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Temperature in linear elements of enclosing structures

Temneparypa B JINHENHbIX 3fIeMeHTax
orpaxgarLLnx KOHCTPYKLMI

O.D. Samarin, o ~ KaHd. mexH. Hayk, doyeHm O.[. CamapuH,
National Research Moscow State University of Civil  HayuonanbHbItg ucciedosamensckuti
Engineering, Moscow, Russia Mockoeckuti 20cydapcmeeHHbiIll cmpoumenbHbIL

yHusepcumem, e. Mocksa, Poccusi

Key words: window unit; slope; thermal non- KnrwouyeBble cnoBa: OKOHHbI ©O5fOK; OTKOC;

uniformity; temperature field; concave corner; TennoTexHuyeckas Heo4HOPOAHOCTb;

energy efficiency; buildings TemnepaTtypHoe none; BOTHYThIN yron;
3HeproapHeKTUBHOCTL; 34aHNST U COOPYXKEHMS

Abstract. Window slopes are one of the most important linear elements of external wall structures
with two-dimensional and even three-dimensional temperature field. Thereby, they cause additional risk
of non-compliance of sanitary and hygienic requirements. In the proposed work one of the typical designs
of window slopes is considered as the object of study, namely the fastening of the window unit with steel
fixings to one of the two major layers of the wall — insulation or constructive. Peculiarities of designing
two-dimensional stationary temperature field in the structure of the site abutting window units to the
aperture of residential and public buildings are considered. Results of calculation of temperature in
hazardous adjunction points for the design winter conditions with the help of software that implements the
finite element method are presented. The analysis of the obtained data is given and the comparison of
the behavior of minimum temperatures in the zone of adjacency of the fill of the lighting aperture with the
results of analytical calculation based on the conform transformation for the concave corner is proposed if
you move the window block in the cross section of the outer wall. It was discovered that the closer the fill
to the outer plane of the facade a minimum of the temperature decreases according to the law which
coincides enough closely with the analytical solution. Recommendations on the optimal placement of fill
within the structural layer of the wall for the best sanitary-hygienic requirements for outdoor enclosures
are confirmed. The presentation is illustrated with examples of temperature fields for the node of
adjunction in a residential building on one of the modern projects.

AHHOTaumsi. OKOHHble OTKOCbl SIBMSIOTCA OAHUM U3 BaXHEMWWX JMHENHbIX 3NEMEHTOB
KOHCTPYKUMI HApYXHbIX CTEH C ABYMEPHBLIM U Aaxe TPEXMEPHbIM TeMnepaTypHbIM nonem. [MosToMy oHu
BbI3bIBAIOT [OMOSHUTENbHYID OMACHOCTb HEBLINOMHEHUST CaHUTaPHO-TUIMEHWYeckMx TpeboBaHuin. B
npegnaraemon paboTte uccregyeTcs ogHa U3 TUMOBbLIX KOHCTPYKLUMIA OKOHHBIX OTKOCOB C KpenneHnem
OKOHHOro 6r10Ka C NOMOLLIbIO CTanbHbIX 3aKnagHbIX AeTanen K 04HOMY M3 ABYX OCHOBHbIX CIOEB CTEHbI —
TEMMOU3ONSALMOHHOMY WIM KOHCTPYKTMBHOMY. PaccMOTpeHbl OCOGEHHOCTM pacyeTa CTalMoHapHOro
ABYMEPHOrO TEMNepaTypHOro TMofsi B KOHCTPYKUMSIX Yy3Mna MPUMbIKGHWST OKOHHbIX BGrokoB K
cBeToMnpoemMam rpaxkaaHCkux 3daHuii. MNprBeneHbl pesynbTaTthl BbIYMCIIEHUS TeMNepaTypbl B OMACHbIX
TOYKax NPUMbIKAHWS AN Ppac4eTHbIX 3UMHUX YCMOBUIA C MOMOLLBbIO Nporpammbl Ans 3BM, peanusytouleit
METO[l KOHEYHbIX 9neMeHToB. [aH aHanM3 nOoNyyYeHHbIX [AaHHbIX W MPOBEAEHO COMOCTaBMeHue
XapakTepa noBefeHVsi MUHUMarbHOWM TemnepaTypbl B 30He NPUMbIKaHUS 3aMofIHEHUsSI CBETONpoeMa npu
nepemeLLeHN OKOHHOTO BI0Ka NO CEYEHNIO HAPYXXHOIN CTEHbI C pe3ynbTaTaMu aHanMTMYeckoro pacyeTa
Ha oOCHoBe KOH(OPMHOro npeobpa3oBaHus Ans BorHytoro yrrna. OGHapyXeHo, 4TO Mo Mepe
NpUBNXKEHUs 3aNONHEHUs K HAPYXKHOWM MNOCKOCTU dhacana MUHMManbHasi TeMrnepaTypa noHmkaeTcs no
3aKOHY, [OCTaTo4HO 6OnM3ko coBrMajalleMy C  aHanuTUYecKum  pelleHvem. [logTBepXaeHbl
pekoMeHZauumn nNo oNTMMasnbHOMY pasMeLLEHMIO 3anofIHEHNS B Npeaenax KOHCTPYKTUBHOMO Crosi CTEHbI
ANt Haunyywero o6ecneyvyeHnsl CaHWTapHO-TUIMEHUYECKMX TPEGOBaHUI K HapyXHbIM OrpaxaeHuVsIM.
M3noxeHne nNpounmocTpMpoBaHo NpuMepamMn TemnepaTypHbIX Nonen Ans y3na npuMbIKaHWUS B XXUIIOM
30aHMKN N0 OAHOMY M3 COBPEMEHHbIX NPOEKTOB.

Camapun O.J]. Temnepatypa B JIMHEHHBIX 3JIEMEHTaX OTPAXIAIOMINX KOHCTPYKIUH // THXEHEpHO-CTPOUTEIIHBIH
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Introduction

Window slopes are one of the most important linear elements of external wall structures with two-
dimensional and even three-dimensional temperature field. Thereby, they make a significant contribution
to the overall thermal non-uniformity of walls and cause additional risk of non-compliance of sanitary and
hygienic requirements. These requirements relate mainly to the absence of water vapor condensation in
the dangerous points of inner surface of enclosures, in order to prevent the development of harmful
microorganisms and the destruction of structures themselves; in some cases, mainly for translucent
elements — to ensuring of positive temperatures in order to prevent condensate freezing. In the proposed
work one of the typical designs of window slopes currently used in residential and public buildings is
considered as the object of study, namely the fastening of the window unit with steel fixings to one of the
two major layers of the wall — insulation or constructive. As embedded parts are used parts from rolled
steel, fixed by anchors to the constructive layer of reinforced concrete, and place of the interface of the
window block to the slopes is treated with a sealant and filled with foam. For clarity, the scheme of this
solution is shown in figure 1. The more detailed design of this construction is presented in figure la.
Because of the commonality of the design the obtained results can be applicable for a very wide range of
buildings for various purposes.

Figure 1. The scheme of the design of the contiguity of the window unit to the building opening
(simplified diagram for calculation)

L= - ==

:ll-

=

Figure 1a. The detailed scheme for the construction shown in Figure 1

Samarin O.D. Temperature in linear elements of enclosing structures. Magazine of Civil Engineering. 2017. No. 2.
Pp. 3-10. doi: 10.5862/MCE.70.1
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Compliance with sanitary and hygienic requirements to thermal protection of the exterior wall
envelopes is currently regarded as a mandatory component of the overall system of measures to reduce
energy consumption in residential and public buildings, along with ensuring of comfort and safety of their
users [1-3]. Herewith, it is necessary to note that reducing energy costs for heating of buildings seems by
itself primarily an economic category, so, first of all, it is necessary to consider low-cost and fast-payback
measures [4-8]. However, it is in the buildings with the level of external-walls thermal protection, limited
by economic viability, that the risk of non-compliance with the conditions of absence of condensation or
freezing in separate points is possible in the first place. To verify this fact, the calculations of temperature
fields are carried out [9—10]. And, in view of complexity of the considered areas configuration, it is
extremely problematic to use analytical methods here, as was done, for example, in [11-12]. So, the
majority of native and foreign authors, who explore similar questions, use the numerical modeling of all
others. As a rule, this applies approximation of differential equation of thermal conductivity by the method
of finite differences or finite elements. And, on this way, a significant number of computer programs have
been developed at the present time, which, among other things, also carry out the visualization of
calculated temperature fields, as well as the calculation of their certain integral characteristics [13—19].
However, using such programs is not always an easy task for an average specialist, and for the same
reason the need remains for relatively simple engineering techniques in order to estimate temperatures in
hazardous areas of exterior enclosures. Thus, the relevance of obtaining analytical dependences to
check for condensation or freezing continues to the present time.

Therefore, the goal of our research is the development of relatively simple engineering techniques
in order to estimate temperatures in one of the most hazardous areas of exterior enclosures, namely, in
the area between the window unit to a building aperture, which could be used for a preliminary
assessment, especially under the conditions of the limited terms of designing. To achieve this goal it is
necessary to obtain the solution of a problem of calculation of temperature fields in the specified area and
creating the mathematical descriptions which is available for use in engineering practice.

Methods

If you pay attention to the geometry of the area of the window block abutting to the opening shown
in the scheme at the figure 1, you may notice that a part of the window slope and the adjacent wall part,
facing into the room, are sufficiently similar in form to the element, which is called “concave angle”. As it
is known, such distribution of temperature is described by the differential equation of stationary heat
conduction (Laplace equation):

o't o't _
% oy

where t — temperature, ©C, in the cross section of the structure at the point with coordinates x and y, m.

0 )

The solution of (1) for such area can be quite easily obtained by conformal transformations
method. Herewith, the angle /2 remains, which can be obtained from the upper half-plane, i.e., the
straight angle equal to m, by the transformation z’= z?, where 2 = 1/(11/2). In this case, the projecting
angle vertex, i.e. the joint of the wall and the slope from the room side, is accepted as the origin of
coordinates.

Now, if we assume, as is usually done, that the temperature is the imaginary part of the obtained
solution, we find:

0= Im(CzZ): Im(C[x+iy]2): 2Cxy, )

where C is a certain constant. In other words, the isotherms are a set of hyperbolas with asymptotes
coinciding with the coordinate axes. For generality, the solution is written down with respect to the
dimensionless temperature 8 = (t — tex)/(tin — tex), Where tin and tex are correspondingly the calculated
temperatures of inner and outer air, °C. Strictly speaking, the expression (2) holds for the boundary
conditions of the 1st kind, when the temperature on the surface is set, but, without much error, this can
be taken into account by introducing an additional conditional layer with thickness &0 = Ain/ain, m, where
ain is the coefficient of total heat exchange on the surface facing into the room, W/(m?2+K); A, is the
thermal conductivity of material of this surface, W/(m«K).

Figures 2 and 2a shows the temperature field in the area of abutting of the light-opening filling to
the window slope, which is obtained by numerical calculation according to one of the standard computer

Camapun O.J]. Temnepatypa B JIMHEHHBIX 3JIEMEHTaX OTPAXIAIOMINX KOHCTPYKIUH // THXEHEpHO-CTPOUTEIIHBIH
xyprai. 2017. Ne 2(70). C. 3-10.
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programs (FEMLAB — multipurposal and multifunctional product of Comsol), using an approximation of
the Laplace equation by the finite element method which was accepted also in the international
engineering guidelines [20], [21]. These figures present the distribution of the temperature like one of the
most used sources of such solutions [22]. In the simplest case of identical elements the corresponding
differential ratio, allowing to calculate the temperature t; in a regular grid, as it is known, can be written as
follows:

tij = (ti—l,j i+ +ti,j+1)/4_ 3)

i.e. the temperature at the node is obtained as the arithmetic average between its value in the
neighboring nodes. In this case on the surfaces of glazing and of the wall the boundary conditions of the
3 type are used. They can be written as follows:

ot
— Ain (%jin = Qlijn (tin ~ Tin ) 4)

Here, n is the distance along the internal normal to the surface angle, m; Ti, is the temperature of
the surface in the considered point, °C; the rest of the notation is given above. The value of ai, is equal to
8.7 W/(m?+K) for the wall surface and to 8 W/(m?2+K) for the glazing.

It is easy to see that the distribution of temperatures from the room side indeed sufficiently closely
resembles the one obtained by the equation (2).

0.8 15
©:4 10
o3

0.2

o.1 o

0.1
S -10
023 -15
0.4

-20
-0.5

-0.2 -01 O 0.1 0.2 03 04 05 0.6 0.7 0.8 -25

Figure 2. Temperature field of the side section of the window slope
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Figure 2a. Isotherms of the side section of the window slope (simplified view)

Here, the constructional layer of reinforced concrete with thermal conductivity A = 2.04 W/(m<K)
and thickness & = 0.2 m is located on the left, from the room side; and the thermal insulation one, with
Ai = 0.035 W/(m+K) and &; = 0.16 m, on the right. Herewith, 0.2 m of width or thickness of the structure
corresponds to one unit of the coordinate grid. Let’'s note that the constructional layer presence has
almost no effect on the distribution of isotherms. As a matter of fact, its thermal resistance away from the
thermal non-uniformities equals to da/Aa = 0.2/2.04 = 0.1 m2-K/W, which is only two percent of the total
conditional heat transmission resistance of the wall, which can be estimated by the value

Samarin O.D. Temperature in linear elements of enclosing structures. Magazine of Civil Engineering. 2017. No. 2.
Pp. 3-10. doi: 10.5862/MCE.70.1
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Ro.cond = 4.85 m2*K/W. Therefore, this layer can be added to the conventional layer associated with heat
exchange on the inner surface. Then &0 = A = (1/qiin + Ocif/Ac).

Results and Discussion

In paper [23] and some other sources, it is indicated that the zone of thermal non-uniformity
influence extends to a distance from it, roughly equal to two calibers, with the caliber value which can be
taken as the thermal insulation layer thickness. Then we can assume that, with x = &, and y = 2d4, or,
conversely, with y = & and x = 28, the dimensionless temperature Bsipe in the expression (1) coincides
with the temperature on the inner wall surface away from the slope 6i,, which, obviously, is equal to
1 — Rin/Ro.cond. Here, Rin = 1/ain is heat exchange resistance on the inner surface, m2-K/W (Figure 3).

Y
0 >
S.

X.=3,
/ Y.=26

/.
' @n=1-R.u /R oo

® =2xy=C

xV

Figure 3. Theoretical distribution of the temperature field at the outer surface of the angle

Consequently, on one side there is 2xy = 43004, from which y = 26004/x, and, simultaneously, for
arbitrary y in case of single-layer structure, the current thermal resistance from the inner surface, taking
into account the additional layer, is equal Ry = y/Ai. Then we get:

0=1— y/y\‘ti _1_l —1— 2808“/X =1— 28O

Oti /M Ot Ot X

Thus, it appears that as the window block abutting moves away from the origin of coordinates, for
which the vertex of the angle of the thermal insulation layer is taken, i.e., with the approach of the filling to
the outer plane of the facade, the relative temperature value should increase gradually.

(5)

Figure 4 shows a comparison of Tsepe Values obtained by direct calculation using a computer
program (solid line), and by calculation according to the expression (5) — dotted line.

Temperature, °C

14

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6
X

Figure 4. Values of the minimum temperature Tsiope by changing
the window block position

In the transition to the dimensional values, it was thought that ti, = +20°C, tex = -25°, as is the case
with Figure 2 plotting. It can be noted that both curves have quite good qualitative and quantitative
matching, which was further improved by a certain modification (5). Basically it resolved itself to the fact

Camapun O.J]. Temnepatypa B JIMHEHHBIX 3JIEMEHTaX OTPAXIAIOMINX KOHCTPYKIUH // THXEHEpHO-CTPOUTEIIHBIH
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that, while calculating 8., the conditional equivalent thermal conductivity of the wall was used, reduced to

Stj + 9

Aeond =
a single-layer embodiment: 8ti/Mi +8a /Aol and, moreover, the value x was substituted
with some shift: 0.13 m within the constructional layer, and 0.05 m — in the thermal insulation one. It is
easy to see that the theoretical expression (5) subject to the adopted amendments is confirmed very well.
Moreover, the minimum temperature in figure 4 coincides well with the theoretical temperature at the
edge of the corner [11], if the value of Ri, to be set taking into account the thermal resistance of the
structural layer 1/ain + &cfAci:

(6)

2 3
R 1( R, R: 1 1 R A
0. =1-—MN - in — in | ==
cor R \/5 2 R
where for higher adopted Ro.cond We get 8¢or = 0.19, and therefore Teor = 20 — 0.19-(20 + 25) = 11.45 °C.
We should also pay attention to the fact that the resistance to heat transfer on the inner surface of the
glazing, of course, is different from the resistance on the inner surface of the wall Ri,, but in this case it is
not critical, since in the theoretical formula (5), which compares the data of numerical calculation, this
resistance does not appear anywhere.

o.cond 2 Ro.(:ond 2 Ro.cond o.cond

The result is also consistent with the concept of the distribution of the temperature field in the area
of contiguity of translucent structures to building openings, considered in [13—15], although their authors
don’t present the specific analytical dependences similar to (5), and with recommendations for the
implementation of energy saving measures presented in [3], [6], [8], [19]. Thus, the proposed solution is
gualitatively confirmed by other sources and is therefore sufficiently reliable.

Conclusions

1. It is shown that the presentation (5) basically corresponds to the actual distribution of the
temperature field in the zone of the window slope abutting to the light-opening filling, and therefore, the
results obtained by numerical calculation, are also valid.

2. ltis discovered that the minimum value Tslope is obtained by placing the window unit within the
insulating layer near its boundary with the constructional one.

3. It is noted that the preferred installation of the window block is from the room side within the
constructional layer, as the one which mostly meets sanitary and hygienic safety requirements. Otherwise
there might be condensation of water vapor in the zone of contiguity since the calculated value Tslope
may be below the dew point of the interior air.

4. It is noted that the expression (5) is the main form of the theoretical description of the
temperature distribution in the area of the window reveal and can be considered as the most significant
result of the study.

5. ltis proposed to apply the relations of the type (5) in some cases and for analytical assessment
of minimum temperature, which will allow using not only program-based, but also engineering methods of
verification of compliance with sanitary and hygiene norms.

6. Itis found that the greatest accuracy of the engineering method is achieved by calculating the
thickness of the additional conditional layer 6o using conditional equivalent thermal conductivity of the
wall Acond. In this case, the maximum error does not exceed 0.5 °C.
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Moisture transport in the ventilated channel
with heating by coil

BnaronepeHoc B BEHTUNTMPYEMOM KaHarne
C HarpeBaTeribHbIM 3NTIEMEHTOM
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Abstract. This article considers the moisture transport phenomenon in the vertical ventilated
channel. HVF construction parameters are determined influencing the rate of moisture transport. It is
necessary to have h < L/25 =8 cm. The greatest air movement is created in the construction with the
open rustications. The optimal location of the heat sources on the channel height, as well as their
favorable combination from the point of view for the process of drying the outer surface of the thermal
insulation material, was identified. The air velocity dependences on height of an air gap are determined
and it was found that the greatest values taken at the maximum height velocity. Ratio between the
moisture transport and the distance to the heat source is installed. Drying processes are compared with
the various combinations of heat sources. The direct dependence of the vaporation weight rate of the
time is installed.

AHHOTaumMa. B paHHOM cTaTtbe wW3y4aeTcsi SIBMIEHME BriaronepeHoca B BepPTUKANIbHOM
BEHTUNMPYEMOM kaHane. OnpegensTca napaMeTpbl KOHCTpykuun HB®, okasbiBalowme BnvsHUE Ha
CKOpOCTb BnaronepeHoca. Heobxogumo wumetb h <L/25=8cm. Haubonbliee ABWkeHMe Bo3ayxa
co3faeTcd B KOHCTPYKUMN C OTKPbITbIMU PYCTaMW. BbigBneHo ontumanbHoe pacnonoxeHne NCTOYHUKOB
Tenna no BbICOTe KaHala, a Takke UX BbIrogHble COYMeTaHUA C TOYKM 3peHUA npouecca BbiCylLUMBaAHUA
Hapy>+<H0|7| NOBEPXHOCTN TeNNon3onAuMOHHOIo MaTtepuana. B pe3ynbTate wuccrnenoBaHuUA CKOpPOCTU
OBMXEeHNA BO3AyxXa NO BbICOTE BEHTUNMPYyeMOro 3asopa, ObIno YCTaHOBJIEHO, 4YTO Ha MaKCUMarnbHOMN
BbICOTE€ CKOPOCTU MNPUHUMAIOT HanbonbluMe 3HavyeHus. A Takxke BblB€EHO COOTHOLUeHne mMexay
MaCcCOBOW CKOPOCTbIO MepeHoca Briarv U paccTostHeM A0 UCTOYHUKa Tenna. CpaBHMBAKTCA MpOLECCHI
BbICYLUMBAHUA MNpPU  PasnMYHbIX COYETAHUSIX HarpeBaTenbHbIX 3MEMEHTOB. YCTaHOBMEeHa npsmas
3aBMCMMOCTb MacCOBOW CKOPOCTU UCMAPEHUS OT BPEMEHW.

Introduction

In the design of these systems radically affected increasing requirements for heat transmission
resistance of enclosure structures. It is a practical impossibility to create a high-quality enclosing parts
without using effective thermal insulation materials.

Clearly, the most favorable location of the thermal insulation in the design is its location at the outer
surface. This ensures the offset of dewpoint temperature in the stream.

This is the principle used in the HVF constructions.

Fiber thermal insulation material having a high air permeance is most popular for the HVF
constructions.

Cranenko E.A., Mycopuna T.A., OctpoBas A.®., OmpmeBckuii B.fl., AnrychkoB A.JI. Bmaromepenoc B
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Modern fibrous mineral-cotton materials have low density, their use is economic. The lower the
density of the mineral wool, the higher its air permeance. This parameter has an effect on moisture
removal rate from the ventilated gap.

