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Strength and deformation characteristics of
ash and slag mixture

[MpOYHOCTHbIE N AedOpPMaLMOHHbLIE XapaKTEPUCTUKN
30/10LU1aKoOBON CMeCcH

V.V. Sirotyuk, A-p mexH. Hayk, npogheccop B.B. Cupomiok,
A.A.Lunev, . ' _ _ acnupaHm A.A. JlyHée,

Siberian State Automobile and Highway University,  Cu6upckuii 2ocydapcmeeHHbiti a8momobuibHO-
Omsk, Russia QopoxHbIti yHUBepcumem, Omck, Poccusi

Key words: ashes; construction; civil engineering;  KnrouyeBble crnoBa: 30M0LWakoBasd CMeCb;

engineering properties; shear strength; CTPOUTENBLCTBO; rPaXgaHCKoe CTPOUTENBLCTBO;

embankments; leveling operation AeopmMaLmOoHHbIE XapaKTEPUCTUKN; MPOYHOCTHbIE
XapaKTepUCTukKn; 3emMnaHoe nofioTHO;
BepTuKarnbHaa nnaHUpoBKa

Abstract. Burning of coal and brown coals at thermal power plants (TPP) is the main method of
generating electric and heat energy in the Russian Federation. Inasmuch as a result of coal combustion a
considerable amount of waste is produced (up to 50% of the whole mass of base coal) the quantity of the
gained ash slag in a landfill is measured with hundreds of millions of tons. Insufficient level of knowledge
about strength and deformation properties of these artificially-produced soils for building motor roads’
roadbeds and embankments substantially limits the scope of using the ASM in the Russian Federation. In
this connection, the purpose of the research is to study a complex of the ASM’s engineering properties
for evaluating its use as a soil material for building embankments of motor roads’ roadbeds and leveling
operations. In the frames of the research, there have been tested the ASM samples, obtained from
burning Ekibastuz coal in boilers with dry ash removal. Samples were made with different density and
humidity. For each density value, there were determined the modulus of deformation and the elastic
modulus. The authors have determined the values of the angle of internal friction and specific cohesion of
the ASM depending on the moisture and normal pressure. Consolidated and drained tests in triaxial
compression devices have allowed to determine the values of the secant elastic modulusand the
Poisson's ratio of the ASM’s with different density. As a result, it was found that an increase in the ASM’s
density significantly increases the elastic and deformation modulus, the angle of internal friction, and the
cohesion of this artificially-produced soil. However, after a certain degree of compaction, the cohesion
value begins to decrease. Increasing the moisture content of the ASM samples decreases the modulus of
elasticity and general deformation, but it has an ambiguous effect on the angle of internal friction and
cohesion.

AHHOTaumA. CxuraHme KameHHbIX U OypbiX yrnen Ha TennoBbIX anekTpocTaHuuax (TOC, TIOL)
SIBNSAETCA OCHOBHbIM CMNOCOOOM reHepaumm 3neKkTPU4eckon u TennoBon 3Heprum B Poccuiickon
depepauymu. MNockonbky B pedynbTaTte cropaHusa yrnsi, obpasyetca 6onbLIoe KONMYecTBO OTX040B (40
50% oT macchkl NCxo4HOro yrna), o6beM HaKoMMEHHbIX B OTBanax 30S10LIakoB, U3MEPSETCA COTHAMM
MUWJITIMOHOB TOHH. HeaocTaTouHbli ypOBEHb 3HAHWMIA O MPOYHOCTHLIX M AedOPMaLMOHHBIX CBOWCTBAX
3onownakoBbix cmecen (3WC) npu coopyXeHun 3eMNSHOro MofioTHa aBTOMOOWIBHBIX AOpor U
NNaHMPOBOYHbIX HacbINen CcyLwecTBeHHO orpaHnynBaeT cdepy npumeHeHus 3LLUC B PO. B cBsAsn ¢ atum,
Lenblo MCCredoBaHUs SIBMSETCS U3YYeHMe KoMMekca MHXeHepHbix ceorcTB 3LUC anst oueHku umx
NPMMEHEHMS1 B KayecTBE TPYHTOBOro Martepuana [N BO3BEAEHUSA HacbiNen 3eMNAHOro MnosioTHa
aBTOMOOUIBHBIX AOPOT M BEPTUKANbHLIX MIaHUPOBOK. B pamkax nccnenoBaHvs NpoBefeHbl UCTbITaHKSA
obpasuos 3LUC ot cxuraHua IknbacTy3CKMX KaMEHHbIX Yrfien B KOTMAax C CyXuMm LufakoyganeHuem.
O6pasubl n3rotaBNMBany ¢ pasnMYHON MIAOTHOCTLIO N BIIAXHOCTbO. [N KaXKA0ro 3Ha4YeHUs NnioTHOCTHU
onpegerneH moaynb obuen aedopmMalmm Ha Npndope KOMMNPECCUOHHOIO CXaTusa U MOAYIb YNPYrocTu No
afanTUPOBaAHHOW MEeTOAUKe pblidaXHoro npecca. OnpegeneHbl 3HAYEHUS yrna BHYTPEHHEro TPEHUst U
yaenbHoro cuenneHus 3LC B 3aBUCUMOCTM OT BAXXHOCTM M HOPMAarbHOrO OABMEHUSI C MPUMEHEHUEM
MeToga OHOMMOCKOCTHOrO npsiMoro (mMepgneHHoro) cpesa. KoHconuampoBaHHO-OPEHHMPOBaHHbIE

Cupotiok B.B., Jlynés A.A. IlpouyHocTHble M  JeOpPMAIMOHHBIC XaPaKTEPUCTHKH 30JIOLLIAKOBOH cmecu [/
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ucnblTaHMs B MNpubopax TPEXOCHOro CxaTus MO3BOMWMM OMpefennTb 3HaYeHUs Cekyllero moayns
ynpyroctn un koadduumeHTa lyaccoHa npu 3HaYeHuUsX NNOTHOCTW. B pesynbTate ycTaHOBMEHO, YTO
yBenuyeHne nnotHoctn 3LUC cywecTBeHHO noBbIWAET MOAyNb YNpPyroctu wn pedopmauun, yron
BHYTPEHHEro TPEHUS N CLUENNeHne 3TOro TeXHOreHHoro rpyHta. OgHako nocne onpeaeneHHon cTeneHn
YNMOTHEHUSA HAYMHAETCA CHWXKEHWE BENWYUHbI cuenneHus. YBernuueHue BnaxHocTn obpasuos 3UIC
MOHWXaeT MoAdyfb YNpyroctM u obwen gedopmaumu, HO MMeeT HEeOAHO3HAYHOe BNWSHWE Ha Yron
BHYTPEHHEro TPeHNs 1 cuenneHve.

