. Uneven subsidence is also
caused by the mutual influence of the objects of
the foundations and their outbuildings. For the
timely taking the steps in the process of
construction and maintenance in order to keep the
technological equipment in the vertical position (or
to maintain the deviation of the vertical axis within
the permissible limits), it is necessary to have the
results of high-precision geodetic observations of
the subsidence of the foundation plate, which can
predict subsidence not only during the
construction completion, but also during the period
of maintenance. In this respect, the logarithmic
formula S=So+An(1+B:) (Sokolov, 2017a; Sokolov,
2017b) is a good equation for the prediction of
subsidence to stabilize the deformation of the
bottom, where So is the subsidence during the
construction period; A and B are determined from
the curves of the actual subsidence by two points,
when S1>S,. For this, the logarithmic equation is
easily solved if we take S2=2S; from zero points
when S>S,. Depending on the time of the
beginning of high-precision geodetic observations,
the invar rod counting is done in years or months.

Using the logarithmic formula, it is possible
to predict subsidence during a limited time period.
With an unlimited increase in time, the value of
Napierian logarithm goes to infinity. After 3-5
years, observations of subsidence should be
repeated, and parameters A and B should be
revised. The results of monitoring of the
subsidence of box-shaped foundation object
Nos.1+4. are given in articles (Sokolov, 2017a;

Sokolov, 2017b; Bugrov and Golubev, 1983;). The
data of the observations carried out during the
period from 1977 till present, which was dedicated
to foundation plates subsidence of the objects,
show a fairly good convergence with the results of
the actual subsidence, while the discrepancy
between the actual and predicted subsidence is
about 2%. Table 1 below shows the predicted
logarithmic dependencies for these 4 objects.

RESULTS AND DISCUSSION:

In many cases, it is to be expected that
actual or predicted uneven subsidence will be
greater than the permissible subsidence from the
condition of normal maintenance of the
equipment. In this case, the lurch is improved or
its further growth is stabilized with counterweight
mounted on the side the opposite to the lurch.
Thus, for example, a counter-lurch of the
equipment body was set at 2.8 mm in diameter of
the main connector of the object No. 1 at the end
of January 1983 (Figure 1). The direction of
counter-lurch vector is a = 160°. Also, for the
object No. 2, counter-lurch was set strictly along
axis 2 (a = 180°), while counter-lurch value was 4
mm (Figure 2). The time of the rigid fixing of
technological equipment of both objects coincides
with the time of counter-lurch imparting. The
results of high-precision geodetic observations
indicate the correctness of the installation of the
positions of technological equipment, which are
currently within the permissible value of the
deviation of the axis of the object from the vertical.

Counterweight for the correct installation of
equipment was mounted on the object No. 3 on the
side of the outbuildings (Figure 3). Again, the
results of high-precision geodetic observations
suggest stabilization of the lurch and the correct
position of the vertical axes of both objects. For the
time being, subsidence and lurches of box-shaped
foundations of the objects Nos.1+4 (Figures 1, 2,
3) have been studied for a long time. Deflections
of the foundation plate of the object No. 5 (Figure
4); bearing pressures under the bottom of the
foundation, concrete stress and reinforcement
stress of the foundation of the object No. 6
(Figures 5, 6, 7).

The analysis of subsidence and lurches
shows that there are two distinct sections on the
graphs - linear and nonlinear. The linear section
becomes nonlinear at a medium pressure at the
bottom Pm: = 250+300 kPa. A lurch of foundations
appears even under small loads and its value is
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very small. From the moment, corresponding to
subsidence graph transition to the nonlinear
section, the lurch curve also changes linearity,
namely, lurch speed increases. From the same
moment, the direction of lurch is changed in the
opposite direction.

Analysis of the study results of bearing
pressures at the bottom, reinforcement stress,
reinforcement deformations and concrete stress of
lower monolithic plate of the foundation of object
No. 6 (Figures 5, 6) allows us to conclude the
following. Lower foundation plate is buckled by the
central part upwards due to the effects of bearing
pressure described above. This is confirmed by
the fact that in the further stages of constructing,
reinforcement stress practically does not increase.
For example, at constructing stage, when average
pressure on the central part of the bottom of lower
plate reached P;m=664 kPa, reinforcement stress
of bars installed in the span of the plate was
significantly less than o = 38,600 kPa stress
previously occurred at the same pressure value. A
similar  phenomenon is observed when
considering the indications of dynamometers
installed in the geometric center of the plate and at
a distance of 6 m from the center under the wall,
that is, they decreased noticeably in other
reinforcement bars. The reason for this was
intensive constructing of technological equipment.
Due to the loading of the middle part of the
foundation, the lower plate's buckle has
decreased. Accordingly, the reinforcement
stresses of the plate decreased too.

Measuring instruments of concrete
deformations provide with a picture corresponding
to deformation of the plate because of soil bearing
pressures and loading of airtight volume. As the
load increases, both deformation and stress in
concrete do not increase, in comparison with those
at the ground pressure on the central part of the
plate bottom equal to P;m=430 kPa, but they
decrease.