The moisture transport is the process of the movement of moisture which represents transfer of
vacant and physically-bounded water under the influence of gravitational and sorption (molecular and
capillary) forces.

The control of moisture level is necessary is necessary to create an optimum operating conditions
of the ventilated facade. The timely identification of excessive moisture appearance sources avoids the
adverse effects of excessive moistening such as corrosion of metal products and parts, destruction of
concrete, stone and brickwork during freezing and thawing, the color change of the building architectural
detail, biological damage and deterioration of thermal properties.

Thus, quantitative calculation of moisture transfer is one of the most important in the multilayered
enclosure structure designing.

This article conditions conducive to the most optimal process of removing moisture from the hinged
ventilated facade gap by simulating moisture transport processes in different parameters HVF model are
formulated.

A special contribution to the study of moisture transport process in the vertical ventilated channel
was made by [1-24].

In this work [1] is investigated the impact of the presence of the technological gaps (rustication) the
rate of air flow in the gap. The speed dependence on the width of the ventilated gap is established
empirically for the construction with open and closed rustications.

The authors identify in the article [2] the conditions under which there is a cold air filtration in the
ventilated gap. The publication [3] considers features of work of facades with and without rustications.
The article [11] is assessed the effect of moisture transport on the dispersed and cellular materials. The
authors of the publication [14] define adequate existence conditions of the free convection stream in the
vertical conduit. In the work [22] consider issues of a natural ventilation of the vertical channel. In the
work [27] the wall building with the ventilated facade thermal protection taking into account a longitudinal
air filtration are investigated.

Purpose and goals of article are:

— to determine the most effective combination of heat sources depending on the air velocity in the
gap.

— to consider the influence of the sources location of mechanical heat on the moisture transfer in
the HVF gap.

— to determine the mass rate of moisture vaporization.

— to identify the mass velocity dependence on the distance from the heat source.

Methods and Results

The imperfection of building structures leads to their excessive moistening. Therefore, more and
more attention is given to the moisture accumulation ability of materials and the possibility of their drying
out. The majority of the moisture control methods are focused on reducing the heat- and moisture input
into the air gap.

The main reason for the movement of moisture in the HVF construction is a difference of humidity,
temperature and differential pressure of the air-steam mixture in the material. A zone of the greatest
moistening is the layer of a mineral wool heat insulation adjoining the gap. Let us consider its rate of
drying for different parameters HVF design.

To identify the optimal design parameters for the study of moisture vented we will consider the
stylized scheme of the ventilated gap between the "hot" plane y = 0 (with Th= 67 °C) and the cold plane
y = h (with Tc= 22 °C).

Heating is provided with three heating elements located throughout the height of the installation.
For equal distribution of heat elements attach to a tin sheet, therefore Th= const. The model height is
equal to L=204cm, and L >» h. While producing a facade sample we consider the temperature

Statsenko E.A., Musorina T.A., Ostrovaia A.F., Olshevskiy V.Ya., Antuskov A.L. Moisture transport in the
ventilated channel with heating by coil. Magazine of Civil Engineering. 2017. No.2. Pp.11-17.
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difference of external and internal layers proved by performance of heating systems. The model
considers wall heating and heat input from it in the air layer. The external air is supposed to come into the
air layer through the lower air hole. It rises through the ventilated channel and leaves through the top air
holes. Air temperature increases and its relative moisture changes during the rise. At the same time
moisture increases throughout the height of the layer [1]. To conduct this experiment a different

combination of heat sources: “lower-middle”, “lower-upper”, “middle-upper” are used.

To identify an optimum variant for the study of moisture transport construction it is necessary to
know the air velocity in the gap. It depends on the supply air method into the installation - with open or
pressurized rustications.

Let us carry out an experiment. We measure the air velocity inside the HVF model depending on
the gap width with and without rustications with various combinations of heat sources. We use thermal
anemometer for measurement.

@ °
U3 &
0.25 © a o » lower-upper
m
0.2 ® lower-middie
0.15 s middie-upper
0.05
0
o © 4 6 3 10 12 14 16 12 20 2 h
Figure 1. Sealed rustications
g
0.45
2 2
0:3e > * lower-upper
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® middie-upper

0.05

4 B 8 10 12 14 16 18 20 2 h

Figure 2. Open rustications
From the resulting graphs it follows that:

— the most air movement is created in the open rustications, because of the greater volume of
heated air, as well as of various combinations of heat sources.

— in the design with a sealed rustications — "perfect channel" — is the air volume is less because
the current is only from the bottom, reducing the drying speed.

— the most disadvantageous of the considered combination is the combination of heating
elements — “middle-upper”. This is due to the fact that the air is not heated when entering to the
canal at the bottom of the battery, and there is no difference in temperature, therefore, there is
no active air movement. Basically, the current is through the rustications, involving the
construction of cold air. At the same time the height velocity decreases and tends to zero when
large gaps.

We will use mineral-cotton samples 95 x 210 x 50 mm for further experience. The dry sample

weight is 140 g. The wetted sample weight is 160 g.
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We will put the first sample in the HVF air gap with a combination of batteries “lower-middle”, the
second sample with a combination of “lower-upper” and will consistently record the mass at regular
intervals under the above combinations of heating elements.

To simulate channel is necessary to have L/h > 25, h < ZL—S ~ 8 cm [1].

We will find a mass rate of vaporization for each measurement:
, Am
At

where Am - the mass difference of two consecutive measurements, At — the interval between
measurements, At = 600 s.

@)

m

We will construct a dependency graph of the mass velocity m* on the distance from a moisture
source for height z to of the heating element.

m

Figure 3. The dependency graph of the mass velocity
on the distance from a moisture source for height.

It can be observed that in the case when the lower battery is disconnected, the current is not
carried out, the mass transfer rate in the model equivalent to the mass transfer rate in natural conditions,
therefore, the chosen combination is enabled the lower heat source are optimal.

Thus, it was established that the combination of “lower-middle”, “lower-upper” with open
rustications are the best for mass transfer mechanisms studying in the HVF construction.

The average mass rate of vaporization are:

m; = = 22— 0,0024, combination of “lower-middie”,
At 5400
5 =" = 1%~ 00026 combination of “lower-upper”
m, = A sa00 U COo Ination or "lower-upper-.

Thus, it was established that the maximum mass transfer rate is observed at the open rustications.

m
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Figure 4. Dependence of m*on t
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Thus, it was established that the maximum mass transfer rate is observed at the open rustications.

Obviously, the rate of vaporization repeated the air velocity. The greater the air velocity, the greater
the rate of vaporization.

The highest velocity values were observed when combinations of heat sources “lower-upper”.
We give a graph of air velocity in the HVF gap on the installation height.
0
0.45
] * lower-middle

® lower-upper

40 60 g0 100 120 140 160 130 L
|

Figure 5. Dependence air velocity in the HVF gap on the installation height

Based on the obtained results, it may be concluded that that the greatest values taken at the
maximum height of the velocity. Therefore, the installation upper part is the most favorable location for
the study of mass transfer.

Discussion

The great bulk of work on this topic is aimed at the moisture transport mechanisms study from the
point of view of physics, practical tests was conducted [10, 25-26]. In this article the emphasis is placed
on the experimental determination of the air flow dependences in the ventilated facade channel.

In the articles of other authors on the same topic is assumed constant the temperature of the warm
surface wall (T,, = const), whereas in this study the effect of the variable position of the heat sources.

Conclusions

Building humidity control is a key condition of increase of their durability, effective use and a
healthy microclimate.

On the ground of the experiments we draw the following conclusions:

— the greatest air movement is created in the construction with the open rustications because of
larger volume of heated air, as well as the use of different heat combinations, which contributes
to the process of moisture transfer.

— the heating the air at the entrance of channel is not when the heat source is off , and there is no
difference in temperature, consequently, there is no active air movement.

— the greatest values taken at the maximum height velocity.]
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The functional of additional energy
for stability analysis of spatial rod systems

®OyHKUMOHAN AONOMHUTENbHOW 3HEPrMn Ansi aHanuaa
YCTONYMBOCTU NPOCTPAHCTBEHHbIX CTEPXKHEBbLIX CUCTEM

Yu.Ya. Tyukalov, A-p mexH. Hayk, npogheccop FO.51. Trokasnoe,
Vyatka State University, Kirov, Russia Bsamckuti eocydapcmeeHHbIl yHUsepcumem,
2. Kupos, Poccusi

Key words: stability; finite element method in KnrouyeBble cnoBa: yCTONYMBOCTb; METOA

stresses; piecewise constant stress; an additional KOHEYHbIX 3NEMEHTOB B HAMPSKEHUSAX; KYCOYHO-

energy functional; the lower limit of solutions; critical nocTosiHHbIE HAaNPSXXEHUST; DYHKLMOHAN

force; reserve of stability AONOSNHUTENBHON SHEPIUN; HDKHAS rpaHuua
pELLUEHNSI; KPUTUHECKME CUMbl; 3anac
YCTOM4YMBOCTM

Abstract. The problem solutions of stability of spatial rod systems by finite elements method in
stresses were considered. The proposed method is based on a combination of functional additional
energy and the principle of virtual displacements, used for the construction of the equilibrium equations.
After discrediting of the subject field, solution of the problem is reduced to the search of the minimum of
additional strain energy functional with constraints in the form of the system of linear algebraic equilibrium
equations of the nodes. The equilibrium equations are included in the functional with the help of Lagrange
multipliers, which are displacements of the nodes. Equations are derived for the static analysis based on
approximations of internal forces (stresses) for the spatial rod systems. To solve the stability problems, in
the functional of additional energy there are added additional energy the longitudinal deformations,
arising due to the bending of rods. Form of the rod buckling is approximated by a linear function on finite
element field. Two variants of the internal forces approximations on the finite element field: linear and
piecewise constant were considered. Calculations of critical forces (loads) have been performed by the
proposed method for the straight rods with different variants of the ends support and the spatial
frameworks. The calculation results were compared with the analytical solutions and the solutions
obtained by the method of finite elements in displacements. Analysis of the results shows that the use of
piecewise constant approximations of internal forces leads to convergence to the exact values of the
critical forces (loads) is strictly from below and provides solution with the reserve of stability.

AHHoTauuA. PaccmaTtpuBaeTcs pelueHvne 3agad yCTOMYMBOCTU NMPOCTPAHCTBEHHbLIX CTEPXHEBbIX
CMCTEM METOAOM KOHEYHbIX 3NIeMEHTOB B HanpsbkeHusix. [Mpegnaraemas meToaMka OCHOBbIBAETCA Ha
codeTaHuM yHKUMOHana [AOMOSIHUTENbHOM SHEpPrMuM U MNpUHUUNE BO3MOXHbBIX NepeMeLleHun,
MCMNOMb3yemMoro AN MoCTPOEHWs ypaBHEHMI paBHOBECUS Y3MNOB KOHEYHO-3fieMeHTHou ceTku. [locne
AvcKpeTnsaumm npeaMeTHon obnactu, pelleHne 3agayn CBOAUTCS K MOWCKY MUHUMYMa dyHKUMOHana
OOMNONHUTENBHON 3Heprun AedopMauum Npu Hanuinuu orpaHnyYeHnin B BUAE CUCTEMbI JIMHENHbIX
anrebpanyecknx ypaBHEHW paBHOBECUSA Y3NOB. YPaBHEHWS paBHOBECWSI BKIOYAKOTCA B (hyHKUMOHAnN
npuM nomowmn MHoXuTenen JlarpaHxa, KOTOpbIMU SABASIOTCA MepemelleHns ysnos. [lonyyeHsl
paspeluatolme ypaBHEHUS AN CTaTUYECKOro pacdeTa NPOCTPaHCTBEHHbLIX CTEPXHEBbLIX CUCTEM Ha
OCHOBE annpokcumauuu ycunuin (HanpsbkeHnuid). [na peleHus 3agady yCTOMYMBOCTUM B PYHKUMOHanNe
YYUTbIBAETCA AOMNOMHUTENbHAA 3HEPrnst OT MPOAONbHbIX Aedopmaunii, BO3HMKaOLWMX 3a cyeT m3rnba
cTepxkHen. dopma noTepu YCTOMYMBOCTM NO OOMACTM KOHEYHOro 3feMeHTa annpoKCUMMpyeTcs
nuHenHon dyHKuuen. PaccmaTtpusaloTca [Ba BapvaHTa annpokCMMauun BHYTPEHHUX YCUNUW no
0bnacTn KOHEYHOro 3fieMeHTa: JNIMHEWHasi U KYCOYHO-MOCTOsIHHAA. 1o npegnoxeHHoONn meToauke Gbinu
BbIMOMHEHbl pacyeTbl KPUTUYECKMX CUI (Harpy3ok) Ans NpsMbIX CTEPXKHEW MpU pasfvyHbIX BapuaHTax
3aKpenneHns KOHLOB U MPOCTPAHCTBEHHbLIX paM. BbiNoNHeHO cpaBHeEHWE pe3ynbTaToB C aHaNMTUYECKUM
PEeLEHNAMN U peLLIeHNsIMU, NOMYyYeHHbIMU MO MEeTOdY KOHEYHbIX 3NIEMEHTOB B NepeMeLleHnsax. AHanms
NOMy4YeHHbIX pes3ynbTaToB MOKa3blBAET, YTO WCMNOMb30BaHWE KYCOYHO-MOCTOSIHHBIX annpokcnumaummn
BHYTPEHHUX YCUMUIA NPUBOAUT K CXOOAMMOCTU K TOYHOMY 3HAYEHWMIO KPUTUYECKUX CUI (Harpy3oK) CTporo
CHU3Y 1 NO3BONSAET NOMYy4YnTb peLleHne B 3anac yCTOMYNBOCTH.

Tyukalov Yu.Ya. The functional of additional energy for stability analysis of spatial rod systems. Magazine of Civil
Engineering. 2017. No. 2. Pp. 18-32. doi: 10.18720/MCE.70.3
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Introduction

The finite element method in displacements is successfully used to solve the widest range of
structural mechanic problems, including stability problems [1-27]. In recent years, for rod systems the
greatest attention was given to the build functional for solving the problems of stability of thin-walled rods
[4, 6,9, 13, 17, 20, 26] and given the effect of shear and longitudinal deformations [3, 4, 9, 13]. Also, in
some articles the methods of solving rods stability problems [15] with considering the physical non-
linearity [12, 16] and the torsion of the cross sections were introduce. A series of articles are devoted to
the calculations the stability of rods based on direct solution of differential equations for compressed-bent
rods [18—25], including rods with variable cross-section [20, 21, 23-25].

In [3, 4, 28-36] the solutions of problems by mixed finite elements methods and in stresses are
considered. In [4], in order to solve the problems of constructions stability the mixed Reissner’s functional
is used. For this purpose, the functional is complemented by summand that considers the additional
energy of longitudinal deformation occurring by the bending. Also, it is considered functional for solving
stability problems of the open profiles rods and flexural-torsional forms of buckling spatial rods systems.

In [38] two variants of extreme energy principles to solve static problems of structural mechanics
are considered. It includes the Castilian principle which involves the static equations (equilibrium) as
constraints. The equations of statics were based on differential dependencies which bind forces and
external loads. The equilibrium equations of the longitudinal and transverse forces are prepared for
separate nodes. There were introduced different types of rod elements, the equilibrium equations are
constructed using a special algorithm. Stability problems are not considered.

In [32—36] solutions of static and dynamic problems of structural mechanics by finite elements
method in stresses were constructed. The equilibrium equations, formed on virtual displacement’s
principle, are included in the functional by the Lagrange’s multipliers or using penalty functions method. It
is shown that, if for approximation of the stress (forces) in the field of finite element constant or piecewise
constant functions were used, then displacements of nodes seek to exact values from above by crushing
the finite elements mesh. Thus, it is possible to receive the opposite, compared to the traditional finite
element method in displacements, border exact solutions.

It is known [1-3] that the solution, obtained by the method of finite elements in displacements,
under certain conditions, converges to the lower border of the exact values of displacements. Solutions,
obtained by the minimum principle of additional energy, also under certain conditions, allow getting
opposite bound of the exact values of displacements.

The purpose of this work is the construction of solution algorithm of stability problems of spatial rod
systems on the basis the functional of additional energy and the principle of virtual displacements, which
allow determine the lower limit of the critical loads.

Methods

In [32-36], founding by the functional of additional energy and principle of virtual displacements,
solving the building structures problems by finite element analysis in stresses were built. Using constant
or piecewise constant functions for the approximations of stresses (forces) in the field of finite element we
will get the upper border of displacements. In general, the solution of the problem reduces to finding the
minimum of the additional energy functional (1) in the presence of limitations in the form of equilibrium
equations of nodes (2).

C _ Jr* * __ 1 T -1 _ T{A :
N =U"+Vv' =2 {a}T[E]"{o}d 2 — | {T}"{A}dS - min, 1)
T— ., 5 C o
{Ci,x} {Ui} + Pi,x = O’ LE Sy
(€)' @I +Piy=0, (€5, @
{Ci’Z}T{Ei} + ﬁi,z = O, l (S EZ'

U™ — additional energy of the strains, V*— potential boundary forces corresponding to the specified
displacements [1]; {G;} — vector of unknown node stresses (forces) of finite elements adjacent to the
node i; Zy, %), =, — sets of nodes that have free displacements along the axes X, Y n Z respectively;

{Z} — vector given displacements of nodes; {T'} — vector boundary forces; S — boundary surface, on
which the displacement nodes are given; {Ci,x}, {Ci,x}, {Ci‘z} — vectors, which elements are the
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coefficients (multipliers) of the unknown node stresses (forces) of finite elements adjacent to the node i;
Pix, Piy P, — external loads potential corresponding to the virtual unit displacements of the node i
along axes x, Y, z respectively. The equations of equilibrium (2) are formed using the principle of virtual
displacements for all admissible displacements of nodes along the coordinate axes.

In order to go on to unconstrained minimization problem, we use the method of Lagrange’s
multipliers. Then advanced functional of additional energy takes the following form:

* * T — = .
Mg =U"+ V" + Xjoxy,z Dies; Ui ({Ci,j} {o.} + Pi,j) - min. ®)
u;; — the actual displacement of the node i towards j, which is the Lagrange’s multiplier for the

corresponding equilibrium equation. When using the functional (3) there is not necessary to use a stress
field that satisfies the differential equations of equilibrium, as required by the principle of minimum
additional energy. The equilibrium equations will be carried out in discrete sense — in the form of the
equilibrium equations of the finite element mesh nodes.

Let us consider the application of the proposed approach to solve static problems of the spatial rod
systems. Using the notations for rods systems, the functional (1) without the given displacements of
nodes will be as follows:

1 (1 My (x)? I My(x)2 le(x) lN(x) .
e = ?=1(5f027dx+2f0 —Z—dx + = fO dx f dx ) - min. 4)
El,, EI, — bending stiffness, G} — torsional stlffness; My(x), M,(x) —the bendlng moments directed
around axes Y1 and Z1 respectively (fig. 1b), M (x) — torque (directed around the axis X1); EA —

longitudinal stiffness; N(x) — longitudinal force; [ — length of the finite element; n — number of finite
elements.

b)

Figure 1. Positive directions of nodal displacements: a) global XYZ coordinate system and local

coordinate system X,Y1Z at the beginning of finite element; b) positive directions of the nodal
internal forces at the beginning of finite element

The approximations of internal forces (longitudinal forces and moments) will take linear (5) or
piecewise constant (6).

S(x) =S, (1 - %) +5,5, ®)

(S, x€[0,1/2]
5(")‘{52, x € [l/z,z]}'

In (5) and (6) under the symbol S any of the internal forces — N, My, M,, M, is meant. The
positive directions for the beginning finite element are shown in Figure 1b.