Introduction

The vast majority of thermal power plants (TPP) in the Siberian and Far Eastern Federal Districts,
some TPP in the European part of Russia are coal and brown coal-fired and more over, this tendency will
have been sustaining for decades. From 10 % to 50 % of ash and slag wastes (ASW) are formed,
including finely dispersed fly ash and ash-and-slag mixture (ASM), when burning each ton of coal. Ash
and slag are jointly transported to ash dumps, forming the ASM. Almost 1.6 billion tons of the ASM have
been accumulated on the territory of the Russian Federation. Only in the city of Omsk, about
73 million tons of the ASM have been accumulated and this figure increases by an additional
1.6 million tons annually.

But another problem is escalating in cosmopolitan cities: hundreds of millions of cubic meters of
soil are required to construct an earth roadbed, a layout road embankment, to correct in arable and highly
cost rural lands.

The use of the ASW is possible in many industries. This is production of rare-earth elements,
creation of composites using fly ash, soil melioration, production of ceramic products and bricks, catalysis
and, of course, in the construction industry [1-3]. Among the listed methods of recycling, the large-
tonnage use of the ASM for building embankments is the most prospective since it allows solving both
problems mentioned above with low additional cost.

Publications [4-8] reflect studies confirming the possibility of building motor roads’ embankments
of the ASM. The main obstacle, hampering the full-scale use of the ASM, is insufficient knowledge base
of their physical and mechanical properties, strength and deformation characteristics when changing
humidity and density for designing engineering structures.

Studies of the fly ash’s mechanical properties abroad were carried out in 1972 by A.M. DiGioia and
W.L. Nuzzo. During experiments, they conducted tests on direct cut and triaxial compression devices at
different dry soil densities (from 60 to 80 pounds per cubic foot). The influence of vibrational loads of
different frequencies on the ash compactibility was also investigated. However, these studies were typical
not for dump ash and slag, but for the fly ash of western Pennsylvania. In addition, the study did not
investigate the influence of moisture on the material’s properties [9].

The studies of Gray and Lin (1972) focus on the dependence of the particles’ shape, granulometric
and chemical composition on the change of the specific weight of coal ash and its effect on strength
characteristics of the material. The results of this researching cannot be fully used widespread because
the ash from Michigan state was tasted which has much higher concentration of free lime than in inert
ash of Russia [10]. Like Gray and Lin, B. Indraratna et al. (1990) in their paper [11] studied granulometric
and mineralogical compositions, pozzolanic properties, compactibility and strength characteristics of
C class ashes, selected from the Mae Moh power plant in northern Thailand.

In our experiments we have taken into consideration the researching by J.P. Martin [12] for fly ash
of F class (non-cement) for evaluating of their use in a road embankment. The article evaluates the shear
strength, compressibility, water-permeability and compactibility of the ASM in comparison with earlier
works of other authors.

Singh and Panda (1996), having tested the strength characteristics on freshly compacted samples
with different moisture, concluded, that the main part of the shear resistance is due to the angle of shear
resistance [13].

The justification of stability for a road embankment which was made from ASM was made by
R. Ossowski un K. Gwizdala [14] on the basis of the results of monitoring of an experimental road
embankment subject to flooding. And also the parameters for these materials were taken from the results
of their coworkers™ researchings by Dredg Dikes, L. Balochowski Z. Sikora [15], and the rest — from the
work by Ossowski 1 Sikora[16].

N.S. Pandian did research of ASM, clinker and flue ash under various conditions using three-axis
compression. He considers that cohesion in ASM appears only in thick and humid mixture and

Sirotyuk V.V., Lunev A.A. Strength and deformation characteristics of ash and slag mixture. Magazine of Civil
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disappears at water saturation or destruction of compact structure [17]. The results of sample testing with
various ash combination and clinker are also displayed in the article by B. Kim et al. [18].

S.K. Pal and A. Ghost investigated the shear strength of the ASM samples, selected from nine
TPP. The tests were carried out in triaxial compression devices according to the scheme of
unconsolidated-undrained test [19]. The strength characteristics of the ASM in three-axis compression
devices were also evaluated by Jakka et al. In these experiments, the ASM from three different sources
have been tested in a friable and compacted state, which makes it impossible to predict the roadbed’s
stability under real operating conditions [20].

The work of S.K. Tiwari reflects the influence of water saturation of samples, designed in a
laboratory, on their strength characteristics. The author has stated that the ASM’s strength did not
decrease to zero as in Pandian’s experiments [21].

Studies of the physical and mechanical properties of the ASW and directions of their effective
utilization have been intensively developed in Russia in the 1970-80s. Complex studies of ash and slag,
conducted in the SouzDorNii, SibADI, Giprodornia, and the scientific centers of Belarus, Ukraine,
Kazakhstan and Uzbekistan are reflected in the construction standards VSN 185-75. The requirements
for the ASM for building a roadbed in this first document were limited only to the amount of frost heaving.
The calculated strength and deformation parameters of the ASM are absent there.

In 1978 the article [22] was published in which V.A. Melentjev and others summarized the
considerable amount of information about the properties of ASM of various CHPs. This is review paper
which poorly takes into account the problems of using the ASM as artificially-produced soils.

Information on the ASM mechanical properties, depending on the moisture and porosity of this
material, is presented in the work of P.Y. Dyakonov [23]. However, as in other authors™ works, the limited
amount of researching gives no opportunity to draw a conclusion upon the dependency for different
conditions of earth roadbed maintenance.

Specialists from TSUAB, M.V.Balyura and V.V.Fursov , have analyzed the physical and
mechanical properties of the ASM from the dumps of the Tomsk state district power plant (SDPP)-2,
Severskaya TPP, Kemerovskaya TPP, Novokemerovskaya TPP [8,24]. These studies had a dotted
character, without an analysis of cause-effect relationships. Therefore, it is impossible to determine
reliable calculated parameters for designing embankments of the ASM on their basis.