Field studies of deflections of the lower
plate of the box-shaped foundation of the object
No. 5 (Figure 4) successfully correspond to the
results of bearing pressures measurements,
reinforcement stress, deformations and concrete
stress on the object No. 6. Thus, it can be
concluded that because of the large sizes of the
foundation plate, horizontal displacements of the
soil in the central part of soil mass under the
bottom of the plate are not possible. Therefore,
this part of the foundation works under conditions
of uniaxial compression. A compacted zone is

formed here. Around this zone, the soil moves
horizontally beyond the base of the basement,
which explains the shape of the bearing pressure
diagram at a significant pressure.

The entire process of bottom deformation
occurs due to preferential compression of upper
layers of the bottom. This is clearly demonstrated
by the results of observations of the layer by layer
deformations of the bottom of the examined
objects (Baimakhan et al., 2016; Sokolov, 20173a;
Sokolov, 2017b) and also large-scale foundations
and other structures. Consequently, foundations
bottoms (Sokolov, 2017a; Sokolov, 2017b)
operate according to the scheme of a linear-
deformable layer of finite thickness.

If there is an overload that prevents
horizontal displacement of the bottom soil, then
coordinate of the bearing pressures increase
along the edge of the plate (for all objects, except
for objects Nos. 1 and 2). The height of the
compacted zone is equal to the thickness of a
linear-deformable layer of finite thickness. In
connection with the above, the method of lurch
aligning of the foundations of objects Nos. 1+5 by
means of counterweight was recommended
(Figures 1-3).

To stabilize the growth of the uneven
subsidence of the foundation of the object No. 1 in
November-December 1983, the urgent load of
5,780 kN was placed on the foundation console on
the opposite side of the lurch direction. To speed
up the process of stabilizing the increase of the
lurch, adjustable set-on weight is added in sectors
A and B on both sides of axis 2 with a weight of
about 30,000 kN (Figure 1). After these measures
have been taken, the increase of the lurch was
stopped.

To reduce the rate of lurch increase of the
object No. 2 (Figure 2), an emergency weight of
5,800 kN, as well as set-on weights of 51,000 kN,
were added to the sectors A and B, so that the
lurch increase was stopped. At present, the
subsidence of the foundations Nos. 1 and 2 are
stabilized.

The lurch increase of the object No. 3
(Figure 3) was also stopped with the set-on
weights device on the side of the engine room:
17600 kN in November 1984, 3,750 kN in March
1985, 18,700 kN in September-October 1985. In
1999 the lurch is 120 mm or i=0.0018. The same
effect was achieved on objects No. 4 and No. 5.
The results of long geodetic observations of
subsidence of foundations under increased loads
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confirm that the lurch correcting is the right choice.

CONCLUSIONS:

Field studies of vertical and horizontal
deformations of bottoms and foundations of large-
sized foundations under increased loads, as well
as bearing pressures under their bottoms and
reinforcement stress are given in this article.
Measurements of subsidence of the foundations
were taken by the 1st class geometric leveling with
the help of high-precision levels and lined invar
rods every other month. The results of field studies
of 6 objects enabled the development and
implementation of their further safe maintenance.
The entire process of deformation of the bottom
occurs due to the preferential compression of the
upper layers of the bottom. It is established that
bottoms of foundations work according to the
scheme of a linear-deformable layer of finite
thickness.
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Figure 1. Object No. 1 Chart 1 — average subsidence; 2 — increase in mean pressure; 3 — final lurch.
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Figure 2. Object No. 2 Chart 1 — average subsidence; 2 — increase in mean pressure; 3 — final lurch.
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Figure 3. Object No. 3 Graphs 1 — minimum subsidence; 2 — maximum subsidence; 3 — average
subsidence; 4 — increase in mean pressure; 5 — final lurch.
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Figure 4. Object No. 5 Curve of reaction pressures at various mean pressures.
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Figure 5. Object No.6 Dependence of tensile stresses in working reinforcement of the upper belt of
the lower plate of the box-shaped foundation on the reaction pressure of the soil on the central part. 1
— Stresses on dynamometers arranged in the geometric center of the plate; 2 — Stresses on
dynamometers at a distance of 6.0 m from the center of the plate; 3 — Stresses on dynamometers at a
distance of 6.0 m from the center under the wall.
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Figure 6. Object No. 6. Dependence of tensile stresses in the concrete of the upper zone of the lower
plate of the box-shaped foundation on the value of the reaction pressure on the central part of the
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Figure 7. Facility No. 6. Deflections of the bottom plate of the box-shaped foundation at different
mean pressures Pim:
1 —the lower plate; 2 — the top plate; 3 — load from the outbuilding Pi; 4 — load from technological

equipment P2; 5 — zone of process equipment.
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Table 1. Forecast of the foundations of the objects in logarithmic dependence S=Sy+Ain(1+B)

Name of Predicted subsidence, S; Notes
S. the
No observation Max. Min. Mean
object value 1.
Coefficients
1 Objecti  220+103,6In(1+0.111) i 1|2(°1’;7t/97’;‘ A and B are
determined
, ) i 190+27,4 by actual
2 Object 2 In(1+0.61t) subsidence
curves;
3 Object 3 350+37In(1+0.25t) 300+15,2In(1+0.71t) In?ffgégt) 5 Time t —
in months
4 ObjeCt 4 410+25,7In(1+0.53t) 370+17,4In(1+0.86t) ;(211335’,3
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