(6)

Substituting (5) or (6) into (4) we obtain the expression of the finite element additional energy in
matrix form:

€= %{Se}T[De]{Se}: {Se}T = (My,1 Mylz MZ:1 MZ:2 Mk'l Mk.z Ny NZ)- (7
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{S.} — vector of unknown nodal forces for finite element. Flexibility matrix [D,] of finite element for the
case of linear — [D, ], (8), and piecewise constant approximations — [D, ] (9), will be as follows:

l l ]
— 0 0 0 0 0 0

3EL, 6EI,
l l
G, e, ° 0 0 0 0 0
L
0 0 o 0 0 0 o
L
D], = 0 0 G 3 (l) (l) 0 90 , ®)
0 0 0 0 oo 00
l l
0 0 0 0 ooz 00
Lo
o 0 0 0 0 0 @ @
0 0 0 0 0 0 o o
!
e, ° 0 0 0 0 0 o0
!
221, o 0 0 0 0
!
0 25T o 0 0 0
!
. 0 0 0 o (l) o 0o 0 o
0o 0 0 0 0 0
!
o 0 0 0 T 0
!
o 0 0 0 0 T

l
2EAl
Note, that the unknown nodal forces are accepted independently for each finite element.
Therefore, the size of the global vector of unknown nodal forces {S} will be equal to 8n. Global flexibility
matrix [D] to the whole system, and its inverse[D] ™2, will have a block-diagonal (or diagonal) form:

| 0 0 0 0 0 0

D] 0 D7 -0
[D]=| ¢ - i |,[D]t = : : (10)
0 [Dn] 0 [Dn]—l
Using (10), the functional (4) can be written as follows:
¢ = 2{SY'[D]{S} » min. (11)

2

To form the equilibrium equations nodes of finite element we consider displacements of nodes in
the local coordinate system (Figs. 2—3) and obtain corresponding expressions the strain energy of finite
element.
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Figure 2. Possible displacements finite element nodes along the local axes: a) along the Z1 — éw;
b) along the Y1 — 8V, c) along the X1 — 6u

We assume that the possible displacements are changed along length of finite element according
to linear law. The displacements dw and 6V will give the rotations of finite element, as rigid body
rotations. The displacement of node dw; causes the angle of finite element rotation:

Sw.
Q= Tl (12)

When the element is rotated at an angle ¢, the nodal moments will perform the work 6ZW,1 as the
external forces:

— — (—M,+M
6AW'1 = _My,lﬁo + My‘z(p = 6W1 (%y,z) (13)
The internal moments are opposite in sign, so the energy of deformations:
— — — (My,—M
6UW,1 = _5AW,1 = 6W1 (—y'll y,Z). (14)
Similarly, we obtain
— — (—M,,+M — — (My,—M — — [(—Myi+M
Uy, = 6w, (—y'll y'z) , 0U51 =6 (—Z'll Z'z), 60Uz, = 6v, (—z'll+ Z’z)- (15)
At possible displacement du; along the axis X;:
— d -éu
u(x) = 6u, (1 - f), e(x) = ulw) _ Zou (16)
l dx l
Then, the energy of deformations
— —6u, L
SUz, = l f N(x)dx. 17)
0
If we substitute in (16) the expression for N (x) from (5) or (6) the result is the same:
5Ty, = 611, —th2) (18)
The similar expression can be obtained for a possible displacement of node 2
65&[2 = 5ﬂ2 (N1+N2) (19)

Next, let us consider possible displacements, as nodes rotation (Fig. 3a) and as element rotation
(Fig. 3b), around axes of the local coordinate system
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Figure 3. The possible turns: a) 6(py, 8¢ —around Y1 and Z1 axes; b) 6@, —around the axis X1
For rotations around the axes Y1 and Z1, expressions of strain energy will be written simply:
6U¢y‘1 = _My,15(py‘1, 5U¢y,2 == My;26(py,2’

— . — . (20)
6Uaz‘1 = —szl(s(pz‘l, 6U¢Z.2 = MZ;Z(S(pZ,Z'

For rotations around the axis X1 (Fig. 3b) strain energy expressions are like equations (17) and
(18) with substitution longitudinal forces by torques:

77 o= —(Mp1+Mg>) 77 _ o—  (Mp1+Mg»)
6Uax’1—6(px‘1—2 , 6U¢x‘2—6(px’2—2 . (21)

The possible nodal displacements in the global and the local coordinate systems are connected by
a matrix of the direction cosines [t]:

Suy 51, (60x1 00x1) (Su, 51,) (60x2 0,
{6vl}=[t] 8V 0,100y = [t]{09,, .{5v2}=[t] 8V ,160y2 ¢ =[t]1{60y, ¢ (22)
Sw, ow1) 8¢z §p,,) \Ow: owz) 8¢z, 59,,
t11 bz U3 (23)
[t] = [t21 ta2 t23]-
t31 3z t33

The energies of strains in the global and the local coordinate systems are connected also.
Formation of the matrix of direction cosines [t] is executed as in the calculation of spatial rod systems by
finite elements method in displacements [1-5]. The deformation energy values for possible
displacements of finite element nodes in the global coordinate system are placed into the vector {6Ue}
as follows:

(8UY" = {8Uys 68Uy 8Uyy 8U,,, 8U, . 8U

T
oy1 OUp,, 86Uy, 6U,, 6Uy, 6U,,, 6U 5U¢z,z} ) (24)

Py,2

Possible displacements of finite element nodes in the global coordinate system, in the same order,
are presented by square diagonal matrix [6ye].
[6111 0

[5}/9] = (25)

O vee 6(pZ’2
Using the vector of unknown nodal forces {S.}, introduced in (7), we can write the following
expression:

{6U.} = [6yel[LI{Se}- (26)

Matrix [L.], which may be called as matrix of equilibrium of finite element, considering the
expressions (14-15), (20-23) is as follows:
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From the local equilibrium matrices [L,], in accordance with the numbering of nodes and finite
elements, global matrix [L] of the system equilibrium equations of nodes will be formed. If the number of
finite elements is equal to n, number of nodes — k, and number of kinematic links — s, the matrix [L] would
be having (6k-s) lines and 8n columns. From the vector of unknown nodal forces of finite element {S,}
vector of unknown forces for the whole system {S} is formed. It consists of 8n elements.

In order to form the equilibrium equations it is also necessary to get expression of the work of
external forces from the possible displacements. At possible node displacements, the work is performed
by concentrated vertical forces and moments in the nodes and by loads, that is distributed along the

element. If evenly distributed along the finite element loads gy, gy, g, are defined in the global coordinate
system, then they should be reformed into local loads using expression (28):

Ex dx
q, ¢ =[t]" {qy}. (28)
az qz

Next, we form the vector {fe} that consists of concentrated forces and moments in the nodes:

_ _ =g o~ o~ 2 =2 - 2 =2 -7
F) =f0 ¥ el WAl w B oa el B el (29)
2 2 2 12 12 12 2 2 2 12 12 12

Vector {fe}, obtained in local coordinate system, should be transformed into the vector {F,} in
global coordinate system:

{Fe} = [te]{Fe}:
k] 0 0 0
0 (30)

0 0 0 [t

From the local vectors {F,}, according to the numbering of nodes and elements, we form the
global vector of the nodal loads {F} for all finite elements. Next, the forces and moments, that are
concentrated at the nodes, are added to elements of vector {F}. Obviously, the work of the external

forces is calculated as product of the elements of the vector {F} and the corresponding possible node
displacements. Thus, the system of equilibrium equations for the whole system can be written in the
following form:
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{F} - [LI{s} = 0. (31)

For the finite element, we introduce the notation for the vector of nodal unknowns in the local
coordinate system

_ - - — - - — - — T
{ye}T ={u1 v1 W1 @, V1 Ppy Uz V2 W2 Oy5 @5 ?,,} (32)

and the global vector of the nodal unknowns for whole system {y}, which is the vector of Lagrange’s
multipliers for the equilibrium equations of the system (30). By means of Lagrange’s multipliers, we
include the equations (30) into the functional (11) and obtain:

N = 2{S}"[D}(S} + (37 ({F} — [L}{SD > min. (33)

Equating to zero the derivatives I1¢ from vector {S}, we obtain the equations of compatibility of
strains in terms of stresses:

[DI{S} - [L]"{y} = 0. (34)

The derivatives TI¢ on elements of the vector {y} are systems of equilibrium equations of nodes
(31). Combining (31) and (34), we obtain the final system of linear algebraic equations:

[D] ~[LI"|({sh _( 0
[—[L] [0] ]{{y}} -{} (35)
Expressing vector {S} from the first matrix equation and using it in the second, we get
[LIID] L] {y} = {F}, (36)
{s} = [DI'[L]"{y}- (37)

Let us note that for getting (35) the approximation functions for the displacements are not used.
Only, there were introduced approximations for possible displacements that can be of any shape, but
must satisfy the kinematic relations. The solution was based on the introduction of approximations for the
internal forces (stresses). By using linear approximations, we will get the values of forces and
displacements of nodes that equal to the values, obtained by the method of finite elements in

displacements. Since the matrix [D] has simple structure, calculating product of the matrices in (36) does
not require extensive computational resources.

Let us consider the problem of determining the critical load, which leads to the loss of stability in
form of the rods bulging. In this paper, more complicated flexural-torsional buckling forms are not
considered. As is well known [1-4], in solving problems of rod systems stability must be counted the
stretching deformations that are associated with bending:

2 2
1 /dv 1 /dw
=== (= 38
€ Z(dx) + Z(dx) ) (38)
After buckling, the function of the transverse displacements of axis of the finite element is
approximated by the linear function in the local coordinate system

— Xy _ X _ X\ X
v(x) =7, (1 — 7) + v, T w(x) =w; (1 - 7) +w, n (39)
Then
1 (0, -v1)? | 1 (W, —wy)?
== = 40
0= oty (40)
The additional energy of deformations
. l
Uz, = [, N(x)godx. (41)

Setting in (41), any (5) or (6), approximation for N (x) we obtain the following matrix expression for
the energy of deformations

e 1= Tr= 1=
UEO - E{ye} [Ge]{ye}’ (42)
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For getting the geometric matrix of the finite elements in the global coordinate system, the following
conversions must be done:

[Ge]lte]™. (44)

From the local matrices [G,] of the finite elements we generate geometric global matrix [G] for the
whole system. Using U*O, the functional (33), for solving buckling problems will be as follows:

¢ = Z{SYT[DI{S} + S AT 61y} — YT [L]{S} > min. (45)

In the expression (45) the parameter A, which is interpreted as the buckling safety factor, are
introduced. Minimum of functional (45) corresponds to the existence the equilibrium of the system in
deflected shape. Equating the derivatives TI¢ along the vector of forces {S} to zero, we obtain the
equations the compatibility of deformations (34). The derivatives of the (45) along the vector of
displacements {y} create the equations equilibrium of the nodes after buckling with adding the influence
of longitudinal forces to bending:

—[LI{S} + A[GH{y} = 0. (46)
Combining (34) and (46), we obtain a system of homogeneous linear algebraic equations
(D] ~[LI"]((Sh _ (0
[—[L] 1G] ]{{y}} ={o} “7)

Let us express vector of forces {S}, from the first matrix equation, and put it into the second
equation. Introducing the notation for the matrix product [K] = [L][D]*[L]T, we get:

—[Kl{y} + A[Gl{y} = 0. (48)

To determine the critical value of the parameter A.,. we apply the method of inverse iterations,

which includes the following steps. After solving (36) and (37), we obtain the vectors {y,} and {S,}.
Next, we must perform the iterations:

1—12
[]{yl 1}

(
| by
{m =, 1 tok=s)
| 1

A i = ——.,
U i T

In (49) Ymax — Maximum in modulus element of vector {y;}. The iterative procedure is finished
after achieving the necessary accuracy of calculating |/'lcm- - Acr,i—ll <e&.

(49)

Results and Discussion

As examples calculations stability of the spatial frameworks, shown in Figures 4-6, were
performed. The calculations were performed in Mathcad 14.0. The following characteristics of cross
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sections stiffness have been taken: EI, =10 kNm? EI, = 10 kNm?,GI, = 10 kNm? EA =

1000 kN. Geometric dimensions in meters are indicated in the figures. The critical loads were
calculated as functions of the finite elements number, which divide each rod, shown in the figures.
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Figure 4. The critical load for rectangular framework with clamped supports

The graphs in Figures 4—6 are built on values of the critical forces, given in Tables 1-3.

Table 1. Values of the critical loads for the rectangular framework (kN). (Fig. 4)

Number of finite elements

IApproximation

1 | 2] 3]l a5 ] 6] 7] 8] 9] 1w0]1a]12]1s

Linear 4.038 3.976 3.850 3.80 3.776 3.762 3.755 3.749 3.746 3.743 3.741 3.740 3.733

Fzggg;’;ﬁf 1.464 2733 3221 3.430 3534 3592 3.628 3.652 3.669 3.681 3.689 3.696 3.701
LIRA-SAPR |3.748 3.738 3.733 3.732 3.732 3.732 3.732 3.732 3.732 3.732 3.732 3.732 3.732

On figures: the number 1 (blue line) — indicate the results obtained by the linear approximations of
the internal forces; number 2 (red line) — using piecewise constant approximations forces; number 3
(green line) — the results obtained by the finite elements method in the displacements on the program

LIRA-SAPR 2013.
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Figure 5. The critical load for the triangular framework with hinged supports

TrokanoB 0.5, @®yHKUMOHAN [AOMOJHUTENBHOM SHEPruu il aHalIM3a YCTOMYMBOCTH MPOCTPAHCTBEHHBIX
CTEpKHEBBIX cucteM // HxeHepHO-cTpouTebHbIH xKypHai. 2017. Ne 2(70). C. 18-32.

27



Magazine of Civil Engineering, No. 2, 2017

Table 2. The values of the critical loads for triangular framework with hinged supports (kN).

(Fig. 5)

Number of finite elements

Approximation

1‘2‘3‘4‘5‘6‘7

8 | o [ 10| 11 ]12] 13]14

Linear

Piecewise
constant

1.075 1.021 1.009 1.005 1.003 1.001 1.0008 1.0004 1.0001 0.9999 0.9997 0.9996 0.9995 0.9994
0593 0862 0935 0962 0975 0982 0986 0990 0.9915 0.9929 0.9940 0.9948 0.9954 0.9959

LIRA-SAPR

1.0009 0.9991 0.9990 0.9990 0.9990 0.9990 0.9990 0.9990 0.9990 0.9990 0.9990 0.9990 0.9990 0.9990

critical load

7:5 T T T T T T T T T
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5.192f
4.808["
4.4231
4.038[
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Figure 6. Critical load for the stepped framework with clamped supports

Table 3. The values of the critical load for the stepped framework with clamped supports

(kN). (Fig. 6)
L Number of finite elements
Approximation
1 | 2 | 3| a | s | & | 7] 8 ] 9 | 10
Linear 7.0531 6.9479 6.7372 6.6526 6.6118 6.5892 6.5754 6.5665 6.5603 6.5559
Pc'g‘r:l‘;"’a'rfte 26228 4.8323 56690 6.0234 6.2003 6.3000 6.3614 6.4019 6.4298 6.4499
LIRA-SAPR 6.5644 6.5465 6.5388 6.5373 6.5369 6.5368 6.5368 6.5367 6.5367 6.5366

Analysis of the results of the calculations shows that the use of piecewise constant approximations
of internal forces lead to the convergence of the calculated values of critical forces (loads) to the exact
values of strictly from bottom and allows you to get solutions to the stability reserve. At the same time,
compared to the finite element method in the displacements, it is necessary to use the finer grids. The
finite element method in displacements provides more accurate solutions with coarse grids. Necessary to
consider, that the solution in displacements is more "rigid" and converges to the exact value from above
as in the case of the use of linear approximations for the internal forces on the proposed method. It is
known, by dividing of the finite elements grid we get values of stresses, which will tend to constant
values, so for the convergence of solutions is necessary to ensure representation of the constant
stresses or deformations. If solutions are get by proposed method, then this condition is performed. In the
Fig. 7 shows graphs of the relative difference, in percentages, between the solutions, obtained for
different approximations of internal forces, for the above examples. In the figure introduced the notation:
P, 1 — linear approximations of internal forces; P, — piecewise constant approximations of forces;

P, 1. —the minimum value, obtained by the linear approximations of forces; 1 (red line) — the results for
the framework in Figure 4; 2 (blue line) — the results for the framework in Figure 5; 3 (green line) — the
results for the framework in Figure 6. Reducing the difference between two solutions by the crushing of
finite element mesh indicates to the convergence of solutions to the exact value. Note, that graphics for
the 1st and 3rd schemes are practically the same (Table 4). Per the difference of two solutions we can
assume the accuracies of calculation critical forces.

Tyukalov Yu.Ya. The functional of additional energy for stability analysis of spatial rod systems. Magazine of Civil
Engineering. 2017. No. 2. Pp. 18-32. doi: 10.18720/MCE.70.3
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3 A=100(Pcr,1-Pcr,2)/Pcr,1*

01 23 45 67 8910111213 14
number of finite elements

Figure 7. The relative difference between the values of the critical forces

Table 4. The relative difference of critical forces values in percentage (Fig. 7)

Number of the crushing elements
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Scheme

Fig.4 | 689|333 16.8 | 9.9 6.5 4.6 3.4 2.6 2.1 1.7 14 12 0.85 -

Fig.5 |482|158 | 7.4 4.3 2.7 1.9 14 11 0.9 0.7 | 057 | 048 | 041 | 0.39

Fig.6 | 67.6 | 323 | 16.3 | 9.6 6.3 4.4 3.3 2.5 2.0 1.6 - - - -

To evaluate the accuracy and convergence of the approximate solution by proposed method, the
critical forces were defined for straight rods with different types of ends fixing and for different number of
finite elements. To simplify the analysis, the bending stiffness and length of the rods have been taken
equal to unity. We considered the following variants of the rods: 1 — hinged rod; 2 — cantilever rod; 3 — rod
with hinge and with clamped end; 4 — rod with clamped ends. The calculation results are shown in
Table 5. Exact, analytically derived, values of the critical forces are taken from [37].

Table 5. Critical forces for straight rods

Variants . . Number of finite elements Exact
Approximations values
of rods
> | 4| 5 | 10 ] 20 | 4 | =80 100
Linear 12.0 10.4 10.2 9.951 9.8999 9.8746 9.87087 9.87042
1 Piecewise 9.86960
constant 8.0 9.38 955 9.789 9.8493 9.8645 9.86834 9.86879
Linear 3.0 250 2.49 2.472 2.4687 2.4677 2.46748 2.46745
2 Piecewise 2.46740
constant 20 241 2.45 2.462 2.4661 2.4671 2.46732 2.46735
Linear 274 22.4 21.6 20.53 20.275 20.212 20.1960 20.1941
3 Piecewise 20.19064
constant 120 17.8 18.6 19.79 20.089 20.165 20.1844 20.1867
Linear 48.0 48.0 449 40.79 39.804 39.560 39.4987 39.4914
4 Piecewise 39.47842
constant 16.0 32.0 346 3820 39.155 39.397 39.4581 39.4654

The calculation results of the stability of straight rods confirm, as was noted above, characteristic
features of the proposed method of calculation, which is based on the functional of additional energy.
These characteristics allow to note the following possible fields of application of the method: getting the
lower limit of the critical forces; calculation the stability of the structures such as plates, which can be
strengthen by rods; the curvilinear constructions or constructions on elastic foundation; getting the
solutions, which are alternative to the solutions on method of finite elements in displacements.

TrokanoB 0.5, @®yHKUMOHAN [AOMOJHUTENBHOM SHEPruu il aHalIM3a YCTOMYMBOCTH MPOCTPAHCTBEHHBIX
CTEpKHEBBIX cucteM // HxeHepHO-cTpouTebHbIH xKypHai. 2017. Ne 2(70). C. 18-32.
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Conclusions

1. For problems of stability the spatial rod systems there are proposed the method, which is
based on functional of the additional energy and the principle of virtual displacements. Equations for
static analysis of spatial rod systems based on the approximation of the forces (stress) were obtained.

2. The examples of the calculations the critical forces for straight rods and three-dimensional
frameworks for different finite element grids show that using of piecewise constant approximations of
internal forces provides a lower bound of the critical forces. It is necessary to use a fine grid of finite
elements. For the above examples, the required number of finite elements for achieving the same
accuracy as accuracy of the solutions by finite elements method in displacements is about 5 times more.
Accuracy solutions, lot less than 1 percent, can be obtained, if very fine grid of the finite elements
(Table 4) is used.

3. By using linear approximations of the internal forces, we get the solutions which converge to
the exact values of the critical forces from above and give an upper bound. It is possible to define
accuracies of calculation of the critical forces per the difference of two solutions with linear and piecewise
constant approximations.

4. Possible fields of application of the method are getting the lower limit of the critical forces;
calculation the stability of the structures such as plates, which can be strengthen by rods; calculation the
stability of the curvilinear constructions or constructions on an elastic foundation; getting the solutions,
which are alternative to the solutions getting on method of finite elements in displacements.
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Stress state of protective shells in the area of holes due to
prestressed reinforcement curvature

Hanps»keHHOe COCTOSAHME 3aLLUUTHBIX 060M04YEK B 30HE OTBEPCTUM
BCNeaCTBME KPUBU3HbBI NPeAHANPKEHHbIX 911IEMEHTOB
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NpubnmxeHHoe pelleHne

Abstract. The stress state around the holes in cylindrical part of prestressed concrete protective
shells is examined in this paper. This stress state is caused by general shell prestressing having the aim
to compensate internal emergency pressure and the curvature of the reinforcement elements near
technological holes in cylindrical part of shell. Presence of technological holes predetermines occurrence
of so called “disturbed” stress state of a local nature (stress concentration). The exact solution of the
stress concentration problem at any load does not exist even for a plate. So the approximate solution
using complex functions and Fourier series for a plate with a hole is proposed. It can be concluded on the
basis of the calculation results that the stress concentration due to curvature of reinforcement elements
near hole has to be taken into account, since in this case the maximum compressive stress is
considerable.

AHHOTauumA. B paHHOM paboTe paccmaTpuBaeTCs HanpsiKeHHOE COCTOSIHUE KOHCTPYKLUM BOKPYT
OTBEPCTUI B LWMMHAPUYECKON YacTu NpeaBapuTenbHO HamnpsKeHHbIX OETOHHbIX 3aliMTHbIX 060MoYek.
OTO HanpshikeHHOe COCTOSIHME BbI3BAHO OOWMM npeaBapUTENbHLIM  HaMpsikeHUemM OBONOYKM,
HeobXoAMMbIM Ans KOMMEHCAUWW BHYTPEHHErO aBapUMHOIO AABMEHWS, U KPUBWU3HOW apMaTypHbIX
3MNeMeHTOB BOM3U TEXHOMOMMYECKMX OTBEpPCTUA B LUNMHAPUYECKoW 4Yactu obonoukn. Hanuuve
TEXHOIMOrMYECKNX OTBEPCTMI npefonpenensieT BO3HUKHOBEHME TaK Ha3blBAEMOrO «BO3MYLLEHHOIO»
HanpsKEHHOTO COCTOSIHUSI TIOKanbHOrO xapaktepa (KOHLUEeHTpauusi HanpsbkeHui). TouHoro pelueHus
NpoGnemMbl KOHLUEHTpaLuW HanpsbkeHuid npu nobol Harpyske He CylwecTBYeT fdake Ans NnacTuHbI.
Moatomy npegnaraeTcs NPUONMKEHHOE pelleHne C MUCMONb30BaHWEM KOMMIEKCHbLIX DYHKUMIA U psSaoB
®ypbe Ana nNnacTuHbl ¢ 0TBEpPCTMEM. Ha ocHoBaHWM pe3ynbTaToB pacyeTa MOXHO caenatb BbIBOA O
TOM, YTO HEOBXOAMMO YYMTLIBATb KOHLLEHTPALMIO HaNPsKEHWI, BbI3BAHHYIO UCKPUBIIEHNEM apMaTypHbIX
anemMeHTOoB BOMM3W OTBEPCTUS, MOCKOMbKY B 3TOM Crydae MaKCMMarbHOE CXUMaloWee HanpshkeHue
ABNSETCSA 3HAYNTENbHbIM.