Some strength properties of the ASM from the dump of the Kashirskaya SDPP - 4, which we used
to calculate the stability of high embankments at the traffic junction near Kashira, Moscow Region, were
investigated in the laboratory of the geological department of the Moscow State University [6].

The researching of ASM as man-made soils has been conducted in SibADI since 1973. These
data and also some results of other researching in the Russian Federation and abroad were reflected in
the road construction standard (218.2.031-2013) which is the principal document regulating the use of
ASM in road construction of the Russian Federation nowadays. The calculating rates of durability and
deformation figures, shown in the road construction standard have been deliberately underestimated
because of the limited data during the development of this document. Therefore, when designing the
ASM embankments only on the basis of the data from this document, a significant and sometimes
unreasonably inflated margin of safety is possible.

Attempts to use foreign and domestic data on the strength and deformation parameters of the ASM
during the elaboration of the above mentioned normative and guidance document have failed to give
positive results due to a number of reasons:

— the majority of publications do not contain the necessary information on the methods for
determining the indicators that interest us;

— methods of the ASM testing are so diverse that they often do not allow to compare the results
obtained,;

— the majority of publications do not reflect the entire range of the ASM’s mechanical properties in
the range of possible impact of natural factors, that change during the operation of motor roads
in the Russian Federation;

— all mechanical properties of ASM depend on technique of burning coal and his genesis and for
coal ash which was formed after combustion Ekibastuz coal similar research was not carried
out;

Cupotiok B.B., Jlynés A.A. IlpouyHocTHble M  JeOpPMAIMOHHBIC XaPaKTEPUCTHKH 30JIOLLIAKOBOH cmecu [/
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— the authors of some publications do not give specific data on test results.

Therefore, the purpose of the research is to study a complex of the ASM’s engineering properties
for assessing their use as a soil material for building embankments of motor roads’ roadbeds and leveling
operations.

Methods

In the frames of the research, there was prepared a test program, which included a series of one-
factor experiments. The choice of experimental conditions reflected the most probable embankments’
states in the process of their operation throughout the life cycle. The research program is presented in
the Table 1.

Table 1. Test program

. Changing
Series Value of unchangeable . .
parameter of the | Range of change Purpose of a series of experiments
number ASM parameter
Density of a . -
1 maximum dry 90 %-105 % optimal moisture to determine the regularities of
density changing the ASM mechanical
12 %-33 % properties depending on moisture and
2 moisture (total saturation) MDD - 95 % compaction degree

Before producing the samples, the value of maximum dry soil’s density and optimal moisture of the
ASM were determined. For these purposes, there was used a form of a large device for standard
compaction of the SoyuzDorNii design, which is an analogue of the testing form by Proctor's method.

Research of strength characteristics of the ASM was performed on the direct cut devices PSG-3M
in accordance with the technique, similar to the method of ASTM D3080. Samples of the ASM were
formed in a large device for standard compaction, varying the degree of compaction by the number of
weight impacts. When achieving the required value of density, a ring, with 40 cm? cross-section, was
pressed into the ASM for the direct cut test in the PSG-3M device.

The tests were carried out according to the scheme of consolidated and drained cut of artificial
composition’s samples. The experiments were carried out by successive shearing of the samples at three
vertical load stages of 100, 200, 300 kPa. The samples’ manufacture was originally conducted with the
moisture of 33 % (maximum water saturation). The prepared sample at the optimum moisture was placed
in a direct cut device, a load of 50 kPa was applied to it, after that 10 ml of water was poured into the top
part until it appeared from the lower part of the sample.

The determination of the ASM’s deformation modulus was carried out on compression devices
KPr-1M. Samples were made in a manner similar to the method of manufacturing samples for direct cut
tests. After manufacture, circular samples with a diameter of 87.4 mm and a height of 25 mm were placed
in a compression device (not allowing lateral expansion), both sides were interleaved with filter paper,
indicators of vertical displacement were installed and pressure stages of 100, 200, 300 kPa were
successively applied. After each loading, vertical settling was expected and fixed. Upon reaching the
300 kPa stage and stabilizing the settling, a stepped unloading of the sample was carried out with the
control of elastic deformations. After the load was removed, the load was repeated similarly to one at the
beginning of the experiment. Abroad, a similar test method is described in ASTM D 2435-04 and is a
remote analogue of compression tests.

The dependence of the ASM’s elastic modulus on the degree of moisture and compaction was
determined using the method of the lever press. The compaction of the sample in a form was
implemented with a weight from a large standard compaction device. The form for testing had a height of
150 mm and internal diameter of 150 mm. Since the diameter of the form was bigger than the diameter of
the anvil, the soil was compacted layer by layer, moving the anvil according to the scheme, used in “A”
test of Proctor's method.

The soil was compacted into three layers, each layer was compacted with a number of impacts
predetermined during pre-compaction. The finished sample was cut up to the brims of the form, a stamp
with a diameter of 50 mm was placed on the center of the sample’s surface. Further, a stepwise load
application was carried out through a stamp of 0 to 500 kPa at 100 kPa interval. After stabilizing the
settlings at each stage, the stamp’s settling was fixed by means of two time-type sensors. Stepwise
unloading of the sample was carried out with the interval of 100 kPa with the control of deformation
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restoration. Then the sample was loaded again. If the branch of the compression curve of unloading and
secondary loading coincided, the tests were terminated. The closest analogue of this method in foreign
practice is the method for determining CBR, described in ASTM D1883-16 (this standard uses only the
primary loading branch and the kinematic loading scheme).

Testing of the ASM for triaxial compression was carried in triaxial compression devices ASIS. The
samples production was carried out by forming the soil's monolith in a large device for standard
compaction and subsequent plugging of a cylinder into the massif (Fig. 1a). Density and moisture control
was carried out by weighing a form, filled with soil, and sampling for determining moisture.

a. b.

Figure 1. Testing of the ASM in the triaxial compression device:
a—acylinder plugged into the massif; b —a rubber-covered sample

The extracted sample, with the diameter of 50 mm and the height of 100 mm was covered in a
hermetically sealed rubber (Fig. 1b), then there was installed a camera of the device which was filled with
distilled deaerated water and lateral pressure was fed. In the frames of the experiment, the tests were
carried out only at the lateral pressure of 100 kPa, which was required to determine the Poisson's ratio
and the secant elastic modulus, with a relatively low lateral pressure. Determination of characteristics
was carried out on a consolidated and drained scheme, which is almost similar to ASTM D7181-11 tests.