Introduction

Cylindrical part of prestressed concrete protective shells for nuclear power plants with a helical
scheme of reinforcement is compressed by two groups of reinforcement elements, oriented over the
counter spirals and directed at an angle of 55 degrees to meridian.

The general stress state of the cylindrical part of the shell caused by the preliminary compression
forces in areas, sufficiently distant from the bottom and the support ring, is momentless and can be
determined in accordance with the membrane theory of thin shells [1-8].
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In areas of technological holes, the largest of which reaches a diameter of 4 m (at elev. 38.1 m), it
is necessary to bend the reinforcement elements around the hole. To reduce the prestressing losses from
friction trajectory of the reinforcement is made fairly smooth; nevertheless there is considerable pressure
of the reinforcement elements (Fig. 1) and the additional stress state in concrete. Of course, in Figure 1
for illustration a simplified scheme of the fragment of rather complicated reinforcement system around the
circular hole is presented.

Presence of technological holes predetermines occurrence of so called “disturbed” stress state of a
local nature (stress concentration). Thus the stress concentration around the holes is caused by the
general compression and by the influence of the curvature of the reinforcement around these holes.

The concentration of the stress caused by a general shells compression is sufficiently investigated
[9-23], so the aim of this article is the research of effect of the reinforcement elements curvature for the
stress state near the holes , because only a few studies is devoted to this problem [24-25].

R2=10.0 m

Figure 1. Loads due to curvature of the reinforcement elements

Methods

In the framework of the theory of elasticity a number of special problems of shell theory is currently
still not resolved taking into account the complicating factors connected with the mathematical nature of
the difficulties. One of such problem is the determination of the stress-strain condition of shells in the area
of technological holes. So one has to substitute shell fragment around the hole by the plane fragment in
order to solve many engineering problems and consider the plane task. The latter does not lead to
significant errors if the fragment is characterized by small curvature, and the hole can be considered as
"small". Methods for solving some problems for thin isotropic cylindrical shells (membranes) are
described for example in [8, 9, 11]. The holes in these membranes is called small if the following
condition take place:

pa<1, &)

_ 4[ 2 .
where B=y31-v )/2@, R, h — radius and thickness of the shell; a — radius of the hole.

For this problem solution the following sizes are accepted: R =23.1 m; h=1.2 m; a= 2.0 m, which
corresponds to fa = 0.25, that is, the hole is certainly small. Note that, if in the above formulas for the
stresses around the holes [9, 11] to accept fa =0, one gets the corresponding formula for a plate of
unlimited size.

Comparative calculations show that for the shell with accepted parameters in case of uniaxial
tension (or compression) along the cylinder the maximum stress for the shell near hole exceeds
corresponding stress for the plate by only 3 % and in case of internal pressure — by 18 %. It can be
assumed, that in case of the reinforcement curvature influence the error is less than above.

However, even for plates stress concentration around the holes is one of the most difficult sections
of the theory of elasticity, so here analytical solutions in its final form have been obtained for
comparatively simple cases of loading [12].

Solution of the problem of stress concentration around the hole can be realized as follows. Due to
the task linearity the overall stress-strain state of the plate or membrane can be taken as the sum of
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“background” stress-strain state and “disturbed” stress-strain state. The state of the plate (or membrane)
without holes loaded with an arbitrary system of forces and moments is considered as “background”
stress-strain state.

In determining the disturbed state of stress a plate with a hole is considered, and this plate is under
influence of the load applied to the hole contour. This load has to be taken equal to stress of the
background state, but has to have the opposite direction in order to get zero stress on the hole contour,
as well as it should be within the meaning of the problem.

When the superposition of background and disturbed states is realized, the result stress state of
the plate with the hole will take place.

In this paper the pressure of the reinforcement elements, caused by its curvature (Fig. 1), for the
plate without hole is taken as a background stress state. The intensity of this pressure can be calculated
as:

G = N/R; 2
where N — tension force in the reinforcement elements, R; — radius of curvature of these elements in the
plane of the plate. To calculate stress state the actual distribution of the load was replaced by an
equivalent in the form of a large number of concentrated forces oriented at different angles to the vertical
axis (Fig. 1).

Calculation of the background state of stress from the effects of each of the concentrated forces
was carried out according to formulas derived by Melan [1] for the force acting within an infinite plate
(without holes) in its plane:

P cos@
ox =0 ~(3+0)+2(1+v)sin 0 3)
A v
P 0036[ .2 ]
oy =— 1-v-2(1+v)sin” @ |; 4
y A r ( ) @
—-Psing
Tyy :TIT[l—quz(lJru)cosz 6]. %)
T

In the above formulas: r — distance from the force to the point at which the stress is determined;
6 — angle is measured from the vertical axis.

The state of stress from all the concentrated forces approximating a distributed load is determined
by a superposition of solutions for each of the concentrated forces. Then the transition from Cartesian
coordinates to polar has to be fulfilled.

To solve the problem of the second stage (the calculation of the disturbed state) it is advisable to
apply the solution of the plane task of elasticity theory with complex variables, which in some cases leads
to significant simplifications.

The components of stresses for plane stress state in polar coordinates can be expressed as
follows [6]:

ar+ag=4ReF'(z)=2[F'(Z)+E'(E)]; (6)
o —or +2ityy =2 ZF"(2)+ 2°2) |7, )
where 7 = r(c050+ isin 9) = reig; zZ- r(cose— isin 0) = re_ig; 7 _ conjugate functon Z,

F (Z) uy'(2) ~ some analytic functions. Subtracting (7) from (6) we obtain:

or ~irgg =F'(2)+F'(z)-[ zF "(z)+;5"(2)]e2i‘9. ®)
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Let us consider the general solution for unlimited size plate with a circular hole with the origin in the
center of the hole. If to run the boundary conditions on the contour of the hole, then oy and 7, will be

known when z = ae"’ , Where a — the radius of the hole, r — distance from the center of the hole (on the
contour r = a).

Analytic functions F (Z) 7"(Z) —can be expanded in power series, so that the functions remain
finite at I — o0

= 1 1
F(z)=XAz"= SAA

(Z)=ZAZ" = At A Ayt ©)

Z)= S BZ " =B, +B ~+B, -+ (10)
v4 ~ = Fn = Po lZ 222

where An and Bn — complex constants (independing from Z).

© ——-n —1 — 1
F(Z)=ZAZ =AA Rt (12)
n=0 Z Z

F'(z)=-Az7%-2A2" —..—nAZ"". (12)

Since the stresses o, and T Must be known on the hole contour (r =a), the expression

(or - ifng)r:a can be expanded in a complex Fourier series [6]:

0

(0p —i7g)ca= X Cneine; (13)

N=—c0
the coefficients of which are determined by the formula:

C = 2”[0 (0)-iz,, ] e "do; (14)
2w 0 =a

wheren=0;1;-1;2;-2; ...

Equating the right-hand side of the equation (8), expressed in terms of (9)—(12) and the expression
(13), we obtain:

0

i C.e" Z A, i1 +Z Ah Z%e_me _i%e—i(n—z)e' (15)

N=—o0 n=0 a n=0 n=0

. 0. o-n _ L1 _ing
since at the hole contour z=ae" ; Z = —e .
a

The last expression can be written as follows:

14 4 2i0 -2i0 3i0
Cy+Ce +C e " +Ce”" +C e "7 +Ce7 +....=

Al Az -2i0 A3 -3i0

A +— +—e +—5e  +..
a’ a

A
+ AO PPN ﬁez'g + ﬁew ..... (16)
a a’ a’

i 2 _ 3 o
+ﬁe 10 ;Azze 210 A:e‘?"ng .....
a a a

5o B iy B B, i B,
—Boe |9_7le|€_7§eo_%e |9_7je |6+””
a a a a
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Equating the coefficients before the same powers of e in both parts of the equality, we get:

— B
P+ Ay =—5 =G (17)
a (when n = 0);
Z\l B
— 1= 3 (18)
a a (when n = 1);
% _p =g, (19)
a (when n = 2);
e, N (20)
a (when N=3):
2 B
e @y
a a (when n =-1);
1+n A Briza c (22)
an an+2 -n’

Constants A, g equal to each other, since the imaginary part determines the displacement of a
rigid body, and in the analysis of strain and stress can be assumed to be equal zero [6]:

r(cos@+ising)=r(cos@—isind)=r(coso) (23)

that isA“ng:ZAO'

From the condition of the uniqueness of the value of the displacement §, +i9,, should be

A=- - B, (24)
whence
— 1+v
A= 3, By (25)
Substituting (25) into (18) we obtain:
3-
B, - 5-vad :)Cla : (26)

Substituting (26) into (25) we obtain:

— 1 1 3- 1+v)ca
Ao +U|31=— +u(_( U)clajz( )e, : 27)
3-v 3-v 4 4
or
— (1+v)¢a
Alzg_ (28)
4
From (19) we get:
A, = Bya® +Cya’; (29)
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4, =B_0a2 +Eza2; (30)
Taking into account, that A, +g =2A,, from (17):
BZ
24, -— =G, (31)
a
B, = 24ya” — Cya®; (32)
From equations (20) and (22):
n
4, =Cya when N >3 (33)
2
B, = (n _1) a A, — anC—n+2’ whenn =3, (34)

Thus, all  members of the functionsF'(Z),;{"(Z),E'(Z),F"(Z), are  known

(expressed in termsC, ), and the problem reduces to the determination of the coefficientsC, by the
formula (14), which can be written as follows:

1 27 B
= [of (9)_,~Tr9]r_ae o, _
1 27 - (35)
T o é [Ur (6)- ifr9:|r:a (cosné —isinng)de.

Results and Discussion

When the plate is loading by the pressure of curved near the hole reinforcing elements (Fig. 1),
coefficients in the complex Fourier series were determined by numerical integration in accordance with
expression (35). Convergence was studied by doubling the number of intervals between concentrated
forces. The calculation results show that for the scheme of loading, which has two axes of symmetry
(Fig. 1.), it is sufficient to restrict 8—10 members of series (9)—(12).

The calculations were performed for the reinforcement elements with the prestressing force of
8000 KkN. Accordingly accepted radius of curvature distributed load intensity are

0, =888,9kN /m, g, =800kN /m. According to the calculations, the maximum value of the tangential

. . T
forces near the hole, induced by curvature of two reinforcement elements, when 6 = — is about 1900
2

kN/m.

Since the influence of the curvature of individual prestressed elements near holes was hardly
studied by other authors, the force from curvature of two elements is compared with the vertical force of
general compression which is necessary to compensate internal emergency pressure p = 0,4 MPa. This
force in the shell with a hole, but excluding influence of the curvature of reinforcement elements near
hole, is approximately determined as 3pR/2 [26-37], where R is the radius of the cilindrical part of the
shell. This force at R =23.1 m is equal to 13860 kN/m.

It can be concluded on the basis of the calculation results that the stress concentration due to
curvature of reinforcement elements near holes has to be take into consideration, since in this case the
maximum compressive stress may achieve about 15% of the maximum stresses caused by general
compression.

pR _400-23,11
3 g T

: =13860kN / m. (36)
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Conclusions

1. Analysis of existing analytical solutions related to the study of stresses around the holes in the
cylindrical shells and plates, showed that, when examined relations between the radius of the shell and
the radius of the hole take place, solutions for the plates is allowed to use.

2. It can be concluded on the basis of the calculation results that the stress concentration due to
curvature of reinforcement elements near hole has to be take into account, since in this case the
maximum compressive stress may achieve about 15 % of the maximum stresses caused by general
compression. At the same time, a significant value of tensile stresses, caused by curvature of
reinforcement, may result in inadequate general compression in some areas of the shell around the
holes.

3. The method developed for calculation of the stress state near the holes of plates using complex
functions with some improvements can be used in any case of the load distribution in plane of the plate.
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TepMoaAMHaAMNYECKNEe XapakTepUCTnku

Abstract. A functional relationship of the dynamics of asphalt concrete pavement condition and its
thermodynamic and thermophysical functions and parameters (Helmholtz's energy, internal energy,
entropy, specific heat, etc.) is described. Based on this functional relationship, novel approaches to the
estimation of asphalt pavement lifetime are proposed. The dependence of pavement lifetime from the
basic thermodynamic parameter — specific heat (for the determination of which expensive and
complicated equipment is not required) is derived. The statistical approach to determination of pavement
lifetime, based on the analysis of the temporal changes in the spatial distribution of the basic parameter
(specific heat) is proposed. Overall, three alternative but complementary approaches are described to
determine pavement service interval using either a molar weight, a change of free energy, or the
uniformity of the basic parameter — specific heat based the index of thermophysical uniformity (a
dimensionless coefficient). Numerical pavement lifetime values suitable for exploitation under the
Russian service conditions (transportation and construction terms) are calculated analytically. Regardless
of the approach used of the calculated pavement lifetimes are of the same order of magnitude. These
initial results are quite promising and offer a new thermodynamic approach to the estimation of pavement
condition and its useful lifetime. This practical new approach can be utilized to replace or complement the
traditional "mechanical" and geo-radar methods.

AHHoTaumMsa. B npegbigywmx  uvccrnegoBaHusx — Oblma  MokasaHa  BO3MOXHOCTb — yveTa
3HEPreTUYECKUX U3MEHEHUI, NPONCXOOSALLNX B CUCTEME JOPOXKHOE MOKPbITUE — TPAHCTNOPTHOE CPeacTBoO,
1 nx Bkrag B popMmpoBaHne Hay4HO 060CHOBAHHOW CUCTEMbI HAa3HAYeHMs CPOKOB PEMOHTHBIX paboT. B
CBSI3M C 9TUM TaKKe NEepCrnekTUBHbIM SBNSETCA pa3BuTMe pe3ynbTaToB paboT, B KOTOPbIX NPMBOAUTCS
aHarnu3 3aBUCMMOCTEN TEPMOAUHAMUYECKUX DYHKLMIA [OPOXKHOIO NOKPLITUSA OT BPEMEHW SKCrnyaTaunn.
HecmoTps Ha To, 4YTO paHee Gbin chopmynMpoBaH TEPMOAMHAMUYECKMI Noaxod, yoobHble pacyeTHble
dopmynbl Ans ONpeaeneHnss MEXpPEeMOHTHOTO Cpoka CryxObl MOKPbITUA OTCYTCTBYHOT. Ha ocHoBaHuu
aHanmsa noJly4yeHHbIX COOTHOLIJeHI/II7I, onucblBawWmMx AWHAMUKY COCTOAHUA aC(*)aJ'IbTOGGTOHHOFO
OOPOXHOro MOKPbLITUSE C MNOMOLLBID €ero TepMOAMHAMUYECKUX W  Ternnouandeckux @YHKUUN n
napameTpoB (3Heprusi [enbMronbLa, BHYTPEHHSS SHEPrusi, 3HTPONUs, TEMNNIOEMKOCTb), MPeLNOXeHbl
NOAXOAbl K Ha3HAYEHM0 MEXPEMOHTHOIO CpoKa CIy0bl JOPOXHOrO NOKpbITUSA. BbiBeAeHbI 3aBUCUMOCTH
MEXPEMOHTHOIO CpoKa CryxObl MOKPbITUA OT GasncHOro napamMeTpa — yAenbHOW TennoemMKOCTH.
OOGoCHOBaH CTaTUCTUYECKUA MOAXOL OMNpPEenEerieHNss MEXPEMOHTHOrO Cpoka CryXObl MOKPbITUS,
OCHOBaHHbIA Ha aHanu3e BpPEeMEHHbIX WM3MEHEHUA B MPOCTPAHCTBEHHOM pacnpeneneHum 6asncHOro
napametpa. B pe3ynbTate nccnegoBaHus nonydeHbl TPy anbTePHATUBHbIE MO OTHOLLEHWIO OPYT K ApYry
N, B TO Xe BpemMd, B3anMmogonosnHawume noaxoaa K HaxoxXAeHU0 BpeMeHU XU3HU MOKPbITUA: 4Yepes
MONSAPHYIO Maccy; Yepes3 n3aMeHeHne cBOOOOHOW 3Hepruun; Yepe3 OAHOPOAHOCTL Ga3oBOro napamerTpa —
yOenbHOW  TEennmoeMKoCcTM nyTeM BBoga 6espasmepHoro  kosdduuueHta  Tennodumsnyeckomn
OHOPOOHOCTH. AHanuTuyeckmn nony4yeHbl 4ucrioBble 3Ha4YeHUA MEXPEeMOHTHOINo CcpoKa CJ'Iy>K6bI
MOKPbITUSI aJeKBaTHble POCCUMINCKMM YCMOBUSIM  3KCMfyatauum (TPaHCMOPTHbIM U CTPOMTENbHBIM
yCJ'IOBI/IFlM). HeCMOTpﬂ Ha pasfinyHble nogxodbl, Nofly4eHHble 3Ha4YeHNA MeXPEeMOHTHOIo Cpoka CJ'Iy)K6bI

Zavyalov M.A., Kirillov A.M. Evaluation methods of asphalt pavement service life. Magazine of Civil Engineering.
2017. No. 2. Pp. 42-56. doi: 10.18720/MCE.70.5
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NOKPbITUA UMET ONH NOPAAOK BENMNYNHBI. I'IonyquHble pes3ynbTaTthbl pa3BnBakOT CPaBHUTEITbHO HOBbIW
TepMOﬂMHaMMHeCKMVI noaxoa K peweHuo 3aaayY MOHUTOPUHra I'IOKprTI/IIZ n KX 3KcnnyataumoHHbIX
peXxXmmMoB “ HaueneHbl Ha 3aMeHy Wwnn [gononHeHne TpaguuuOHHBIX «MEeXaHUYeCKUX» MeTonoB
MOHUTOPUHIa COCTOAHNA OOPOXHOIo NOKPbITUA.

Introduction

Currently, the asphalt paved road infrastructure of the Russian Federation is undergoing an
extensive expansion. There has also been a significant increase in the exploitation of the existing roads
in recent years. These factors necessitate the development of a practical, inexpensive, and fast method
to evaluate the functional condition of a pavement. It would be highly desirable if such a method is
capable of predicting future changes in pavement characteristics and determining the optimum modes of
road usage. Optimization of pavement management is expected to have a positive effect on pavement
longevity which in turn should lead to an increase in its service life.

In our previous article [1] we described the numerical assessment of such characteristics as
vehicle dynamic forces, work of a single wheel on pavement; analytical dependences of increments of
internal energy, energy of elastic deformation, and dissipative energy. The main purpose was to establish
the functional relationships between mechanical and thermal parameters in the system pavement —
vehicle, and also to consider the processes of vehicle energy dissipation by pavement. We envisioned
that a deeper understanding of energy dissipation between pavement and vehicle should make it
possible to devise a method of defining pavement functional condition at any time. This in turn should
lead to better monitoring and forecasting of asphalt pavement functional condition and its remaining
service life.

In our previous publications [2] we described the dependences of asphalt concrete thermodynamic
functions from specific heat: change of internal energy, entropy and free energy. The main focus of our
paper was to apply the thermodynamic framework to the description of changes of physical, mechanical
and thermophysical parameters of a material during the lifetime of an asphalt concrete layer.
Dependences of specific heat versus time for different asphalt brand, type and road category were
obtained. The analysis of a nature of the obtained dependences, their comparison to the experimental
data and visual evaluation allowed us to conclude that the starting time of required asphalt pavement
repair is directly linked to quasilinearity loss in the function graphs of asphalt specific heat versus time.
Calculations showed that this specified time point is characterized by free energy deficiency, i.e., its
negative increment. Based on experimental data similar dependences were derived for various types and
brands of asphalt concrete [2]. We can conclude that during the normal exploitation of asphalt pavement,
internal energy and entropy of its constituent materials increase. In particular, the amount of internal
energy constantly increases because of accumulation of dissipative energy from the contact with vehicle
wheels. At the same time, the amount of free energy decreases (it plays a compensation role in various
deformation processes).

The available scientific publications that study the relationship of physical, mechanical and
thermophysical parameters in the system "pavement — vehicle" can be divided into three large groups.
The first and, most representative group contains research of tire-pavement interaction with the goal of
providing the optimum vehicle speed [3, 4], safety [5], motion comfort [6], and fuel economy [7]. The
second group encompasses research on the thermophysical properties of asphalt concrete. Optimization
of these properties has shown to help reduce thermal absorption and high temperatures of pavement
surface [8, 9] to prevent rutting [10], and cracks [11]. The third group includes approaches using surface
radiation properties: albedo and emissivity, surface temperature gradient [12, 13], taking into
consideration hydrogeological and climatic conditions of the region [14], and urban heat island effect [15].
The main goal of these approaches is to develop a network of smart roads with possibility of energy
cumulation [16, 17]. There are also a number of papers [18-24] where the results of laboratory studies
demonstrated conclusively the influence of thermophysical properties on mechanical characteristics.
However, to date the authors are not aware of any publications related to development of an approach of
asphalt pavement condition monitoring using the thermodynamic framework.

In previous research analytical dependences of thermodynamic functions versus specific heat of
asphalt concrete have been obtained [2]:

§F = =T [CInT + Co (2 — 1= 1nTy )| 0
6U = u(CT — CoTy); (2)

3aBpsioB M.A., Kupuiio A.M. MeToasl oLieHKH cpoka ciyXObl achanbro0eToHHOro noKpbitis // MHxeHepHo-
cTpouTenbHbIN XypHAIL 2017. Ne 2(70). C. 42-56.
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6S = u[C(1 + InT) — Cy(1 + InTy)], (3)

where F — free energy (Helmholtz's energy); U — internal energy; S — entropy; To, T — initial and current
values of temperature; C — specific heat; Co — initial value of C, at T=To; y — value in number equal to
density of material, dimension of mass.

Proceeding from experimental data, dependences of change of free energy, internal energy and
entropy versus time for the different types of pavements and road types have been constructed

(Fig. 1) [2].

As it is possible to see from expressions (1)—(3), changes (variations) of thermodynamic functions
are more sensitive to changes of temperature (seasonal and daily fluctuations). However, these changes
are reversible. On the contrary, variations of thermodynamic functions caused by changes of specific
heat are irreversible. The use of "average" dependences (Fig. 1) allows us to observe the evolution of
changes of thermodynamic functions depending only on specific heat.

The main result obtained by physical and mathematical models is the ability to predict the
pavement lifetime. A thermodynamic simulation model of changes the material of asphalt pavement
during its life cycle has been constructed. The simulation model allows us to determine pavement
degradation at any time. Since the heat capacity varies over time under the certain law, then this option
can be selected as the base, thereby linking the variation of the thermodynamic functions with pavement
lifetime.

The coefficient of free energy deficiency was input to determine the numerical values of pavement
lifetimes as the relation of the module of an increment of free energy at present time to the maximum
positive value of this increment for the entire period of pavement life. Determination of pavement lifetimes
is obtained by an analysis of graphs, constructed using the Eq. (1).

Despite the fact that the basis of the thermodynamic approach is formulated in previous studies, a
convenient formula for calculating pavement lifetime is absent.

In order to develop an approach associated with the variation of the free energy and its deficit,
consider the processes of energy exchange in the system of pavement — vehicle.

1x104 T T T T T T T T
w2
=
.2
-
Q
= 5
2 0
9
g
<
§ 8U,
T L —
g =l oF,
)
<=
= 58
t
_2X104 1 ] ] ] ] ] ] ]
0 1 2 3 4 5 6 7 8 9

Time of pavement service, years

Figure 1. Dependences of change of internal energy 8U, free energy 8F and
entropy &S versus time (fine-grained asphalt concrete of type A)

Free energy decrease is equal to the maximum full work Amax made by system over external solids
in quasistatic thermodynamic process:

—AF. 4)

In other words F — that part of internal energy U of system which is capable of turning into
mechanical work:

Amax

F=U-TS 5)
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where T — the absolute (thermodynamic) temperature, S — entropy. We can define the rest of internal
energy TS as the connected energy. The degradation of system (increase in its entropy AS) connected
with internal and external processes can be slowed down by free energy reserve. The reserve of free
energy is available for system at an initial stage of its usage (after the end of construction), further we can
expect the replenishment of free energy level because of external forces (during service, maintenance
and rehabilitation).

Since work of external forces Aex over system is equal to work of system A made over external
solids (Aex = — A), from Eqgs. (4) and (5) it follows that

AS = (AU — A)/T. )

Thus, from Eq. (6) it is possible to assume that degradation of system is connected with increase in
its internal energy and can be slowed down due to work of external forces. Eq. (6) also shows influence
of temperature on degradation processes.

Opening Eq. (6), it is possible to deduce the expression for entropy increment as follows:

— T2 _ (T2 dAx
AS = 3vR lnT1 le =, )

where v — amount of substance, R — gas constant, and T1 and T2 can be interpreted as boundary values
of temperature at the time of pavement service (seasonal or daily fluctuations).

Eq. (7) allows us to draw a valid conclusion: the less the fluctuation of temperature, the less the
value of the first summand in Eq. (7) and, therefore, the less entropy increment (degradation) of asphalt
pavement. Eq. (7) is derived in approach of v = const. However physical and chemical processes that go

in pavement in conjunction with “destructive”, “negative” influence of vehicle lead to increase in amount of
substance. And it, in turn, leads to increase in pavement entropy.

Vehicle positive influence on asphalt pavement condition is reflected in the second summand of
Eq. (7). This summand plays a role in the recovery processes. Thus, the transport traffic has both positive
and negative effects. Domination of negative effects, obviously, will lead to pavement degradation, and,
on the contrary, domination of positive effects — to increase in pavement service life. It is possible to
conclude that optimum transport traffic should exist (where pavement service life has the maximum
value). Existence of such extreme dependence was shown in the seventies of the last century [25].

If to present Eq. (7) as a function of time, we get

150 = 3-4(0- R~ s (% @

where t — time passed from the initial moment of road startup.
There are two approaches will be applied to determine pavement lifetimes:
1) The analysis of changes in molar mass associated with the change in entropy and free energy;
2) A comparison of the free energy change to the amount of the internal energy.

A principal goal of this study is to develop a system of monitoring of asphalt pavement condition
using the thermodynamic framework. The mechanism of the effect of specific heat on the pavement
lifetime will be investigated by applying the thermodynamic approach and using the dependences of
thermodynamic parameters from specific heat of asphalt concrete, in this paper. Thus, the specific
objectives of this study are as follows:

e To derive the functional relationship of pavement lifetime on the basic parameter — specific
heat;

e To determine the numerical values of pavement lifetimes suitable for exploitation under the
Russian conditions (transportation and construction terms);

e To develop an approach that takes into account the variation of the free energy and its deficit;

e To substantiate the application of the statistical approach to pavement lifetime description of the
dynamics properties of the pavement.
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Methods

1) Molar mass application

We assume that asphalt concrete consists of two main substances: mineral aggregate and
bitumen; with own molar masses M1 and Mz subsequently. Hence the molar mass of the asphalt concrete
has the form
_ (A+k)M M,
T kMi+M,

M : 9)

where k=m2/mz — the relation of corresponding components of masses.
We also assume that the rate of decay of molecular links in the bitumen is proportional to their
number; the molar mass of bitumen decreases under the exponential law:
t

MZ = Mzoe_t_*, (10)

where Mzo — the initial molar mass of "young" bitumen; t* — time constant (period of time when molar
weight decreases by a factor of e times).

Entropy increment

I 1
0 1 2 3

Time of pavement service, years

Figure 2. Qualitative entropy increment of asphalt pavement

Taking into account the reduction of molar mass of an asphalt concrete and constancy of daily
work of external forces on pavement we get the following form for entropy increment:

t
AS(t) =3 T4 .R. Inz. (Meoe XM MaotkMi) D¢, (11)
M, L5 Myge & M3z T

where a — the speed of work made by external forces; b — dimensionless coefficient considering material
characteristics of asphalt concrete and technological aspects of pavement construction. Figure 2 shows
the qualitative type of Eq. (11).

Material parameters of asphalt concrete, technological and climatic factors are integrally
considered in time constant t"and coefficient b.

We rewrite Eq. (9) as
t

M — (1+k)M1M20€tt*, (12)

kM1+Mzoe_t_*

The molar mass M is connected with specific heat of the asphalt concrete: ¢ = 3R/M, thus Eq.
(11) takes the form,

t
kM1+M20€ t*

C(t) = 3R ———2— (13)

(1+k)M1M20e_t_*
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It is enough to make one measurement of specific heat of the asphalt concrete in some time point
for calculation of time constant t* and, according to Eqg. (13), to calculate value of this constant.

Using Eq. (13), we obtain

t*=t-ln(

C(t)-(1+k)M1M20+3RM20)

3RkM; (14)

For example, for M1=100 g/mol, M20=500 g/mol, k=0.1 and value of specific heat for fine-
grained asphalt concrete of A type (traffic — 15-20 thousand vehicles per day) C = 1065 J/(kg-K), one
year later after the initial road startup the value of time constant calculated by Eq. (14) is equal to 5.2
years.

It is possible to determine a with help of the equations derived in [26]. We can also calculate the
coefficient b, using Eq. (8). If to take a small period of time during which the change of entropy can be
neglected, Eq. (8) allows us to obtain system of two equations with two unknowns (AS and b). The
solution of that system defines constant b as

_ta b
T m T Mype t*+kM Mype t*+kM
b=3'—'—1R-]n(—2)- 20 - 1 Mpo L 1) (15)
a(tz—ty) M 1 —-—% -
Mzoe t Mzpe t

We are able to calculate constant b for the current values: t'=5.2 years, T1=280 K, T2=300 K,
T =290 K, mi1=20 kg. Using method from paper [25], we get a=8.6-107 J/year. Calculation at the
specified above values and (t, — t;) —» 0 showed that b—5.4-10. Figure 2 models the entropy increment
for asphalt concrete for above parameters. For example, Figure 3 shows the relationship of specific heat
versus time (for stated above asphalt concrete and road category), this graph is constructed using the
dependence: C(t) =7.82-(t —0.9)? + 1065. This dependence was proposed as a result of data

approximation in paper [26].

12x10°

1.15x10°

1.1x10°

Specific heat, J/(kg*K)

1.05x10°
0

Time of pavement service, years

Figure 3. Dependence of the asphalt concrete specific heat versus time

Comparing Figure 2 to Figure 3, it is possible to conclude that the behavior of entropy and specific
heat increments coincide qualitatively in time, it can be shown on Figure 4 by dependences of time
derivatives of the above values.
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Figure 4. Time derivatives of entropy and specific heat increments

Figure 4 also shows that entropy and specific heat increments reach the minimum value
approximately at the same time. Such "good" correlation between increment of entropy and specific heat
serves as argument that specific heat, this thermophysical parameter, is possible to choose as basic
parameter in the thermodynamic method of monitoring and predicting of a service life of asphalt
pavements.

2) Free energy criteria

Using Eqg. (5) and equation for internal energy of a solid state, and also considering correlation
between entropy and specific heat of pavement material, it is possible to deduce the increment of free
energy as follows:

AF(t) = 3vRT( - %) (16)

where C(0) — value of specific heat in the initial time point.

Figure 5 models free energy increment versus time, it is constructed with use of experimental
dependence of specific heat of the asphalt concrete.
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Free energy increment, J
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(=] (=1
(=] (=]

- 800

- 1x10°
0
Time of pavement service, years

Figure 5. Free energy increment of asphalt pavement
(for 1 mole of a substance and temperature 300 K)
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The analysis of Eq. (16) shows that at C(t) = 2 - C(0) decrease of free energy becomes equal to
value of internal energy U = 3vRT. This time point can be considered critical for asphalt pavement. Figure
3 shows result of specific heat versus time that is constructed using the approximating dependence:

C(t) =7.82-(t—0.9?%+ 1065 (ng—K) The critical time calculated for this case t, = /170—86;+ 09 =126

years. If we define this time period as pavement lifetime before reconstruction, then it is possible to offer
time interval tr equal to some part of critical time, i.e., t=0.5-ter, as pavement lifetime before rehabilitation,
t=6.3 years.

We can suggest another option to estimate tr, it can be accepted as boundary value of free energy
decrease, for example, 70 percent of the level of internal energy. Then from Eq. (16) it follows that

t, = /w + 0.9 = 10.7 years.
7.82

Previous researches [26] show that specific heat for various asphalt pavements is approximated by
dependences in the following form:

C(t) = k(t —ty)? + Cy, (17)

where k — the proportionality coefficient that defines speed of specific heat change, t, — time point of the
beginning of specific heat increase, C, — value of specific heat in time point t = t, (the minimum value of
specific heat).

Thus, the particular case considered above can be generalized as:

’C

ber = ?0 + & (18)
’Co

t.=0.5 ” + t, (19.1)

0.7'C0
k

and, respectively,

or

t, = +t,. (19.2)

Though Figure 5 was obtained by different method from paper [23] it shows coincidence with
previous graphs. Figure 6 models coefficient of free energy deficiency as the relation of the module of an
increment of free energy at present time to the maximum positive value of this increment for the entire
period of pavement life.

(20)
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Figure 6. Coefficient of free energy deficiency

Schedule of dependence on the Figure 6 qualitatively and quantitatively identical to the same
schedule in the paper [2], which is another argument in favor of the adequacy of the model.

The accepted value of coefficient of free energy deficiency can be considered as the standard
criterion, determining the time of repair. In other words, a time point in which the current value of
coefficient of free energy deficiency becomes more than its standard value. The question how to define
the standard value of coefficient of free energy deficiency appears. Standard value of coefficient of free
energy deficiency may be corresponded to the end of quasilinearity of specific heat dependences, from
the point where dependences become nonlinear. Using this statement in paper [23] the standard value of
coefficient of free energy deficiency was obtained within numerical values from 3 to 6, depending on
pavement service conditions and type of asphalt concrete; for example, the coefficient of free energy
deficiency for asphalt concrete of A type and the first category of road accepts value close to the left
border, for porous asphalt concrete and the second category of road — to the right border. It is also
necessary to note that after each repair we need to define the standard value of coefficient of free energy
deficiency, because it tends to be reduced (in comparison with the previous one). Thus if we evaluate the
standard value of coefficient of free energy deficiency, using Figure 6 we can define the service life of
asphalt pavement.

3) Thermophysical uniformity as a condition criterion

Spatial uniformity of property of construction material can serve as an additional condition criterion.
Using specific heat as the basic parameter in the thermodynamic approach, it is possible to input such
criteria parameter as the index of thermophysical uniformity (ITU), that takes the form,
ACin
ACy

ITU = =, (21)

where AG,, AC,, — initial and present distribution of a specific heat, respectively.

We assume that the distribution of specific heat of asphalt concrete has normal character. This
dependence reflects the specific heat deviation character of asphalt concrete of rather standard value
that corresponds to the center of a curve. Figure 7 shows the distribution of specific heat during
pavement lifetime. We can see that at initial stage of pavement service (curve 1) deviations from
standard value are small, but then variation becomes more significant (curve 2). Values of AC;, and AC,,

also determine distribution width at the identical level concerning a maximum (in Fig. 7 it is level 0.7).

From properties of normal distribution it follows that ITU has identical value on any level (i.e. it is not
. . . AC; max
obligatory to consider a certain level), and also E”‘ =t

pr in
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Figure 7. Normal distribution of specific heat C (density of distribution f):
1 -in initial stage of service;
2 — at present time of service of asphalt pavement

Properties of normal distribution allow us to derive more convenient equation for practical
application:

2?:1((Cin)_(cin)i)2
2-
?:1((Cpr)_(cpr)i)

The value of ITU is positive and does not surpass unit. In initial time point (t = 0) AG, = AC,,, and,
therefore ITU = 1.

ITU = (22)

Practice shows that the higher the quality of asphalt pavement construction is, the higher and
thermophysical uniformity is, that is ITU — 1. In process of aging and degradation the ITU index
decreases. The analysis of experimental data allows us to conclude that change of ITU during pavement
service can be described adequately as follows:

ITU = e~ (23)

where a — the parameter depending on type and brand of asphalt concrete and service conditions,
O<a <1;t—time, years. The analysis of Eq. (23) shows that ITU sharply decreases before inflection point
of function graph. Figure 8 shows that after the inflection point the speed of ITU reduction decreases. It is
advisable to take this time point for time of the beginning of repair. This time point, from condition of
equality of the second derivative of ITU to zero, is defined as

1
t, = \/:—a (24)
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Figure 8. The character of the thermophysical uniformity index change in time:
1,2,3,4 lines are built for a = 0.06; 0.04; 0.03; 0.02 respectively

It is necessary to know a value of a, it can be defined at each pavement service interval, to define
tr, using equality of the right parts of Egs. (21) and (23). Besides, In(ITU) = —at? and using Figure 9, it is
possible to calculate a as the relation of value increments of In(ITU) and t2.

Natural logarithm of ITU
|
o
T
1

1 1
100 200 300

-20
0
Time square of pavement service, years"2

Figure 9. Linearized dependence of ITU on time square

Figure 9 also allows us to show visually the theses sounded above 1) the higher the quality of
construction is, the closer the ITU to unit is, ITU — 1 (dependence in this case will be “sharper”); 2) ITU
during service of asphalt pavement eventually aspires to zero, ITU — 0.

One more option of definition of repair time can be set by boundary value of ITU, for example, if
ITU=0.5, then from Eq. (23) we get

t, = |[—. (25)
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Or it is possible to find the time at which ITU is reduced to e times its initial value as follows:

t, = \E (26)

At a = 0.04 year? using Eq. (24) we get t,. = 3,5 years; using Eq. (25) — t, = 4,2 years; and finally
using Eqg. (26) — t, = 5 years.

Results and Discussions

We used the experimental data of the previous study to calculate the values of pavement lifetime
([t] = 1 year). The results of calculation of pavement lifetime values and dependences of the specific heat
are given in Table 1.

Table 1. Calculation of pavement lifetimes (years)

1 2 3 4
Type of Coarse porous Fine dense asphalt, A Fine dense asphalt, B Fine dense asphalt,
asphalt asphalt, 1l grade / 1-B type, | grade / I-B type, | grade / I-A B type, | grade / 1l
concrete /
road category
Specific heat, C, = C, = C3 = Cy\=
JI(kgK) =7.82(t—0.9)% + =7.91(t — 1.35)2 + =9.8(t - 1252+ =7.02(t—1.2)% +
+1065 +1033 +965 +1000
Molar mass application, Eq. (14)
t* \ 47 \ 7.0 \ 6.4 \ 6.2
Free energy criteria, Eq. (16) — (19)
ter (Eq.18) 12.6 12.8 11.2 13.1
tr (Eq.19.1) 6.3 6.4 5.6 6.5
tr (Eq.19.2) 10.7 10.9 9.6 11.2

Despite the different approaches, pavement lifetime values calculated by Eqgs. (14) and (19.1) are
equivalent to results calculated previously by Egs. (1)—(3).

Analyzing graphical representation of deterioration curves predicted by the different pavement
deterioration models [27], we can conclude that if a boundary PCI (pavement condition index) value is
chosen between “fair” and “poor” (= 55) as per ASTM D 6433-07, we obtain the age of the pavement
equal to 6.5 - 7 years. These values are identical to the pavement lifetime values calculated by Egs. (14)
and (19.1).

According to the typical Maintenance and Rehabilitation (M&R) strategy the asphalt pavement with
PCI value from 55 and below is in need of rehabilitation. Comparison of the calculated pavement lifetimes
to the level of serviceability and determination of the required treatment values is a promising direction of
future research.

Considering the correlation between the PCI value and the remaining service life of asphalt
pavements [28], we calculate approximately 4.5 years of remaining useful lifetime for pavement with the
PCI of about 90. Thus, for new pavements with age of 1-1.5 years, we also obtain rather close values of
total age to the values calculated by Egs. (14) and (19.1).

The analysis of change of PSI values (present serviceability index) as a function of time also allows
us to define approximately 6—7 year cycles for application of the M&R operation [29].

Currently, experiments on the ITU are not available, so we cannot calculate the pavement lifetime
using this method. However, we can solve the inverse problem — to determine the order of magnitude of
the parameter a, Eq. (23).

Table 2 shows the results of calculations using the pavement lifetime, obtained by the Eqgs. (14)
and (18).

The values of parameter a calculated by Eqgs. (14) and (18) differ by an order of magnitude. Since
the Russian service conditions correspond to the pavement lifetimes calculated by Eq. (14), the most
appropriate order of values a is the order of the values listed at the top of the Table 2. Figure 8 also
models dependencies, using the value of a of the same order.
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Table 2. Parameter a

The calculation formula of for C1 for C2 for Cs for Cs4
the parameter a

Parameter a calculated according tot* Eq. (14)

(24) a= # 0.023 0.010 0.012 0.013

(25) a= ’:_2 0.031 0.014 0.017 0.018

(26) a= tlz 0.045 0.020 0.024 0.026
Parameter a calculated accordingto t.- Eq. (18)

(24) a= # 0.0031 0.0031 0.0040 0.0029

(25) a= ’:‘_22 0.0044 0.0042 0.0055 0.0040

(26) a= tiz 0.0063 0.0061 0.0080 0.0058

Conclusion

Three alternative but complementary approaches are described to determine pavement service

interval using either a molar weight, a change of free energy, or the uniformity of the basic parameter —
specific heat based the index of thermophysical uniformity (a dimensionless coefficient).

The following conclusions can be drawn from this research:

e Pavement lifetime dependence is derived from the basic parameter — specific heat;

e Pavement lifetime values suitable for exploitation under the Russian service conditions
(transportation and construction terms) are calculated analytically. Regardless of the
approach used of the calculated pavement lifetimes are of the same order of magnitude.

e An approach of a variation of the free energy and its deficit has got a further development;

e The statistical approach (ITU) to determination of pavement lifetime, based on the analysis
of the temporal changes in the spatial distribution of the basic parameter (specific heat) is

proposed.
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Engineering kinematic theory in application to the calculation of
pile foundations

NHXXeHepHaa KuHeMaTnyeckasi Teopusi B NPUITIOKEHUN K pacyeTy
cBaWHbIX PYHOAMEHTOB
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Key words: pile foundation; lateral pressure; KnrouyeBble cnoBa: cBavHbIn PyHOAMEHT;

vertical jet pressure; high and low pile grillage; OoKoBOE [aBneHue; BepTUKarnbHoe peakTMBHOE
the stiffness coefficient of the soil; dimensionless AaBneHne; BbICOKUI U HU3KMIA CBaVHbIV POCTBEPKM;
curve relation from the horizontal and vertical KO3(PDULIMEHT XKECTKOCTU rpyHTa; Be3pasmepHas
pressure KpuBas CBSA3UN OT FOPU3OHTANbHOIO U

BepTUKarnbHOro OaBneHun

Abstract. The author has proposed a variant of calculation of pile foundation with the use of the
engineerin kinematic theory of ground contact pressure. This calculation uses two separate graph
connection, the pressure - vertical or horizontal offset. The diagrams are dimensionless, so is not related
to the scale of the building. The absolute values of the end points of the graphs are determined
considering the plastic deformation modulus of the soil. Diagram enables the calculation of pile
foundation for the entire load cycle. Practical implementation of calculations uses variable from of the
depth and the load of the coefficient stiffness soil. The author considered the combined model the
stiffness of the soil based on the structural surrounding the pile. The article presents fragments of the
calculation of stresses and displacements of pile foundations.