Results and Discussion

The peculiarities of the ASM structure. The optimal moisture of the ASM and the maximum dry
soil’s density were determined before testing the samples (Fig. 2).

Figure 2. Dependence of the dry soil’s density (the ASM) on moisture

The graph of standard compaction of the ASM usually does not have an extremum, characteristic
for clay soils (similar data given in the works of Pandian, Jakka, Balachowski, Tiwary [12, 17, 19, 20]). As
Singh et al. recommended, the concept of optimum moisture for this artificially-produced soil is assigned
by the limiting value of the density to the zone of water squeezing [13].

The analysis of the curve in Figure 2 indicates that the change in the ASM’s density indicator does
not exceed 7 % with a change in moisture by 42 %, therefore, this artificially-produced soil has a wide
interval of possible moisture for compaction. The value of optimal moisture for the ASM is twice and more
times higher than the similar parameter for pulverscent sands and light sandy loams, although the
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granulometric composition of these natural soils and the ASM has similar features [7, 17]. The abnormally
high values of water absorption of the ASM are explained by the peculiarities of their microstructure, that
is confirmed by Kim at al [18].

Unlike most natural dispersed soils, the real value of the ASM’s specific surface doesn’t have direct
relation with granulometric composition. Particles of the grinded "barren rock" of the soil (entered in coal)
are subjected to the thermal effect, passing through the flame of a boiler unit, having the temperature of
1400-1600 Ce°. These particles undergo a stage of pyroplastic state with emitting a complex gaseous
phase. Therefore, the ash particles have significant microporosity (Fig. 3, microphotographs are made in
LLC "Institute of Applied Ecology and Hygiene").

Figure 3. Morphological elements of ash: spheres with arough and grumous surface (1);
with a smooth and vitrified surface (2);
fragments of particles and aggregates of irregular shape (3); pleurosphere with a broken shell (4)

According to our data, the specific surface of the ASM, determined by the standard air-permeability
method, varies from 0.8 to 2.5 thousand cm?/g (fly ash — up to 6.0 thousand cm?/g), depending on the
sampling site in ash dump. The presence of open and closed microporosity is the reason that the value of
the actual specific surface of ash particles (determined by the method of low-temperature adsorption of
nitrogen or desorption of argon) reaches 50,000 cm?/g and more. In the work [25], Zabielska-Adamska
gives a reference to studies that indicate the high adsorption capacity of the ASM, which is related to the
value of the specific surface.

A significant value of the specific surface area of highly dispersed ash particles is the main reason
for the abnormally high water retentivity of all ash and slag, whichis confirmed at the work of Huang [26].
The same reason explains the comparatively small value of the bulk density of the ASM, which usually
varies from 0.8 to 1.3 g / cc. Although, the true density of vitreous substance of ash particles reaches
2.5-3.2 g /cc.

Strength parameters. The forces separation of soils shear strength on the forces of internal
friction and cohesion is conditional. In the process of shear, it is impossible to purely separate elements,
associated with the deformation of water films, overcoming the forces of molecular interaction, mutual
blocking and mechanical engagement of particles. Consequently, it is not always possible to establish the
exact mathematical dependencies of changing these parameters.

The generally accepted strength parameters of soils - the angle of internal friction ¢ and the
specific cohesion ¢ are not true in these engineering experiments, but the apparent cohesion and the
angle of shear resistance, which have been determined by many researches in their works [11, 12, 17].
Nevertheless, these conditional values are accepted as the main criteria for calculating soil structures.
The ¢ and c values are calculated by plotting a straight line with the best approximation to experimental
points by the least squares method. Figure 4 shows the results of determining the angle of internal
friction, specific cohesion and general shear resistance in the samples of the ASM, depending on the
compaction coefficient.

It follows from the graphs that the density of the ASM has a significant effect on the strength
characteristics of this artificially-produced soil. As Huang describes, with increasing density, the particles
are increasingly getting closer, the number of contacts, jamming and blocking depth of separate particles
is growing [26]. Thus, with increasing density, the angle of friction will be higher because of more
jamming and blocking. The cohesion decreases with an increase of the ASM’s compaction coefficient
from 1.0 to 1.05. The similar effect is considered by Padam in his thesis. In his experiments, when the
work on compaction increases the cohesion value also decreases [27]. Presumably, this is explained by
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the destruction of large porous aggregates of the ASM, occurring during compaction, which has been
described earlier by Kim et al. and observed by us (Figure 5).

When the work on compaction increases, the arising contact stresses destroy the mechanical
linkages of the ASM’s particles, as it happens in sands and is described by Roberts n De Souza [28], and
reduce this component of resistance to shear. At the same time, there is maintained the cohesion caused
by the interaction of water films around the particles and described by Martin et al. [12].

Figure 4. Dependences of the angle of internal friction (a), specific cohesion (b) and shear
strength (c) from the compaction coefficient. Shear strength at normal pressure:
©-100 kPa; a— 200 kPa; =— 300 kPa

Figure 5. Content change of the fraction with the size over 0.25 mm (a) and
less than 0.1 mm (b) during the ASM compaction
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Figure 6. Dependences of the angle of internal friction (a), cohesion (b) and shear strength (c) on
moisture. Shear strength at normal pressure: a=100 kPa, ¢ — 200 kPa, =— 300 kPa

The tests of the ASM with different moisture were carried out at 0.95 compaction coefficient, which
usually corresponds to the so-called common soil density. At the same time, the moisture of a roadbed
can vary over a life cycle within a wide range. The maximum moisture value of 33 % corresponds to the
total water saturation of the ASM at a normal pressure of 100 kPa. Figure 6 shows the results of
determining the ASM strength characteristics depending on its moisture.

During multiple testing of samples with different moisture, there have been obtained non-standard
dependences of changing the angle of internal friction on moisture. As in the experiments of Lamb et al.
the maximum shear strength was obtained at optimal moisture of the ASM [29]. On the whole, it has been
determined that shearing stresses, necessary for the destruction of the sample, increase with a rise of
moisture up to the optimal value.

It is known from the work of DiGioia and Nuzzo that the most part of shear strength the ASM has in
wet condition [9]. Strengthening of water films’ confining force when the moisture increases is apparently
explains the increase of cohesion with the same degree of compaction. After the appearance of
redundant moisture (20.5 %), the cohesion decreases. At total saturation the value of cohesion and
general shear resistance was minimal, as in Pandian’s experiments [17]. The values’ intervalsof the angle
of internal friction and cohesion do not fall outside the limits, obtained by Pal et al. [19].

Besides two strength parameters in calculations using software complexes for modeling, based on
finite elements method (Mohr-Coulomb, Drucker-Prager, Herdering soil), an additional parameter, the
dilatancy angle (w) [30-33], is introduced. For the approximate dilatancy angle determination there is
used an empirical dependence which links this parameter to the angle of internal friction: y = ¢ — 30°.
At a value of @ less than 30°, the dilatancy angle is equated to zero [34].

Strength parameters of the ASM, determined by the results of the research, are presented in the
Table 2.

Table 2. Strength parameters of the ASM

Influencing factors and their values
Parameters Density of a maximum dry density Moisture, % by mass

0.90 0.95 1.00 1.05 12.0 16.0 20.5 25.7 33.0
Angle of internal friction, 29.1 34.0 38.2 41.6 29.6 28.2 28.3 34.0 28.4
degree 26.4 29.8 35.8 40.4 27.7 26.5 26.1 29.8 24.9

Specific cohesion, kPa 26 38 40 33 37 48 58 38 29

24 33 37 32 35 45 54 33 26

Dilatancy angle, degree 0 4 8.2 10.2 0 0 0 4 0
Note: standard value of the parameter is above the line, calculated value of the parameter is under the line, considering

processing by methods of mathematical statistics.
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The strength parameters of the ASM, determined by us, have been compared with natural soils
prevailing in the SFD (numerical values of the natural soil parameters are not presented due to limitations
in the volume of publication). A comparison has showed that the ASM is an artificially-produced soil,
which is not inferior in strength parameters to natural soils. Moreover, the ASM is superior to the most
part of natural sediments on shear strength.

Deformation parameters. The main characteristics of the soils compressibility are the general
deformation modulus Egeneral, the elastic modulus E and the coefficient of lateral expansion (Poisson's
ratio) v. Both moduli are parameters of the stress diagram — deformation, and as a rough approximation,
represent the proportionality coefficient of this dependence at the required stress level. The differences
are that the elastic modulus describes only elastic (restoring) deformations, and the general deformation
modulus — both elastic and plastic.

Figure 7 shows the results of determining deformation modulus of the ASM samples in the
compression device, depending on the compaction coefficient and moisture content of this material.

Figure 7. Dependence of the deformation modulus of the ASM on the compaction coefficient (a)
and moisture (b), at normal pressure: a-100 kPa; ¢ — 200 kPa; =— 300 kPA

The graph (Fig. 7a) shows a significant growth of the deformation modulus at increase of the
density of a soil skeleton. A quick increase of the modulus under the conditions of the compression
device at the pressure of 300 kPa is connected with a state of soil in which there is no particles repacking
due to slip of aggregates, and the settling can be explained by the destruction of particles tightly clamped
in their positions. Such changes in the ASM’s structure have been described earlier by Kim at al. [18].

The results of the research (Fig. 7b) indicate a decrease of the constrained modulus of deformation
with an increase of the ASM moisture. When increasing the moisture, the water expands the patrticles,
which weakens the structure of the ASM. The results of testing the ASM, considering the statistical
processing, are shown in the Table 3.

Table 3. The modulus of the ASM deformation

normal pressure Density of a maximum dry density Moisture, % by mass

0.90 0.95 1.00 1.05 10.0 16.0 20.5 25.7 33.0
100 kPa 6.79 8.46 11.86 | 14.25 | 11.35 | 12.52 | 13.28 8.46 7.81
5.93 7.16 8.30 13.74 | 10.95 | 11.99 | 12.33 7.16 6.22
200 kPa 18.30 | 20.92 | 23.75 | 29.22 | 26.86 | 26.10 | 25.91 | 20.92 | 16.44
1750 | 17.89 | 18.93 | 27.64 | 25.14 | 25.13 | 2494 | 17.89 | 15.88
300 kPA 2153 | 31.66 | 41.81 | 64.11 | 34.92 | 3455 | 35.04 | 31.66 | 22.73
19.76 | 27.14 | 38.24 | 63.84 | 32.85 | 32.53 | 33.30 | 26.15 | 22.05

Note: standard value of the parameter is above the line, calculated value of the parameter is under the line, considering
processing using the methods of mathematical statistics.

Determination of the elastic modulus was carried out with the replacement of the lever press for the
universal machine AL-7000LA10, which makes it possible to apply a stepped static load to the
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deformable sample. The regularities of changing values of the elastic modulus of the ASM depending on
the compaction coefficient are shown in Figure 8a, and on the moisture — in Figure 8b.

The method of testing stipulated the soil behavior under normal compaction. In the process of
compaction, a more compact packing of particles occurred due to local shears and slipping of smaller
particles into the soil pores, which further has strengthened its skeleton. In the compacted state the soil
works in the stage of reversible deformations and the shears are practically attenuated. The higher the
compaction coefficient, the more compact structure of the soil skeleton is formed in the sample, which
means that the load distributes to a bigger number of contact points. Besides the increase the structural
strength, it reduces the overall deformability of the material; this has determined the growth of the elastic
modulus [20].

Figure 8. Dependence of the elastic modulus of the ASM on the compaction coefficient (a) and
moisture (b)

In contrast to compaction, an increase of soil moisture causes decompression of the skeleton. The
higher the moisture, the stronger the negative effect, up to the full moisture capacity at which the effect of
particles weighing is created. The direct contacts of the ASM particles decrease, and the existing neutral
stress finally decompresses the soil.

It is difficult to compare the results of studies on determining the compression and elastic moduli
due to the absence of this method in foreign studies of the ASM. However, there are studies in which the
elastic modulus is related to the Californiabearing ratio (CBR) [35]. It is known, that the elastic and
deformation moduli can be related by means of the linear dependence [36].