AHHOTauMA. ABTOp NpeanoXun BapuaHT pacyeTa cBalHOro dyHAamMeHTa C MpUMEHEHUeM
WHXEHEPHON KWHEMaTU4eCKOW TeOopuMM KOHTaKTHOro AaBneHusi rpyHTa. [lpvBedeHo pelueHue no
onpegeneHnio cun TpeHus Ha OOKOBYI MOBEPXHOCTb CBau OOMOSIHUTENbHO 3aBuCsLLee OT pa3MepoB
NMonepeyHoro CceyeHus BHeApsemMoW B rpyHT cBau. OnucaHo pelleHne no ornpefeneHuio peakTMBHOro
AaBreHve rpyHTa Ha ocTpue CBau UNu yCrioBHbIM PyHAAMEHT Ans BCEro Lukna Harpysku. PaccmMoTpeHo
BMMSHWE pPacnofioXeHUs MMnWTbl POCTBEPKA B CBAaWHOM OCHOBaHMM Ha HECYLyl CnocobHOCTb
KOHCTPYKUMU. YYTEHO B3aMMHOE BIIMSIHME CBal Ha pacnpeferieHne ycunuin B CBaMHOM POCTBEPKE.
Mony4eHo pelueHve No onpeaeneHuio ropu3oHTaNbHOro YNNoTHEHUA U OCafKM cBaHOro oyHaaMeHTa ¢
NCNonNb30BaHNEM OTHOCUTEIbHBLIX KPUBbLIX CBA3WN «JaBNeHne-nepemMeLleHne» n «gasneHne-ocagka» ans
BCero umkna Harpysku. [NpuBegeHa kombuHuMpoBaHHas Mogenb Ko3dduUMeHTa KEeCTKOCTU rpyHTa C
y4eTOM CTPYKTYpHOro anemeHta. [lokasaH npuem onpeperneHns koadduuueHTa XeCcTKOCTU rpyHTa Y
GOKOBOW 1 TOPLIEBOM NMOBEPXHOCTEN cBau OT Harpysku. lpuBegeH Nnopsagok pacyeta v ero npakTuyeckas
peanusaums NPUMEHWTENbHO K HU3KOMY CBaiHOMY POCTBEPKY rOpOACKON HabepexHowW ¢
ncnosib3oBaHnem nporpammsl SCAD.

Introduction

Pile foundation is the most effective, but least studied type of foundation. This is facilitated by a
variety of factors affecting its load-bearing capacity while construction and exploitation process. The use
of software systems using the theory of continuous media has enabled more fully to describe the work of
pile foundation in the ground. However, this theory is for the behavior of structural materials in relation to
soils is of the approximate. This is due to different structures of the environments (continuous and
discrete), which are more diverse in soil than in metals with larges the intercrystalline by contacts. To
adjust the solutions of the theory as applied to soils used various artificial techniques. On the other hand,
the use of solutions of the theory of continuous medium at this stage of development of soil mechanics is
justified, as the discrete theory soils not quite developed.

Kopoekun B.C. MmxeHepHas KHHeEMaTHYeCKas TEOpHsS B IPHIOKCHHHM K pacyeTy CBalHbIX (QyHIaMeHTOB //
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The interaction of piles with soil were considered by scientists: V.A. Barbashov [1],
A.A. Bartolomey [2], B.V. Bakholdin [3], S.N. Bezvolen [4], V.S. Glukhov [5], A.V. Savinov [6],
V.N. Paramonov [7], V.V. Znamenskiy [8], Y.K. Zaretsky [9], A.B. Fadeev [10], V.G. Fedorovsky [11],
D.E. Razvodovsky [12], A.L. Gotman, [13], K. Terzaghi [14], A. Kezdi, G.P. Chebotarev,
B.N. Fellenius [15 ], D.A. Brown [16], Neil Taylor [17], D.J. White [18], S. Nakajima and others.

Extensive experimental and theoretical studies of the pile foundation works were conducted by
A.A. Bartolomey [2]. He studied the propagation process of sealing areas soil, the deformation modulus
of the soil, and the nature of the behavior in time of the pore pressure, etc. A.A. Bartolomey received a
calculation expression to determine the limit loads and settlement of pile foundations based on the
research.

Research in recent decades include both engineering methods of calculation [8], the model using
the coefficient, [11], etc. and rigorous solutions using elastic-plastic and visco-plastic model of soil [9, 10],
etc.

Researchers conducted numerous experimental investigations of the operation of piles in the
estimation of spatial models of continuous soil medium [14-25].

Despite the progress made in the calculation of pile foundations, individual issues cannot be
considered fully resolved. For example, the recommended Russian Constructions Normsand Regulations
SNiP 2.02.03.85 [26] action of the load and the sediment on pile foundation are not linked together, and
their results in some cases, differ substantially from full-scale.

The article aims at linking of the load on pile foundation up to the limit with his draught. Diagram
lateral pressure — ground compaction allows defining a variable friction along the length of the pile from
the value of the seal. Graph vertical pressure — soil settlement allows you to define a variable jet pressure
on the end of the piles from the soil settlement. This allows you to more fully determine the nature of the
work piles design in all load range. Recommendations SNiP 2.02.03.85 is a special case of the proposed
solution, since they give the maksismum value of the effort.

The author offers a variant of the calculations on the basis of the Engineering kinematic theory of
ground contact pressure, for a simplified evaluation of stress-strain state of pile foundations [27].

The main provisions of the engineering kinematic theory of ground contact
pressure

The theory assumes that the behavior of soil under load does not depend on a constructive basis
of buildings. It integrates and complements the existing special cases of engineering analysis of
structures interacting with the soil in the elastic and limit states. This makes for a more clear overall
picture of the interaction of soil with the structure [27].

In a soil environment, interacting with any engineering construction (retaining wall, strip foundation,
pile) under load is formed by a variable active area. She crosses to the region of shear of the soil at
extreme loads (Fig.1). This area is divided into arbitrary strips with the trajectories of moving soil
particles. The resistance to compression of the stripes is determined of the stiffness of the soil, the value
of which depends on its length and the magnitude of the load.

Load is forming the active region associated with the diagram of compression of the ground in
horizontal or vertical directions. The relative nature of the diagram makes it common to describe the
behaviour under load of all the strips of ground.

Korovkin V.S. Engineering kinematic theory in application to the calculation of pile foundations. Magazine of Civil
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Figure 1. The influence of the degree of the impact of design
on the shape of the active zone of the soil

07 "\
/ | \
/ | |
/ | 1P, \
/ p \
| <= Sl \
/ = FPa \
/ __ S \b
4 N (3-5)d
(3-4)d

Figure 2. The active area and the trajectory displacement at the pile toe

The soil area in the foundation is active when small loads more or less of the vertical (Fig. 1a).
Ground wedge below the foundation from extreme load, similarly, to inclined surface wall pushes ground
in the adjacent region (Fig. 1b). Horizontal active area moves at extreme loads in the prism of the shift in
the retaining walls, anchor slab (Fig. 1g). In the pile foundation composite region of the ground comprises
two of the above areas, acting on the lateral part and the end portion of the piles (Fig. 1d). Earth pressure
on the lateral part of the piles is determined by the displacement of soil from the lateral introduction of
piles [28], and by the pressure of the soil on the edge of the piles@respectively under the sediment the
buried piles (Fig. 1e) [29].

The mechanism of the phenomena occurring in the soil when submerged
piles
The active region of the soil deformation are formed in the side and in the edge surfaces of the pile
[2]. The side seal area of soil to pile is (3+5)diameter (d), in the strip foundation respectively - (10+11)d.

Vertical active area at the edge of a single pile is (3-4)d and under by number piles, respectively -
(4-5)d, Figure 2 [2].
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In the pile, submerged in the soil, emerge in the field the tip lateral (Pl) and vertical (PV)
components of the forces acting on the foundation soil (Fig. 2). The process of immersion is provided by
the excess forces on the components of the reactive resistance of the soil in horizontal and vertical
directions. The one concrete rectangular pile, immersed to a depth h, displaces a volume of soil:

V="_["F-dh="F,-h
This volume of soil contains the offset in the vertical and horizontal directions. The resistance of
the soil in the vertical direction is 3—4 times higher than in the horizontal. Therefore, coefficient the ratio of
the horizontal seal equal K;=0.7-0.8, which takes into account part of the amount of compacted soil in a
lateral direction. Therefore, the horizontal lateral displacement of the soil medium per unit height
An=1.0 m, K; =0.8 will be:

Al = 025 ' Kl ' d = 02d,
where d is the side or the diameter of the piles.

Thus, at the piles size 35 x 35 cm each face compresses the soil to 7 cm horizontally and
respectively vertically Ay = 0.05-d = 1.75 cm, with Ky= 0.2.

Piles in case dive cause constant horizontal soil compaction. But the calculated value of the
maximum horizontal compaction with the depth increases. Hence the magnitude of lateral pressure and
thus the friction force on the pile will decrease under the depth. The magnitude of the vertical soil
compaction under the pile is significantly less than horizontal. However, the reactive pressure on the end
faces piles increases with depth, due to the increase of the higher resistance of the soil. Dive into the soil
piles causes arising in the active region does to the change of physico-mechanical characteristics of the
soil. These characteristics increase to an average of 30-35 %, and the adhesion and modulus of
deformation, respectively@several times. This happens is in hon-cohesive and a little moist clay soils. [2].
However, during "rest" piles in non-cohesive soils is the dissipation (relaxation) voltage and the
resistance of the soil is reduced. In very wet clayey soils the pressure perceives the pore fluid [2]. The
unstable condition of the soil gradually approaches to natural stable. In water saturated silty-clay soils
during this period, there is dissipation of pore pressure. This leads to an increase of pressure of the solid
phase of soil and its strength around the piles to a considerable extent restored. The necessary duration
of the "rest" of the pile depends on the type of soil. For sandy loams and sands it is one week. Loam — to
clay — at least three weeks.

Earth pressure on the pile

The lateral surface of the pile. The Russian Set of Rules SP 24.13330.2011 contains the
empirical table limit friction forces on the lateral surface of the pile (ff) [26].The value ff depends on the
type of ground and depth of piles. However, friction forces at a certain depth are not permanent,
according to the experiments unlike SNIP [26]. They are associated with the value of the jet lateral
pressure of compacted soil to the piles. This value will be depending on the shape of the cross section of
the pile. The cross-section two piles are shown in Figure 3. The cross-section have the same perimeter: a

square cross-section 40x40 cm (fig. 3a) and rectangular cross-section 30 x 50 cm (Fig. 3b).

The Russian Set of Rules SP 24.13330.2011 contains equal the value of the specific lateral
pressure ff on piles with cross-sections a and b (Fig. 3). In fact, equality the friction force acts only on the

square piles, equally compacted the soil in two directions to the cross-sections a. The friction force on the
sides of reinforced concrete pile will be different due to different values of the compaction parties the

cross-sections b. This value will depend on the values of the horizontal displacement of the soil.
Therefore, the friction force on the lateral the surface cross-section of the piles will be greater than on its
front surface (Fig. 3b).

In accordance with the article [27] the value of 1rm lateral earth pressure on the pile is equal to:
JX,y=Klp-Ks-u(y-h-l(6)+c-lpc(6)) < 0%y, (1)

where oy, y, 6¥x, y — up to of passive and passive lateral pressure 1rm ground on the pile on depth Y;
K(l p)- coefficient of lateral pressure; Ks = 0.8-1.2 — coefficient taking into account the way of
immersion and the perimeter of the pile; u — perimeter pile y - density of soil; A (8), Apc (3) — power
functions-pressure lateral (FLP) and the grip of the clay that describes the relationship diagram
"pressurel@displacement” [28]. The limit value of the seal of the ground along the piles creates a passive

Korovkin V.S. Engineering kinematic theory in application to the calculation of pile foundations. Magazine of Civil
Engineering. 2017. No. 2. Pp. 57-70. doi: 10.18720/MCE.70.6
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pressure and is described by equation (1) with three-dimensional effect. Accordingly, the magnitude of
the frictional force on the lateral surface of the pile is equal to:

Txy = Oxytg® 2

a) b)

Figure 3. Cross section 2 piles with different cross-sections with the same perimeter
o 77
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Figure 4. To the determination of the bearing capacity of pile foundation

Example 1. To determine the friction forces on the lateral surface of the single reinforced concrete
piles section 30x30 cm, immersed to a depth of 5 m in loamy soils. I. = 0.5, ¢ = 0.7, ¢ = 200
C =0.02 MPa; E = 8.5 MPa; y = 16 kN/m3; Ap= 2.04, 8 = ¢ = 0; Ao= 1.0 — coefficient of household
pressure soil; Ape= 2.3, 6 = @; Ks = 0.8; u =1.2 m is the perimeter of the pile; Ka = 0.7 is a coefficient of
anisotropy of the soil horizontally; Aj= 0.2 d = 0.06 m.

Table 1 Comparative data of the calculated and experimental values of shear stress, kPa

Deep A A7, &= (A;/A))" Gy T,y = Oxytge | Experience [2] | SNIP [26]
n=1 @ )

1 2 3 4 5 6 7 8

1 0.06 0.0067 1 37.3 13.5 18.0 14.4
2 0.06 0.027 1 55.76 19.5 18.7 204
3 0.06 0.06 1 69.0 25.1 19.1 24.0
4 0.06 0.11 0.55 56.3 20.6 19.9 26.4
5 0.06 0.17 0.35 48.46. 18.9 20.0 28.9

Note: If relative offset is more than the limit of 8>1 take =1, since lateral pressure is not to exceed
of the passive.

In the table 2 the second column shows the horizontal displacement of soil from pile at a value of
0.2d, and the third column is accordingly of the limit lateral displacement of soil at depth h, which equal
[27]:

A*= Knay - h? - B;

B = (&, — 20)tg (45° +%) /KuEpr (h/hs)™

where Kn¢=— 0.5 + 1.5 coefficient of lateral movement, depending on the type of soil: Ep| — plastic soil
deformation modulus equal to Ep,=0.6Ey = 0.6 E(h/ hs)", m = 0-2 is the exponent;

ho = (200 — Apc) / v-Ap = 4.7 m base depth, which corresponds to the regulatory module of deformation,
from the load 200 kPa; the remaining dimensions are given in [27].

®)

The fifth and sixth columns are the estimated lateral and shear stress on the piles.
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The analysis table 1 shows that the horizontal limit displacement of soil from pile and
corresponding friction force occur to a depth of 3 M (3rd column). Less the value of stress occurs when a
further increase in depth.

Calculations show that in the table the SP 24.13330.2011 consists into a single column of values of
ground resistance at the side surfaces are of the sand and clay soils is not correct. The large difference in
the behavior of these soils under load, especially if the soils are with water.

For example, physico-mechanical characteristics of soil silty sand and clay at the rate of I.= 0.4.
In the Russian Constructions Norms and Regulations SNiP 2.02.03.85: silty sands have ¢ = 26°- 36°

depending on the porosity ratio E = 11-39 MPa and clay (loam absent), respectively ¢ =11°-189, clutch
32-57 kPa, the soil deformation modulus E = 9-21 MPa.

Value Tx,y obtained by the proposed solution, for these soils will be different, which is confirmed by
the data of natural experiments [2].

Therefore, the table of the limiting values of friction forces on the lateral surface of the pile in the
SP 24.13330.2011 are a particular case of solutions of the maximum the horizontal shift of the soil. Limit
values of the friction forces recommended by the SP, if significant depths of immersion, as a rule, do not

spring up [2].
The edge of the piles. After mobilization of the friction forces begin towork more actively the force
the resistance of the soil under the tip piles. For disclosure of the behavior of the soil under the pile tip is

used dimensionless chart vertical compression of the soil, presented in the form of nonlinear function
[27]. The relative nature of this chart is not associated with a scale factor, allowing use of a single curve.

The values of vertical earth pressure on 1rm to the axis of symmetry of the piles on the entire
range of action of the load is equal to [27]:

Gy, X :Kvp 'Ks * a[qbr+ q]br+ ’Y * x/tg(450_ 0.5([))]?\.\/(6) S G*y’ Xs (4)

where Oyx, G*y,x — vertical and the limit vertical pressure of the soil on the edge of the pile to the axis of
symmetry (the first index "y" indicates the direction of stresses, the second "x" coordinate by the width of
the piles; Kv p= 4 + 6 — coefficient of the vertical pressure, the larger value refers to dense soils;
K5 = 0.8 - 1.2 — coefficient taking into account the immersing of piles, and is the largest dimension of
the pile section, gor , g1br — additional weight of the overlying soil and at the expense of the adhesion
forces; y — specific weight of soil; X is the horizontal coordinate of the considered point, counting from the
face of the piles in the range 0 < X < 0.5b (b is the smallest dimension of the pile section;
A(8) = Apa Ihaa — function diagram of the vertical deformation [27].

Taking in the expression (4) Av(d) = Ay (where Ay — limit value) get the limit value of the vertical
pressure on the tip of the pile to the axis of symmetry.

Due to the small width of the piles, it is possible to take a rectangular plot of reactive ground
pressure. Then taking into account (4) limiting of the resultant vertical pressure on the end piles is equal:

N = Kvp - K - a - b[qur+ qior + 0.5y - b/tg(45° — 0.5¢)] A, (5)
Example 2. To determine the ultimate bearing capacity of high pile grillage of reinforced concrete
piles sunk 6m, section 30 x 30 cm. Soil base: @ = 20° C = 0.022 MPa; y = 19.7 KN/m3; Apa = 4.05, 5 = @;

Aaa =0.59; Ay =6.86, Kvp = 5, K = 1.0. Using the expression (5), with of the calculation friction forces on
the lateral surface of the piles Fy. obtains (Fig. 4):

N =Kyp-K;-n-a-blgut qir + 0.5y - b/tg(45° — 0.5¢)] A, +n-F;. =5-1.0-10-0.09 =
= [118.4 4+ 60.43 4+ 0.5-19.7 - 0.3/0.7] - 6.86 +- 1145.6 = 6796.4 kH

The experimental ultimate bearing capacity the high pile grillage was not achieved [2]. At sediment
equal 70 mm the bearing capacity was of the order of 5100 KN. The bearing capacity on SNIP amounted
to 4500 KN. On the experimental curve the sediment-load this corresponds of the sediment order of
55 mm.

Korovkin V.S. Engineering kinematic theory in application to the calculation of pile foundations. Magazine of Civil
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The effect of construction of pile foundation at its carrying capacity

Low pile grillage (combined pile-slab foundation — PCB) increases the load carrying capacity due to
the additional reactance of the ground from his slab. This is confirmed by experimental data [2]. This
foundation is recommended to count as plate on elastic foundation with a variable in terms of the
coefficient of elastic resistance of the soil in the SP 24.13330.2011. Depending on the position plate
design relative to the surface of the soil it load-bearing capacity will be different (Fig. 5).

On the Figure 5, a and b bearing capacity of single pile or high pile grillage related to heaving soil
from under the end of the pile and with by friction of soil on its side surface

Work low pile cap occurs in two stages. At the first stage it works similar to high pile grillage taking
into account the additional resistance of the soil on the slab of the raft foundation (Fig. 5¢). The second
stage begins, when the proportion of pile cap to bearing capacity of pile foundation is about 30 — 35 %.
Then the work included the compacted soil mass between the piles. (Fig. 5d). The author proposes
determine the bearing capacity of low raft foundation with piles step < 3d in the form of a conditional soil
mass with the piles. The nature of its work is confirmed by the experiments of A. A. Bartolomey at
extreme loads [2].

The expression of the resultant ultimate bearing capacity of the soil:
N = Ky, - a - b[qor+ qior + 0.5y - b/tg(45° — 0.5¢9)]A, + K, - Ep - tgp —y -V (6)

where Km= 1.0-1.2 — generalized coefficient array; gur, ¢1or, Ay — conventional sign is given in equation
(4); Kn=1.0-1.2 - coefficient of uneven friction forces, depending on the step of the piles; Ep — resultant
pressure on the side of the pile foundation, V — volume of the conditional foundation.
IP
P

I

a)

Figure 5. The active region constrained deformation of soil from variable loads:
a) single pile; b) high pile grillage; c, d) low-pile grillage

Legend: 1 — boundary of the const-rained deformation of a bottom single and group of piles from
the variable load; 2 — boundary of the zone of compaction of soil under the slab of the raft foundation. 3 —
trajectories of movement of particles; 4 — the friction forces on the lateral surface; 5 — the boundary of the
constrained deformation of conditional array; 6 — origin curve move; 7 @ lower boundary soil of the
wedge sealing.

Example. 3. The constructions from example 2 to determine the bearing capacity of low pile
grillage . The slab of the size in terms of a = 4.0 m; b= 1.3 m. The Length of pile 6 m. the foundation. Soil:
Km =1,1; @ = 20°; C = 0.022 MPa; y = 19.7 kN/m3; a = 359, /1pa=4.05, 5=¢; 1,,=0.59, 8=0.5 to ¢;
A,=6.86; Kn=1.2.

Lateral pressure on a conditional array have of the hydrostatic law. Limit load including self weight
of the array, and the structures (6):

N =Ky -a-b[gor + qior + 0.5y - b/tg(45° — 0.5¢0)|A, + K, - E, - tgep — 2y; - Vi

=11-4,0-13[19.7-6 4+ 22/0.364 4+ 0.5-19.7 - 1.3/0.364]6.86 +- 1641.8
— 668,4 = 9364.3 kH
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Experienced the load on the foundation is not reaches carrying capacity and reaches 6000 KN.
This load corresponds to the draught of the order of 70 mm [2]. Limit load on the Russian Constructions
Normsand Regulations SNiP 2.02.03.85 is about 7000 KN. The comparison examples no. 2 and no. 3
shows that in the lower pile grillage plate increases the bearing capacity of pile foundation up to 30 %. In
fact, this effect will be more, but there are restrictions on the offset.