Toth et al. [37] writes that the CBR value of water-saturated samples varies from 6.8 % to 13.5 %,
while unsaturated - from 10.8 % to 15.4 %. This indicates a significant decrease in the bearing capacity
for the water saturation of ash and slag, which we see in our experiments. Pandian investigated the CBR
of waste slag, fly ash and fuel slag with water saturation and without saturation. In his experiments, there
is also noted a decrease in the bearing capacity up to two times of waste slag with water saturation,
which agrees with our experiments at different moisture content of the ASM [17].

In the framework of the study, we compared the basic deformation parameter - deformation
modulus of the ASM with characteristics of natural soils. A comparison showed that the ASM also is not
inferior to most natural clay soils in the deformation modulus’s value, competing with sandy saoils.

The results of our researching show that ASM complies to the medium-formed soils (according to
the Russian classification), whereas the results of Martin et al's experiments display that it was classified
as low-compressible (with high stiffness) soil [12].

Tests on triaxial compression devices were carried out on a consolidated and drained scheme, in
the "A" type stabilometer at the lateral pressure of 100 kPa. Deformations, chamber pressure and pore
pressure were fixed by sensors of the ASIS complex. The vertical pressure stages and the deformation
stabilization’s time were chosen as for pulverscent sands.

In the frames of stabilometric tests, there was determined a secant modulus of deformation which
is necessary indicator for soils modeling using the Hardening Soil model. This indicator is a modulus of
soil deformation at half of value of the stress deviator at the moment of destruction [34]. The test results
are shown in the Table 4.

Table 4. Results of determining a secant elastic modulus of the ASM

Compaction coefficient 0.90 0.95 1.00

The secant elastic modulus, Eso, MPa 11.26 13.23 13.89
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Besides the secant modulus of deformation, there was determined the deformation modulus at
different value of the vertical pressure (Fig. 9).

In contrast to the method for determining the compression modulus of deformation in the triaxial
compression device, the reaction pressure from the lateral surfaces does not increase with a growth of
normal pressure, as the soil sample can be expanded. Therefore, with the increase of pressure on the
sample, the soil structure is rebuilt, new local shears occur, until there is reached a state of soil's fluidity
and its subsequent destruction.

The character of the samples destruction with different compaction also differs. When the
compaction coefficient is less than 1.0, the deformation occurs with destruction in the form of a "barrel”,
and more compact samples are destroyed otherwise - in the form of a shear plane. This indicates a
stronger, but brittle structure whose properties are determined, apparently, by the mechanical contacts of
the particles [38]. Despite the brittle nature of the destruction, the lateral expansion of the sample to the
stage of destruction occurs more intensively. Probably, this is due to the large pore sizes in the structure
of the less compacted ASM. These pores are filled at local shears above all, which prevents intensive
lateral expansion.

Figure 9. Dependences of the deformation modulus of the ASM on the compaction
coefficient at the pressure of: =100 kPa; @®- 200 kPa
The value of the Poisson's ratio for the ASM is determined experimentally and is presented in the
Table 5.

Table 5. Results of determining Poisson's ratio

Compaction coefficient 0.90 0.95 1.00
Poisson's ratio 0.094 0.133 0.167
Conclusions

The conducted studies have shown that the ASM is an artificially-produced soil with specific
mechanical properties. Thus, the graph of the standard ASM’s compaction shows the absence of clear
maxima on the curve, which is typical for sandy soils. At the same time, according to the parameters of
mechanical properties and regularities of their variation, the ASM does not refer to non-cohesive soils, as
it has been previously thought, but more corresponds to sandy loams or pulverscent sands.

The growth of the ASM skeleton’s density causes an increase of the massif’s strength only until the
maximum density of the dry soil is reached and almost does not increase in future. Therefore, the
overconsolidation of the ASM for the majority of geotechnical tasks is not advisable.

This artificially-produced soil is resistant to moisture. The shear strength of the ASM is maximal at
the moisture close to the optimal, and even at the moisture, corresponding to the maximum moisture
capacity, remains at a high level. The deformation parameters of the ASM depend on the density of this
soil, and an increase in density by 1 % from MDD gives an increase in the elastic modulus from 2.7 %,
and in the deformation modulus from 0.5 MPa to 2.8 MPa, depending on the vertical load. The ASM’s
moisture influences the deformation parameters a bit less than the density, with an increase in moisture
by 1% the elastic modulus decreases by an average of 1.9 MPa and the deformation modulus
by 0.5 MPa. At the moisture of total saturation, the elastic and deformation moduli have the smallest
values.
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Comparison of the deformation moduli of natural soils and the ASM shows, that this artificially-
produced soil is not inferior on this parameter to natural clay andpulverescent soils and competes with
sandy soils.

As a result of the tests it has been found that the ASM after Ekibastuz coal combustion is a ground
building material with deformation and strength characteristics that are quite suitable for building a
roadbed of motor roads, as well as installing foundations of buildings and structures of any importance
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Mechanical characteristics of polyethylene

MexaHunueckune XapaKTeEPUCTUKN NONMN3ITUINEHA

L.l. Ogorodov, KaHd. mexH. Hayk, doyeHm J1.1. Ozopodos,
O.V. Lustina, _ cmydenm O.B. JlycmuHa,
Peter the Great St. Petersburg Polytechnic CaHkm-ITemep6ypackuli monumexHu4eckud
University, St. PeteerUrg, Russia yHUsepcumem nempa Benukoeo,

2. CaHkm-lNemepbype, Poccusi
Key words: material resistance; mechanical KnrouyeBble cnoBa: conpoTuBrneHne MmaTepunanos;
chracteristics; natural ageing; long-term ageing; MeXaHU4ecKue XapakTepUCTUKN; eCTECTBEHHOE
polyethilene CTapeHue; AnuTernbHoe CTapeHne; NonmMaTuneH

Abstract. An experimental data about the effect of long-term natural aging without load and aging
of samples under tensile stress on the mechanical characteristics of low density polyethylene (LDPE)
under uniaxial tension are presented. A comparison between the mechanical characteristics of
unstabilized and stabilized by a 2 % soot content of polyethylene is made. The influence of long-term
impact of ash on the strength of polyethylene is estimated. The dependences for calculating the resource
of the impervious elements of structures are given. It is shown that low density polyethylene composites
have higher mechanical characteristics than the main component. It is substantiated that
polyvinylchloride, manufactured using thirty percent of technological and forty percent of operational PVC
waste, has high and stable mechanical characteristics. The influence of long-term aging and the effect of
environments have been estimated. It is determined that the glass-filled polyamide and polyamide
containing from twenty five to seventy percent of the technological waste has sufficient structural
strength.

AHHoTauuA. [lpeacTaBneHbl 3KCMEpPUMEHTalbHble [daHHble MO0  BAWSIHUKO  MHOTOJIETHErO
€CTECTBEHHOIO cTapeHus 0e3 Harpysku M cTapeHus obpas3uoB NOA pacTArMBalOLIEN HArpy3kon Ha
MeXaHu4ecKne xapakTepucTukM nonuatuneHa Huskon nnotHoctu (M3HIT) npu ogHOOCHOM pacTsKeHWUW.
[aHo cpaBHeHWE MexaHUYEeCKUX XapaKTepUCTUK HecTabUNU3NPOBaHHOIO U CTabUNU3MpPOBAHHOIO
OBYXMPOLIEHTHBIM  cogepXaHuem caxu nonuatuneHa. OueHeHO BMAWsIHUE  [ONTOBPEMEHHONO
BO3AENCTBMSA 30M1bl Ha MPOYHOCTb nonuatuneHa. [NpuBegeHbl 3aBMCMMOCTWM AN pacyeTa pecypca
NPOTMBOMUNBTPALMNOHHBIX 3MIEMEHTOB KOHCTPYKUMA. lMoKa3aHo, YTO KOMMO3WLUMOHHbIE MaTepuanbl Ha
OCHOBE MOMM3TUNEHA HM3KOW MITIOTHOCTU MMEKT Oonee BbICOKME MEXaHUYEeCKUE XapaKTepPUCTUKU, YEM
OCHOBHOWN KOMMOHEHT. OB0CHOBaHO TO, YTO MONWUBUMHUIIXIIOPUA, W3rFOTOBIEHHbIA C MCMNOMNb30BaHMEM
TpMALATM TMPOLEHTOB  TEXHOMOrMYECKMX M COpOKa MNPOLEHTOB  3KCMyaTaUUOHHbBIX  OTXOAOB
NONUBMHUIXNOPMAA, UMEET BbICOKME U CTaburbHble MexaHuyeckne xapakrepuctnki. OueHeHo BNusiHue
MHOroneTHero ctapeHust n Bosgencteuns cped. OnpeaeneHo, To, YTO CTEKIOHAMNOMHEHHbIN nonMaMmmng n
nonnamug, Coaepxalwuin oT ABaauatv NATM OO0 CEMUOECATU MPOLIEHTOB TEXHONOIMYECKUX OTXOOOB,
obrnagaeTt 4OCTAaTOYHOM KOHCTPYKLMOHHOW NPOYHOCTLIO.

Introduction

Structure protection against groundwater and surface water (spring waters, precipitation and flood)
is a topical branch in hydrotechnical, road, industrial and civil engineering. In the process of sumps,
waste collectors, heaps and pool converters operation there is a danger of a leakage of ecologically
unsafe substances, which differ from each other in composition and the degree of aggressiveness.
Natural and artificial ponds rise the groundwater on adjoining territories, which prevents the economical
activity of people. Impervious structures are used for ground and soil structures protection. Different ways
of installation of impervious structure elements in soil, foundations, slopes, weirs and dams are known.
Laying of the polymer panels on the slopes of the soil structures under the layer of the bulk material,
trench and trenchless (vibratory) screen drives are applied. Polymer impervious screens, curtains and
membranes are widely spread. Most of the film members were made and are made of low-density
polyethylene (LDPE), but other polymer and composite polymer materials are becoming more and more
popular.

OroponoB JL.U., Jlyctuna O.B. Mexanndeckue XapakTepHCTHKH IOJIMITHICHA // MHXEHEpHO-CTPOUTEIbHBIH
xypaai. 2017. Ne 6(74). C. 17-32.
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There is a wide range of research material about designing problems of impervious hydrotechnical
structures [1-4], creation and application of new waterproofing materials [5—8], polymer film screen study
and construction [9-12]. The names of E.N. Bellendir, A.L. Goldin, Vatin N.l., V.G. Glagovsky,
B.M. Davidenko, V.D. Glebov, V.P. Lysenko, A.l. Belyshev, S.P. Paremud, E.S. Argap, S.N. Starshinov
and etc. are quiet famous in this field. It is obligatory to check corrosion and durability resistances of
polymer and composite materials of impervious structures, used in active and aggressive
environment [13]. The questions of application of polymer and composite materials, made with the use of
technological and operational waste, in impervious structures are topical today [14-16]. Almost all
materials have variable properties in time (ageing), especially polymer and composite polymer materials
[17, 18] and others, for example, steels and alloys [19]. The speed of ageing depends on the
sensitiveness of the material to the applied factors and their intensity. The changes of the material
properties can be reversible and irreversible. The reversible ones are disappearing almost completely
after the removal of stimulant exterior factors. The opposite situation takes place in irreversible changes.
As we aim to predict the durability of ready-made materials, so we can define ageing as appearance of
transformation during storage and exploitation.

The objectives of the present paper are:

1. To estimate the impact of the long-term ageing under load on the mechanical characteristics of
the LDPE samples.

2. To compare the results of the experiment with LDPE samples stabilized with 2% soot content
under long-term ageing conditions and under influence of CHP ash.

3. To compare the mechanical characteristics of LDPE samples and of LDPE samples stabilized
with soot content.

4. To provide the calculation dependences of impervious elements resource considering long-term
durability of the material.

5. To provide data about mechanical characteristics of the materials, perspective for applying in
impervious structures.

The estimation of the influence of the long-term ageing on mechanical
characteristics of low-density polyethylene during storage and under load

The samples and equipment

LDPE samples were made in laboratory complex in All-Union Scientific Research Institute of
Hydraulic Engineering named after B.E. Vedeneev. The samples had a shape of a shoulder blade with
25 mm working part length and 3.5 mm width. The thickness was ranged from 0.048...0.064 mm to
0.16...0.23 mm.

Samples of stabilized LDPE had a shape of a shoulder blade with 30 mm working part length,
3.5 mm width and thickness § = 0.58...0.65 mm.

LDPE and stabilized LDPE samples were cut in the direction and cross-direction of the film
extrusion.