The influence of the location of piles on effort into them

Load on pile grillage causes shear stresses in the area along the height of the piles. Intermediate
lateral resistance of the pile decreases from the overlay plots of the shear stresses of the neighbouring
piles (Fig. 6).The other thing is the voltage under the tip of the piles. On the one hand, the seal space
during pile driving, have increases of the bearing capacity. On the other hand, the overlay plots of the
voltages from the intermediate piles increases the reactive presure under its. This creates conditions of
greater precipitation and thus a reduction of effort due to redistribution to other piles.

Experience shows, that in clay ground and silty and fine sands, bearing capacity of piles in the
bush, generally reduced in comparison with the bearing capacity of single piles. The sands with medium-
sized and large have it increases. The use of method of angular points in the determination of additional
stresses within the edge of the piles, shows that the influence of adjacent piles leads to redistribution of
effort of approximately 30 % [30]. Data full-scale have bearing capacity of the intermediate piles are lower
than from the outside of the piles in from 20 to 40 % [2].

~ l.ﬂ =

- LN e

Figure 6. Summary plots of the tangential (1+2=3) and vertical stress (4+4=5).
Legend: 1, 2 — a plot of the tangential stresses in the cross-section for the central and outer piles;
4 — plot of the normal stress beneath the central and outer piles;
3, 5 —plot the resulting shear and normal stresses

GG M

0 — . =
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Figure 7. Schedule dimensionless relationship diagram precipitation subgrade from t
he load depending on soil density of the base in dimensionless terms.
Legend 1 - loose soil; 2 — dense soil; 3 — coordinate of the point limit load
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The sediment pile foundation

Sediment, wich implements the friction forces on the lateral surface. The force Friction in pile
foundations involves in the work in two stages [2]. In the first stage, consolidation soil mass with the piles
is of 10-15 mm. However, the load of perceived by the end face of the pile increases slightly to full
mobilization of the friction forces on the lateral surface of the pile.

The second phase of the work from the lateral surface observed from the draught from 10-15 mm
to 30-35 mm. At this stage, is as if "failure" of the piles foundation. It leads to an increase of the friction
forces. Therefore, of the external load exerted on the pile at the beginning perceive the friction force of
the side surface. To them requires a smaller offset than for the mobilization of reactive pressure on the tip
of the piles. Maximum draught of a soil mass or a single pile, which implements the friction forces on the
lateral surface are equal [27].

A= E, 'tg @ /U2ZLi'Kpai,

where E| is the resultant lateral pressure on the pile; U is the perimeter and Li is the areas of the
conventional length of an array or piles to the ground, Kp 4i = 0.7°Ka*Kpi*Key — variable in depth
coefficient of bed shear (Ka — anisotropy factor, Kp is the factor of the plastic properties shear,
K - coefficient of proportionality, y — the depth of the considered layer).

The vertical sediment that implements the force on an end face of the piles or piles of the

array soil. After the exhaustion of the forces of friction, holds the load, the edge of the piles. Vertical
pressure begins to rapidly increase until a complete loss of bearing capacity.

In the conventional array of draught of the basement increases gradually and it is impossible to
distinguish clearly the ultimate load [2]. In connection with sediment limit necessary to limit the load for
the maximum allowable precipitation. Analysis of pile foundation shows that whatever the design of single
pile or pile grillage, the nature of their work is similar.

In the both of the application cases there is restricted from the subsidence of soil.

The relative diagram connection (8) based (4), (7) and (8) allows to determine direct and inverse
problem using the maximum allowable draught of pile foundation (Fig. 7).

The marginal precipitation conditional massif (piles), (Fig. 5).
The marginal precipitation piles or conditional array to the width 1nor m, (Fig. 5, point 3)
equals [27]:
A =Kgy - b?B;
m
B = (Apq — Aaa)tg?(45° + 0.5¢) /K, - Epi[1 + (%) Jtg? (45° + 0.5¢),

1

("

where Kg = 0.4-0.8 — generalized coefficient taking into account the closeness of the calculated

scheme; b is the width (smallest dimension) of a conditional pattern (piles); Apa, Aqa - pressure

coefficients of passive and active pressure of the compacted soil wedge inclined at an angle (45° — 0.5¢)
m

to the vertical; Ey,;, = 0.8E[1 + (i) — the plastic deformation modulus of soil at depth y; y and y: —

considered and adopted a single depth; m is the exponent, 0 < m < 1. The rest of the notation is given in

equation (3).

The author believes that the sediment pile foundation (piles) includes the of sediment that
implements the friction force at the lateral surface. The marginal precipitation (7) and the load (4) (point 3
on the chart Fig. 7) allow to determine the values of precipitation throughout the load range.

« cd\n
Apl = (q_*) (8)

where N is the exponent (N =1-3). When n = 1 is a linear dependence (dotted line, Fig.7), the weaker
the soil has a smaller curvature (curve 1, for n = 3).

Example 4: Determine the limit for sediment in pile foundation shown in example 3. The value of
modulus of deformation with depth is Eply = 36.7 MPa.
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A*= Kg'y - b?B = 0.4-19.7 - 1.32 - 0.007 = 0.093 m,

The value of precipitation of the pile cap at 40% load limit 9364.3 KN is equal to:

Ay =4 (qi) 15 =0.093-0.25 = 0.023 m

*

The sediment of the low pile grillage with this load amounted to 0.025 m [2]. Specifying the
maximum permissible amount of displacement of the foundation structures from equation (8) we get the
desired maximum load.

Model the combined stiffness coefficient of the soil

Each strip in Figure 1 due to the variable length has a different degree of resistance to
compression of the soil. In design scheme that corresponds to the different stiffness of the soil (variable
coefficient).Variable coefficient better reflects the work of the foundation. Picking up the variation of the
ratio bed, we provide the right character of precipitation.

Using the program CROSS procedure of successive approximations as applied to foundations can
more accurately determine the stiffness coefficient of the soil [31]. The program CROSS is part of the
package SCAD Office and provides both stand-alone operation and communication with integrated
system of strength analysis of structures Structure CAD (SCAD) [32]. This procedure of successive
approximations, according to the author, it is permissible for light loads on the foundation. Because there
is no law of variation of stiffness of soil from the full load cycle and is not considered redistribution of the
contact pressure of the marginal plastic areas.

The author proposes a mechanical model of the soil with a structural element acting on the lateral
surface (Fig. 8 a) and of the low end the piles (figure 8 b). In the model, except of elastic Hooke body (H)
and of plastic body of the Saint Venant (SV) , also have a structural element (S).
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Figure 8. Mechanical model of compression of the soil taking into account
the structural element in the side (@) end (b) surfaces of the piles.
Dimensionless curve pressure — lateral displacement (pressure — vertical offset) and
a variable coefficient of stiffness of the soil correspond to the model (¢).

This element functionally connects of the curve pressure-displacement according the type of
connection (Fig. 8). This model is similar to the adopted model for the aoundation [29].

The springs located both on the lateral surface of the pile (Fig. 8, @) and on its end face (Fig.8, b).
The number of turns of the spring depends on the depth of the active zone of the soil. The springs resist
compression more or less elastically under small external loads. The load increases to the limit value
changes the value of resistance to compression of the springs due to the structural element (S). This
leads to a nonlinear dependence of the "pressure-displacement”.

Dimensionless curve "pressure-displacement (pressure-draught”) is shown in Figure 8, in the
upper part. Schedule of changes in relative stiffness between the level of load shown in Figure 8b, the
lower part. The dimensionless character of the two curves is similar, but the degree of curvature is
different. The dimensionless nature of the relationship allows you to use the curve to describe the
interaction of the side or end portions of the pile with the soil from the load irrespective of the scale of the
building. The conditional transfer of the stiffness coefficient of the soil in absolute value sets the regularity
of this change on the side or lower surfaces of the piles. For example, each length segment of the lateral
Korovkin V.S. Engineering kinematic theory in application to the calculation of pile foundations. Magazine of Civil
Engineering. 2017. No. 2. Pp. 57-70. doi: 10.18720/MCE.70.6
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surface of the pile or the width of its edge, depending on the load will correspond to a specific area of the
connection curve of the contact and hence of the curve the stiffness of the soil (Fig. 8, c).

Expressions (1-7), in addition to independent values, according to Figure 8 allow us to determine
the coefficients of stiffness of the soil elements to pile foundation. These coefficients are used as source
data in the proposed calculation of pile foundation using the software complex "SCAD". For this of the
purpose, calculated ultimate horizontal and vertical loads and the corresponding ultimate displacements.

The author believes that the coefficient of stiffness is in some respects is the type of the discrete
model of the environment. So reducing the length of the element to the minimum size allows to obtain a
family of discrete independent coefficients, whose values can be described the necessary desired
function or set numerically.

In relation to the design scheme of pile grillage is used of the frame rack with different stiffness of
the rigel and racks. The nature of the work structures in the soil is determined by its stiffness
characteristics of the system elements: beams, uprights and ground.

Example 5. To calculate the reconstructed embankment on the canal Griboedova in St
Petersburg. Original data: The old quay was built in the beginning of the last century (Fig. 9). In front of
the old embankment to the form of rigid raft foundation of rubble concrete which masonry is based on
three rows of wooden piles, and erected a new hard grillage. It has a crossbar of variable cross section of
reinforced concrete on pile foundation of two rows of bored piles, 16 m long, with a diameter of 0.6 m.
Step piles across the cordon line is 2.35 m, and respectively along the line of the cordon 1.4 m.
Characteristics of the soil include four layers of the loam from the fluid (Kb = 350+1750 kN/m3) up plastic
(Kb = 21300+39700 kN/m3), layer of sandy loam (Kb = 5800070000 kN/m3 ), sand
(Kb = 73000+75000 kN/m? ), the coefficient on the tip of the piles, Kb v= 14792 MP/m3. The calculation
with using the program SCAD performed by student of A. Melentiev. Results of the comparison of
calculations are given in table 2.

=131,61
-

58,23

a) b) c)

Figure 9. To the calculation of the city's waterfront. a) Cross section. b) design scheme.
b) Plot bending moment in the piles
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Table 2. Results of calculations

Name Calculati for a SNP [26] The calculation for a
generic method

Moment in the topic sealing of the first pile, kNm -135.23 -131.21

Moment at the topic sealing of the second pile, KNm -135.23 -131.61
Moment in the span of the first pile, KNm - 58.23
Moment in the span of the second pile, KNm - 58,46

The effort in the first pile, KN -470.0 -417.92
The effort in the second pile, KN 64.16 12.02
Horizontal displacement of the top, mm - 4.87

Results and Discussion

Pile when submerged in the soil condenses it in the transverse and longitudinal directions. Seal
give the effect on the piles lateral and vertical pressure of soil. The friction force along the length the piles
depends on the value of lateral pressure. Analysis of example 1 shows that the maximum friction force
occurs at a depth up 3 the meters. Further increase in depth does not implements the maximum force of
the lateral pressure of soil. This leads to a decrease in the values of the tangential stresses along the
length of the pile. The Russian Building Regulations SNIP [26] recommends a limiting value of the friction
forces along the length of the piles, which usually is not confirmed by experimental data.

The work of pile foundation depends on the load, position of the grillage and the distance between
the piles. The author gives of the engineering solution, in which the limit load and the sediment pile
foundation, depending on conditions, determined by the number piles or by the ground massive. The
analysis of examples No. 2 and No. 3 shows that the calculated values are comparable with experimental
data A. A. Bartholomew [2]

Bearing capacity of pile foundation in the Russian Set of Rules SP 24.13330.2011 is below the limit
load, so as by the limited by it sediment. However, in the proposed method of taking into account the
allowable residue it is 15-25 % higher than in the SP 24.13330.2011.

Analysis of example No. 4 showed that the efforts in the pillars of the city's waterfront in the form of
lower pile grillage in the proposed method, and SNIP [26] practically coincide.

Chart of the load-displacement allows solving in the proposed method direct and inverse problems
for the entire load range.

Conclusions

1. The author proposed the variant of calculation of pile foundation using of the engineering theory
of ground contact pressure.

2. This variant uses the mechanism of influence of piles in the ground on the magnitude of lateral
and vertical seals.

3. The friction force on the lateral surface of the pile is variable and depends on the magnitude of
lateral soil pressure on it. The normative document Russian Set of Rules SP 24.13330. 2011 gives the
maximum value of the friction force. The maximum value, trenie can not occur at depths greater than
3—4 mm. In addition, SP 24.13330.2011 gives the joint values the calculated resistance of sands and
clayey soils. This are the basis for criticism, as each type of soil has its own physical and mechanical
characteristics associated with the friction forces.

4. The proposed option determines the jet pressure of the soil on the edge of the piles or on a
conditional piler foundation for the entire load cycle.

5. Bearing capacity of pile Foundation additionally depends on the location of the plate grillage.
The influence of the plate begins to emerge, usually with a load more friction forces on piles.

6. In the proposed calculation takes into account the mutual influence of piles on the distribution of
forces in pile grillage.

7. The value of the precipitation of pile foundation gets from a dimensionless curve the "pressure-
settlement"” for the entire load cycle.

Korovkin V.S. Engineering kinematic theory in application to the calculation of pile foundations. Magazine of Civil
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structural

8. The author proposed a mechanical model of the ratio of stiffness of soil with the influence of the

deformation.

9. Analysis of sample data showed that the efforts in the pillars of the city's waterfront in the form
of lower pile grillage in the proposed method, and SNIP [26] practically coincide.

10.In the calculation of structures using the model of the stiffness of the soil, special attention must
be paid to the reliability of this characteristic, which substantially depends on the efforts and
peremescheniya structural members. Each of those values recommended in the standards, have a broad
range of values and require adjustment.

10.

11.
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Abstract. The model and the procedure of optimization of the periods of control and scheduled
maintenance in relation to the equipment of technical systems are considered. This approach is
implemented on the basis of performance of a condition of a minimum of average losses of target use of
the equipment. The specified losses are possible because of non-optimal frequency of control and
prophylaxis of objects of technical networks. In article the approach used in the theory of information for
minimization of decrease in informative value because of breaks by its transfer is considered. Feature of
the offered approach is use of integer quantization of intercontrol intervals and the accounting of casual
duration of operation of the equipment. Theoretical conclusions are illustrated by settlement examples.

AHHOTaumA. PaccmaTpuBaetcss mogenb W npoueaypa ONTUMM3auUMU MNEPUOLOB KOHTPOMS W
NpoUNAKTUYECKNX MEPOMNPUATUIA NPUMEHUTENBHO K 06OPYAOBAHUIO UHXEHEPHO-TEXHUYECKUX CUCTEM.
JaHHbIi noaxoa peanu3yeTcsl Ha OCHOBE BbIMOSIHEHWS YCIOBUSI MUHUMYMa CpedHUX NoTepb LIENeBoro
ncrnonb3oBaHMs obopyaoBaHUs. YkasaHHble MOTEPU BO3MOXHbI U3-32 HEOMTUMArbHOW NEPUOLNYHOCTM
KOHTPONsi Y NPOUNaKTUKN SNEMEHTOB WMHXEHEPHO-TEXHUYECKUX cucteMm. B ctatbe paccmaTpuBaetcs
noaxon, UCnonb3yemblii B Teopun MHOPMaLUM ANS MAHUMU3ALUN CHKEHUA LEHHOCTW MHAOpMaumm
no npudvHe nepepbiBoB npu ee nepepade. OcCoBGEHHOCTLIO NPeanoXeHHOW noaxona sBMsieTcs
MCNOMb30BaHUE LIENOYUCIEHHOTO KBAHTOBaHUS MEXKOHTPOMbHBIX WMHTEPBANoOB W Yy4eT CryvaiHou
NPOOOIKUTENLHOCTM  NepuodoB  akcnnyaTaumum — obopynoBaHusi.  TeopeTuyeckne  BbIBOAbI
UNMIOCTPUPYIOTCS pac4eTHLIMU NpUMeEpaMU.

Introduction

Utility systems have a sufficient weight considering the efficient application of technological
equipment as well as the use of buildings and constructions [1-3]. Therefore the necessity to provide
their faultless operation takes a lot of attention. The requirements to operational systems are
implemented at the early stages of designing buildings and constructions [4—-8]. One of the most efficient
means to provide the necessary level of reliability of the utility systems is the prevention of failures based

Soldatenko V.S., Smagin V.A., Gusenitsa Y.N., Gera V.l., Soldatenko T.N. The method of calculation for the
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doi: 10.18720/MCE.70.7



NH:KeHepHO-CTPOUTEIBHBIN KypHaJ, Ne 2, 2017

on periodical check of their engineering status and carrying out the appropriate preventive maintenance
during the operational period [9-11]. Hence the important part of operational security belongs to the
matters considering the reasoning and construction of systems for checking the engineering status of
utility systems [12—15]. At the same time the applied approaches are used in the most innovative fields of
science and engineering [16-23].

A separate and rather complicated matter of introducing the monitoring of utility systems for
buildings and constructions is the reasoning for the period of checking their elements and the following
preventive maintenance. There are a number of approaches to solve the matter in question [24-35].
However, in the specified works reasoning of the required criteria for checks and preventive maintenance
does not fully take account of the following peculiarities of utility systems: their ambiguous operational
condition between the checks; discontinuity of the periods of checks and preventive maintenance,
random periods of their operation between the prearranged repairs. In the present article these important
assumptions are considered. It allows receiving results, more adequate for practice. Let us consider the
physical representation of the given problem.

Methods
Physical interpretation of the model

Some considerably prolonged period of operation is considered. Such a period may be a
regulatory period before the prearranged overhaul maintenance. Some divergence between the real and
prescriptive periods of operation is expected to be possible. That happens due to a number of random
factors and is consistent with the actual operation of facilities.

Let us suppose that during the operation of utility systems their operational condition can be
determined only by means of checks. In a disabled state the facility cannot fulfill its main function. After
receiving the relevant information about its condition, appropriate preventive maintenance is carried out.
It includes the reconstruction of operational capability of the facility, if necessary. It is for that reason that
regular checking of operational condition of the utility systems is introduced and put in practice. It is
supposed that the facility has a limited reliability and can fail between two consecutive check measures.
Therefore, two cases are possible. Firstly, the checking period may be determined too large, and the
facility stays in a disabled condition for some time before it would be found out during the check. In this
case there is a loss due to the utility system not performing its functions. Secondly, the checks may be
carried out too often; therefore the facility would be operational before the checks. The operational loss
stems from time loss for the excessive maintenance, as during this period the facility is also disabled.
Hence it is essential to calculate such a value for the check and maintenance period, which would
provide minimal average losses for the operational maintenance of utility systems in the given period of
using the building (construction).

It is practical to consider the inter-check period as an integer value, divisible by some unit of time.
Such a unit may be a workday or a work shift. This is more consistent with the reality of workload
management for the staff of utility system’s operational system, than the speculation about the continuity
of this period. Let us now examine the mathematical interpretation of the given problem and the means to
solve it.

Mathematical model 1 (basic model)

Suppose T is the operational time of a facility with a utility system. At the same time T is a
random value and follows the distribution law F(t) . During the usage the operational condition of the
facility is being checked. The period between consecutive check measures equals X . According to the
abovementioned hypothesis X is an integer value of time units. The duration of checks and the following
preventive maintenance equals C given units of time. Let us set p as the probability of faultless

performance of the facility in a given time unit. Hence the random period of operation T has at the
average K checks (and preventive maintenance). The chart in figure 1 shows the operational process in
the graphical form.

Conparenko B.C., Cmarun B.A., T'ycennna S1.H., T'epa B.1., Connatenko T.H. MeTon pacuera neproaa KOHTpOJIs
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Figure 1. Graphical representation of operational process of a facility with a utility system

Let us use a well-known in information theory [36, 37] ratio for average losses W(X) of information
in value X, determined by quantization of random period of time T . Under quantization we mean the
choice of an integer value for X . For W(X) the expression takes the following form:

P(x) = (X+ c)T&EJ +1de(z) , B
0 X

where Z — an integration variable, characterizes operation interval size; record LAJ is Antje of number
A.

However, the equation (1) does not take into account the possible failure of a facility during any
time unit, as well as during the whole inter-check period (quantum). Let us introduce this clause in the
following way. As the value p as the probability of faultless performance of a facility in a given time unit

is known, then the probability P(X) of its faultless performance in the period X is determined by the
equation:

P(x)=§11p= p* @)

Clearly, considering equation (2), the mathematical expectancy X of duration of the period, when
the facility works without fault in scope of the inter-check period X, is determined by the equation

X=x-p* ®)

Now let us insert equation (3) into formula (1). Besides, the value of average losses during the
application of the check system is denoted as M (X, p) . As a result, the formula is written as following:

M (X, p) = (xp* +c)°fﬂixJ+1de(z). 4
ol [ Xp

Now it is necessary to find such a value of X, which allows the minimal overall loss M (X, p) at

the checks and maintenance of the facility with the utility system in the operational period T . At the same
time one should take into consideration that X is a discrete value. The problem in question is solved
comparatively easily via the method of computational analysis by means of the contemporary
mathematical packages.

Mathematical model 2 (model for two check systems)

The base model, determined by the equation (4), does not account for a reliability index of
checking the operational condition of utility systems. In practice, different ways of checking are applied
with different probability of accurate determination of the operational condition of the facility. To take this
peculiarity into consideration, let us analyze the following example.

Soldatenko V.S., Smagin V.A., Gusenitsa Y.N., Gera V.l., Soldatenko T.N. The method of calculation for the
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Two independent check systems simultaneously determine the operational condition of a facility in
a time period X. The reliability Py of checks for each of the given systems will be determined via the

probability of finding a failure. Therefore the reliability p., of estimating the operational condition of the

facility by both check systems is defined as pkz. Time, spent on checking the operational capacity of the

facility, is constant and equals C. Time for reconstructing a disabled facility is constant and equals C; .

It is required to find the value of check period X", which allows the minimal mathematical
expectancy of time losses during the operation, provided that the value of probability p., of faultless
performance of the checked facility is not less than the given one.

The formula for the value M(X, p, psz) of the average losses in the operational period T
considering the condition in question is written as following:

o0

Z
M (, p, psz):(xpx+cp52+CB(1— psz))j o +1|dF(@2), 5)
0

2
where P2 = pk.

Minimal value for M (X’ P, pSZ) from the formula (4) is calculated by solving the given nonlinear
problem.

Mathematical model 3 (model for three check systems)

Let us now introduce the following condition. The check of operational condition of a utility system
is performed by three independent check systems. In addition, the results provided by these systems are

combined in a majoritary way. Thus the reliability P, of the right estimation of the operational condition

of the facility is determined by concurrence either of all three check systems or of two out of three. In
such a case the probability P, to accurately estimate the performance of the equipment can be

calculated with the following formula:

P =3P —2p,°. (6)

The equation for the value M (X, p, ps3) of average losses in operational period T considering
the given condition is written as following:

o0
YA
M (X, D, psg)z(xpx+cp53+CB(l— ps3))j o +1|dF(2). @
0

The minimal value for M (X, p, p,,.) from the formula (7) can be calculated.

Results and Discussion

Let us explain the proposed approach to the optimization of the period of checking the utility
systems with a theoretical examples.

Theoretical example 1 for mathematical model 1.
Given data.

Time C, necessary for performing the checks and preventive maintenance at the facility with the
utility system, is 5 time units. Random period T of the anticipated time of facility operation is determined
by the normal probability law with the expectancy M = 100 time units and the average squared
displacement o = 20 time units.
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Required:

Find the value of check period X", which achieves the minimal value of average overall losses
M (X) at the check of the utility system in operational period T for the following values of probability p
of faultless performance of the facility in a time unit: 0.999; 0.95 and 0.90.

Solution:

To solve the problem let us use the equation (4). For this purpose for each value of P probability it
is necessary to calculate M (X) for an allowed value area of X

The results of calculations, carried out by means of MathCad package, are shown in the graphs in
Figure 2. In this case the graph M(X) is corresponding to the calculated dependence of M (X) at

p =0.999; and the graphs M;(X) and M, (X) at p, that equals 0.95 n 0.90 accordingly.

300 T T

My(x)y. - - 200 -
M (x) —
My () — 1 1

0 50 100 150
X

Figure 2. Graphs of functions Mg(X), M4(X) and M, (X)

Optimal values X" of the time period X between consecutive checks and preventive maintenance
of the utility system for the functions Mqg(X), M{(X) and M,(X) are 34, 20 and 9 time units
accordingly. The corresponding minimal values of M (X) expectancy for the probability p , which equals

0.999; 0.95 and 0.90 (functions M(X), M;(X) u M5 (X)) are therefore equal to 134, 176 and 248
time units.

Graph analysis in picture 2 allows the following conclusions:

1) The more reliable is the facility of a utility system (higher probability p of faultless performance),
the longer should be the period of checking its operation;

2) Improving the reliability of equipment significantly lowers the overall losses at its operation.

The abovementioned conclusions comply with the intuitive properties of the correlations in
guestion. That also allows the inference that the model represented is conforming to the processes under
examination.

Figures 3—-6 present the calculated results of auxiliary parameters of the given mathematical
model. On the abscissa axis of the first three pictures is plotted the value of the mathematical model.

Figure 3 shows the graphs of variations for minimal M (X, p) and optimal periods X" of checking the
operational condition of the utility system. Figure 4 describes the dependence of the second initial
moment of check period a(p) on the probability p . Figure 5 presents the graphs of standard deviation
of E(p) , variability index n(p) (magnified by 200 for descriptive purposes) and optimal value K(p) of
checks in operational period T depending on the value of p. Figure 6 shows the probability density

Soldatenko V.S., Smagin V.A., Gusenitsa Y.N., Gera V.l., Soldatenko T.N. The method of calculation for the
period of checking utility systems. Magazine of Civil Engineering. 2017. No.2. Pp.72-83.
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oF (u) for random values U of operational period of a utility system, i =0, 1, 2 for the base values of
probability p of faultless performance of the facility in a time unit.

200

x(p) —

M{p) — 100 u

I | I I
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Figure 3. Graphs of variations for M(x, p) and X of the facility P
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Figure 4. Dependence of the second initial moment of check period
for operational condition of the facility P
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Figure 5. Graphs of standard deviation, variability index, and optimal value of checks
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Figure 6. Probability density for random values of operational period of a utility system
Theoretical example 2 for mathematical model 2.

Given data:

Minimal value of M (X, p, psz) can be found at Xg. The duration C of checking the operational

condition of the utility system equals 5 time units. The duration C, of the maintenance equals 100 time

units. Random interval T of the estimated time of facility operation is determined by the normal
probability law with the mathematical expectancy M = 100 time units and the average squared
displacement o =20 time units. The probability p of the faultless performance of the facility in a time

unit equals 0.75.

Required:

Find the value of check period duration X*, which achieves the minimal value of average overall
losses M (X, p, psz) at the check of the utility system in operational period T for the following values of

probability Py of finding a failure at the facility in a time unit: 0.999; 0.75 and 0.50.
Solution:

To solve the problem let us use equation (5). Thus for each value of P probability it is necessary

to calculate M (X, p, p,) for an allowed area of X.

The results of calculations, carried out by means of MathCad package, are shown in the graphs in
figure 7. In this case the graphs of MT(X), MTy(X), MTy(x) functions are corresponding to the

calculated dependence of M(X, p, pg,) at p =0.75and P, =0.999; 0.75; 0.5 accordingly.

1x10* |
g1
MRx) sad®
MR |
MTy(x) #1077

2107

20

Figure 7. Graphs of MTg(X), MTy(x), MT,(X) functions
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Table 1 shows the calculations of M (Xo) — minimal value of average costs for checks and

maintenance of the facility in operational period T and X - optimal value of check period for the facility.

Table 1. Results of calculations

Parameters

Number of model
M(Xo) Xo
MTo(X) 513 2
MTy(X) 3803 3
MT> (X) 6 163 4

Theoretical example 3 for mathematical model 3.

Given data:

The data is the same as in example 2. However, three check systems are used.

Required:

Find the value of check period duration X", which achieves the minimal value of average overall
losses M (X, p, psa) at the check of the utility system in operational period T for the following values of

probability P, of finding a failure at the facility: 0.999; 0.75 and 0.50.
Solution:

To solve the problem let us use the equation (7). Thus for each value of probability P, it is

necessary to calculate M (X, p, ps3) for an allowed area of X.

The results of calculations, carried out by means of MathCad package, are shown in the graphs in
figure 8. The graphs of MT(X), MT(x), MTo(x) functions are corresponding to the calculated

dependence of M (X, p, Pg3) at p =0.75and P, =0.999; 0.75; 0.5 accordingly.

Figure 8 shows the graphs of MTy(X), MTy(X), MT,(X) functions at p =0.75 and
Pk =0.999; 0.75; 0.5.
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Figure 8. Graphs of MTy(X), MT;(x), MT,(x) functions
Table 2, similar to table 1, presents the results of calculations.
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Table 2. Results of calculations

Parameters

Number of model
M(Xo) Xo
MT, (X) 498 2
MT; () 1678 3
MT, (x) 4275 4

Examination of the calculations shows that the majoritary approach is quite efficient for improving
the reliability of checking the operational condition of utility systems.

Conclusion

The present work is solving the problem of developing an approach to reasoning an optimal period
of checking utility systems. Conducted studies of the results, offered in article allow to receive following
conclusions.

1. Optimization of the periods of control on a set of discrete numbers is more adequate to real
practice of planning of prevention of utility systems in comparison with the known models.

2. The offered models are based on an assumption about accident of size of an interval of
operation of utility systems. It allows to take influence of various factors on work of systems of operation
of buildings and constructions into account, which lead to change of the planning between-repairs periods
(fig. 2, 7, 8), and also to estimate the accuracy of the received results (Figs. 3—6).

3. In the offered models indicators of non-failure operation of objects of utility systems are entered
into consideration (Figs. 2, 7, 8). In the known information models these indicators aren't considered.

4. The offered models consider veracity of operation of control systems of various configuration
(Figs. 7, 8, Tables 1, 2). It allows to prove the choice of the corresponding control system and to correct
prevention intervals.

The obtained results may be used in the reasoning of advanced utility systems of buildings and
constructions, as well as in rationalization of the present utility systems.
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Hysteretic water-retention capacity of sandy soil
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Abstract. Before the construction project, it is necessary to investigate the hydrological conditions
of territory. For this purpose some hydrophysical indicators of the soil should be measured. Among the
most important indicators is the water-retention capacity. It is convenient to use a physically justified
model to research sorption-desorption properties of soil with respect to moisture. The authors have
investigated the mathematical model, which was developed to describe the hysteresis of water-retention
capacity. The computer program “HYSTERESIS” was been used to implement this research. Three
computational experiments were carried out with the use of this program. The results allow improving the
accuracy of calculating the dynamics of soil moisture. The results of the research could be applied to the
agricultural research, hydrological conditions investigations and other area of knowledge.

AHHoTauuA. [lepeg Hayanom NpPOEKTUPOBAHWA CTPOUTENbCTBA HEOOXOAMMO MCCnedoBaTb
rmapornornyeckne  ycnoesus  Tepputopun. Ons  3TOoro  Heobxooumo  M3MepuTb  HeKoTophble
rmapodmamdeckne nokasatenu noysbl. Cpeam Hanbonee BaXHbIX MokKasaTenen — BOAOYAEPXKMBatOLLAs
crnocobHocTb. LlenecoobpasHo mcnonb3oBatk PU3NYECKM-060CHOBAHHYIO MOAENb A7 UCCReAoBaHUs
COpBUMOHHO-AEeCOPOLMOHHBIX CBOMCTB MOYBbI MO OTHOLWEHWIO K Brare. ABTOpbl UccriegoBanm
MaTeMaTuyeckylo  mofenb, KoTopas Obina  paspaboTtaHa  Onsa OnNMCaHWs  rucTepeauca
BOAOYyAEpXKuBawLLlen crnocobHocTn. [na peanusaumMm 3TOr0 UccregoBaHusa Obina uCnofb3oBaHa
koMmnbloTepHas nporpamma «HYSTERESIS». C nomoublo 3TOM nporpamMmbl ObifI0 MPOBEAEHO TpU
BbIYMCIIMTENbHbIX 3KCnepuMeHTa. lonyyeHHble pes3ynbTaTbl MO3BOMNSANT MOBbLICUTE TOYHOCTb pacyeTa

Terleev V.V., Nikonorov A.O., Togo I, Volkova Yu.V., Ginevsky R.S., Lazarev V.A., Khamzin E.R.,
Garmanov V.V., Mirschel W., Akimov L.I. Hysteretic water-retention capacity of sandy soil. Magazine of Civil
Engineering. 2017. No. 2. Pp. 84-92. doi: 10.18720/MCE.70.8
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ANHaAMUKN BNMa>XHOCTU NMO4BbI. Pe3yJ'IbTaTbI nccnenoBaHuA MOoryT ObITb NPUMEHEHDI K
CENbCKOXO3AMCTBEHHLIM UCCNEeAOoBaHMSM, UCCNeLOoBaHMUAM rmaponorn4yeckmnx yCJ'IOBI/II7I.

Introduction

There is a need for different soil properties modelling, such as water-retention capacity, for various
engineering purposes, especially in urban environmental engineering. Water-retention capacity (WRC) of
soil is described by a functional dependence of volumetric water content § (cm3-cm=3) on capillary
pressure (capillary-sorption potential) of moisture y (cm H20). There are number of problems for the

WRC models, such as:

e accounting the hysteresis phenomena during the physical justification and mathematical
formulation of the WRC function;

o difficulties during the construction of scanning curves of hysteretic WRC loop, starting from
reversal points.

Taking into account the hysteresis phenomena, some extension of the approach proposed by
Kosugi [1-4] is developed [5-8]. There the WRC function and its approximation are suggested. This
function describes a main drying curve (MDC), a main wetting curve (MWC) and also scanning curves of
the hysteretic WRC [5-8].

The purposes of the work are: 1) evaluation of accuracy approximation to WRC function on
examples of MDC and MWC; 2) proof on the absence of "pump effect” for hysteretic WRC model,
3) verification of this model using the measured data on sandy soil.

Method

Considering the soil as a capillary-porous media, the physical and statistical description for the
hysteresis of water-retention capacity is offered. It is represented in the form of relations:

e{er (05 -0, )/2lerte(Ing Vi /4)in (g (e ). v < Wee':

Os, w2yge; o
ezl:er+(es_er)/(:|'+(_ad (\V_\Vae))nd )’\V<‘Vae; (1b)
05, W2vge;
e:{er +((93 _er)/z)erfc((nw\/E/Af)ln(_ UW(\V_\I’we ))),\V<‘I’we;
: N . (2a)
s V2= Wye s
6z|:er +(95 _er)/(l"'(_ 0‘W(\V_\VWE))nW)’\V< Ywe s (2b)
05, W=yye

where y ., — capillary pressure of moisture, is interpreted as a "pressure of air entrance" on drainage
isotherm (cm H20), y, <0;

Ye — capillary pressure of moisture, is interpreted as a "pressure of water entrance" on the
moistening isotherm (cm H20), v e > Ve

0 — saturated volumetric water content (cm3-cm-3);

6, — minimum specific volume of liquid water in the soil (cm3-cm-3);

ogq (m H201), ny, a, (cmH20?), n, - appropriate to drainage and moistening physically
interpreted parameters.

These parameters can be estimated by the formulae:

Og =lqg /B’ Ny :4/(Gd\/g)’ Oy = ro,w/B and n, :4/<GW\/£)’
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where r, 4 and - appropriate to drainage and moistening values of the effective soil pore radii, which

ro,W
correspond to the most probable values of the normally distributed random variable - the natural
logarithm of effective soil pore radii;

o4 and ¢, - appropriate to drainage and moistening values of random variable standard
deviation - the natural logarithm of effective soil pore radii;

B=2ycoso/(gp,, ) (Where: y - surface tension of water at the interface with air; p, - water
density; ¢ - contact angle of the surface of soil particles with water; g - gravity acceleration); it is
estimated as follows: g = 0.149-10-4 m2 [3, 4, 9, 10].

The relations (1a) n (2a) respectively describe MDC and MWC of the hysteretic WRC loop. The
relations (1b) n (2b) respectively describe approximations to MDC and MWC in the class of elementary
functions. Further, these approximations are recognized to describe the scanning curves of hysteretic
WRC.

The drying scanning curves, starting from the reversal point (which is characterized by y; and ¢,
the values), are described by the system of relations:

0-0, +(e’; —er)/(1+(— g (v —yge )M j

9;=93 v Wae <Wwe SVis W <VWYge,;
9:=9i,\VaeS\ViSWwe’W<\Vae; (3a)

105=0; +(0; =0, )~ g (Wi —vae )™ Wi <Wae SWye s WS
{G_GSv\Vae<\Vwe—\|f|v\VaeS\VS\Vi;
0=0i, Vae SVi SWye, Vge SY VY.

The wetting scanning curves, starting from the reversal point (which is characterized by Y1 and O]
values), are described by the system of relations:

0= 6?"'(9 _9:)/(1"'(_aw(\|’_‘|’we))nw )v
9 =05 =0,V <<Va  VjSY<VYye;
9: —(9 _ejx_aw(\lfj_‘lfwe))inwr\lfj<‘|’ae9\VjS\V<\Vwe; (3b)
|:9 es'\VJ<‘Vaea‘Vwe—\|/,

0=0;=05 yae<vjy;<y.

Results and Discussion

Approximation. On the base of hysteretic WRC model, which was described by relations (3a) and
(3b), a computer program “HYSTERESIS” is developed [5]. This program was used to carry out some
computational experiments with the hysteretic WRC model. The scenario for variation of the capillary
pressure of soil moisture was formed before the start of the experiment in a specific text file with the data
source (*.exd). By means of the program “HYSTERESIS” and applying the Levenberg-Marquardt
algorithm [11, 12], the hydrophysical parameters for MDC and MWC have been identified. For this
purpose it were used the measured WRC data on sandy soil [13].

Then computer program “HYSTERESIS” was used to calculate the 9§ values for every measured
vy value on MDC and MWC (Fig. 1).

Terleev V.V., Nikonorov A.O., Togo I, Volkova Yu.V., Ginevsky R.S., Lazarev V.A., Khamzin E.R.,
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Figure 1. The main hysteretic WRC loop
On the Figure 1 solid lines correspond to the WRC function, describing be relations (1a) and (2a)
respectively; dashed lines correspond to approximation for WRC function; circles — measured data. The
correlation coefficient between calculated @ values and measured data on MDC and MWC is R = 0.999.

Absence of “pump effect”.The internal WRC loops do not go beyond the main drying and wetting
curves and approach the previous loops in the process of capillary moisture pressure oscillation (Fig. 2).
Therefore, “pump effect” is not manifested in this model.

volumetric soil moisture

=240 =220 =200 =180 =160 =140 =120 =100 =80 60 =40 =20 0
Soil moisture potential (cm water column)

Figure 2. The sequence of the WRC hysteresis loop
under the oscillation of the capillary pressure of soil moisture
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Verification of WRC model.Using the parameters (identified according to the measured data on
MDC and MWC), the 0 values for primary drying curve (PDC) and secondary wetting curve (SWC) of the
hysteretic WRC have been predicted. Among the parameters of the program the value bubbling pressure

Y4 on MDC had been previously zeroed, because this value (based on the physical representations)
cannot be positive, and the corresponding experimental data are not available. The predicted 0 values
are compared with the measured WRC data. On Figure 3 black dots connected by a continuous curve
shows MDC, MWC, PDC and SWC of the hysteresis loop: y values plotted on the horizontal axis,
0 values - on the vertical axis; red dots shows the measured WRC data. According to the theoretical
(predicted) and experimental (measured) ordinates (0 values) for PDC and SWC of WRC hysteresis loop

the correlation coefficient R =0.995 was calculated. This coefficient suggests about the high predictive
(extrapolating) accuracy of investigated hysteretic WRC model for sandy soils.

volumetric soil moisture

T T T T T T T T t + +
-240 -220 200  -180 -160 -140 -120 -100 -30 50 -40 -20 0
soil moisture potential (cm water column)

Figure 3. Predicting the internal WRC hysteretic loop formed
by the primary drying and secondary wetting curves

On Figure 4 the comparison of the predicted values of volumetric water content with the measured
data is represented: here black dots on 1:1 line shows the high convergence of the simulation results and
data of the direct measurements (the measured data[13-17] are on the horizontal axis; the
computational results are on the vertical axis).

Terleev V.V., Nikonorov A.O., Togo I, Volkova Yu.V., Ginevsky R.S., Lazarev V.A., Khamzin E.R.,
Garmanov V.V., Mirschel W., Akimov L.I. Hysteretic water-retention capacity of sandy soil. Magazine of Civil
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Figure 4. Comparison of the predicted values of volumetric water content
with the measured data

Estimates of the scanning curves of the hysteresis loop are important to improve the accuracy of
calculating the dynamics of soil moisture [18, 19]. The results of these calculations are used to
forecasting the crop yield [20—24], to study the hydrological conditions of the area in the design of
irrigation and drainage systems, underground constructions and artificial foundation based on weak soils.
In addition, evaluation of the scanning curves are of great importance in the calculating the precision
irrigation rates [5] to reduce the wastage of irrigation water, to prevent the removal of agricultural
chemicals beyond the root layer of soil and subsequent eutrophication of water bodies, as well as to
provide rational use of water resources in general. Soil-hydrophysical investigations and hydrological
calculations are also significant for the bank protection tasks [25—-27], drainage problems [28, 29], marine
works [30, 31], hydropower protection [32], urban ecological, environmental and economical
challenges [33, 34]; it helps to find the effective engineering solution based on knowledge of the
hydrophysical properties of soils. All these factors indicate the encouraging prospects for the practical
use of the proposed WRC model.

Conclusion

Thus, 1) two systems of relations (1a,b) and (2a,b) are received for calculating the main drying and
wetting curves of hysteretic WRC; 2) two systems of relations (3a) and (3b) are offered for predicting the
scanning drying and wetting curves as well as for calculating the reversal points of hysteretic loop of
water-retention capacity. The approximations (1b) and (2b) have quite high accuracy to describe the main
drying and wetting curves of hysteretic WRC.

Computer program “HYSTERESIS” was developed on the basis of the proposed model, which is
formulated ratios (1b), (2b) and (3a, b). The program allows identifying the model parameters according
to direct measurements of the water-retention capacity of soil. Three computational experiments were
carried out with the use of this program. The measured data on the water-retention capacity of sandy soil
were used in the previous experiments.

The first experiment consisted of comparing the interpolation accuracy using relations (1a) and
(2a), on the one hand, and the ratios (1b) and (2b), on the other hand. The result of this experiment
shows the high accuracy of the proposed approximations for the function of the water-retention capacity
of soil. The second experiment with oscillating values of capillary pressure showed no negative "pump
effect". The third experiment was to identify the parameters of the WRC model using data on the main
drying and wetting curves and then - in the subsequent prediction of the primary drying curve and
secondary wetting curve of hysteresis loop. The result of the third experiment showed high accuracy for
extrapolation (prediction) of volumetric water content values for the scanning curves of the hysteresis
loop in the absence of data on these curves. This result is explained by the fact that adequate physical
representation about the nature of the phenomenon of hysteretic water-retention capacity is the basis for
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the offered model. The practical significance of the proposed model is the availability of the option in the
program “HYSTERESIS” for predicting the scanning curves using the data about the main drying and
wetting curves of the hysteresis loop. The particular importance of this option is that the measurement of
the totality of the scanning curves practically impossible, while the data on the main drying and wetting
curves are relatively accessible.

10.

11.

12.

13.

Estimation of the scanning curves of the hysteresis loop allows improving the accuracy of
calculating the dynamics of soil moisture. The results of the research could be applied to the agricultural
investigations, hydrological conditions measurements and other measures. All these factors indicate the
encouraging prospects for the practical use of the proposed WRC model.
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