Uniaxial sample tension tests were carried out using FPZ-100/1 and RMI-5 (PMW-5) installations
with different capture displacement speeds (v, mm/min.). Depending on the thickness, the samples were
grouped in three, then were tested and results of the experiment were presented as the mean values.
The experiments with long-term loaded samples were held on one specimen. The dimensions of these
samples were determined before tension test.

The results of tests

Mechanical characteristics (0p— proportional limit, 6, n ¢, — limit stress and deformation, E, —

elastic modulus) of low-density polyethylene (LDPE) under tension (v = 50 mm/min., § = 0.16 ... 0.23 mm)
are shown in Table 1.

Ogorodov L.1., Lustina O.V. Mechanical characteristics of polyethylene. Magazine of Civil Engineering. 2017.
No. 6. Pp. 17-32. doi: 10.18720/MCE.74.2.



NuxeHepHO-CTPOUTENBHBII KypHaJ, Ne 6, 2017

Table 1. Mechanical characteristics of LDPE in original state (the mean values of 3 samples)

Group of In the direction of the film extrusion In the cross-direction of the film extrusion
samples Opr, MPa Op, MPa €p, % Ep, mPa Opr, MPa Op, MPa €0, % Ep, mPa
1 8.70 15.30 450 73.2 8.44 13.64 470 149.8
2 8.98 16.87 460 154.0 8.39 16.48 540 79.8
3 9.02 16.78 472 110.8 8.73 15.89 512 89.2
4 8.29 15.79 445 105.9 8.36 15.40 558 92.6
5 8.81 16.87 450 109.4 8.68 9.37 295 84.8
Mean 8.76 16.32 455 110.7 8.52 14.16 475 92.2

LDPE samples (in the direction of the film extrusion) have more stable mechanical properties and
higher density than samples, made crosswise of the film extrusion.

Limit stress and the value of the elastic modulus are higher in samples cut in the direction of the
film extrusion, than in samples cut in the cross-direction of the film extrusion. The influence of the sample
thickness in specified range on LDPE mechanical characteristics (Table 1) is insignificant. The results of
tension tests (v = 50 mm/min.) of LDPE samples (along of the extrusion) with thicknesses
0 =0.048...0.064 mm confirm this conclusion (Table 2).

Table 2. Mechanical characteristics (in the direction of the extrusion) of LDPE samples

Sample Ne 5, mm Opr,mPa op, MPa €p, %
1 0.052 7.19 14.32 275

2 0.051 8.13 13.93 240

3 0.054 8.59 16.97 360

4 0.064 7.55 16.09 395

5 0.048 8.47 15.40 295
Mean 0.054 7.98 15.34 317

LDPE samples (6 = 0.16...0.23 mm) were loaded by constant tensile load during 189-194 months
(~16 years). In the first series of experiments (189 months), initial stresses of ageing under load on were
recorded. In the second series of experiments (194 months), beside o, the relative deformation of LDPE
samples was recorded in the beginning (en) and in the end (&) of ageing. Tables 3-5 show the results of
experiments (ouw — the durability limit under tension, ent — deformations corresponding to the durability
limit). Table 6 shows the data of the comparison of obtained results.

Table 3. Mechanical characteristics of LDPE (in the direction of the extrusion) after long-
term (189 months) uniaxial compressive loading

Sample Ne oH, mPa Opr, MPa Op, MPa €p, % Ep, mPa
1 0.87 2.93 10.55 336 132
2 131 5.77 16.16 503 138
3 1.76 5.77 14.01 470 137
4 2.18 5.84 12.59 298 142
5 2.63 5.49 13.86 483 133
Mean - 5.17 13.43 418 136
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Table 4. Mechanical characteristics of LDPE (in the direction of the extrusion) after long-
term (194 months) uniaxial tensile loading

Samgp'e onmPa | &% €% | GormPa | Gp.mPa | £,% | Ep,mPa | ouw, mPa | &, %
1 2.63 5.3 6.3 5.50 13.86 480 135 13.86 +

2 5.36 20.8 26.9 5.52 13.63 146 125 13.46 47.0

3 6.25 38.5 59.2 4.71 14.69 78 126 15.25 46.2

4 7.15 51.7 71.2 4.96 17.08 140 122 17.48 41.9

5 8.03 94.5 118.9 5.60 25.21 131 123 25.21 41.8

Mean - - - 5.26 16.89 195 126 17.05 44.2

Table 5. Mechanical characteristics of LDPE (in the cross-direction of the extrusion) after
long-term (194 months) uniaxial tensile loading

Sarﬁgple ox, mMPa &, % Opr, MPa op, MPa €p, % Ep, mPa out, mPa €ut, %
1 0.85 24 4.96 12.80 707 85 8.41 27.3

2 2.56 5.6 4.54 12.20 572 80 8.65 -

3 4.26 10.0 4.56 10.88 480 72 - -
4 511 24.4 3.75 14.69 540 58 10.31 57.8
5 5.95 21.2 4.04 17.69 487 95 12.69 42.5
6 5.95 304 3.96 12.07 224 65 12.24 52.1
Mean - - 4.30 13.39 502 81 10.46 44.9

Table 6. Mean values of LDPE mechanical characteristics in original state and after long-

term ageing under the load
The sample The sample o
direction state Ter. MPa %p. MPa e % Fe mPa
Original 8.76 16.32 455 111
Original (thin 7.98 15.34 317 -
samples)
After loading 189 517 13.43 418 136
months
Direction of the ;
. After loading 194
extrusion months 5.29 16.89 195 126
After loading on< 5.22 13.50 428 136
3 mPa
After loading on> 5.20 17.65 124 124
3 mPa
Original 8.52 14.16 475 92
After loading 194 4.30 13.39 502 81
. months
Cross-direction of
the extrusion After loading on< 4.75 12.50 640 82
3 mPa
After loading ox> 4.08 13.83 433 80
3 mPa
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Let us consider the results of the LDPE stabilized by 2% content of soot tests. Samples of the first
series were kept in conditions of heated (without sunlight access) warehouse space during 17 years, and
the samples of the second series — in the ash of Magadan CHP during the same time. The samples are
oriented in the cross-direction of the extrusion. In each series of the tests, 3 samples were used. Table 7
shows results of the uniaxial tension tests and Table 8 shows their comparisons.

Table 7. Mechanical characteristics of stabilized LDPE samples

v | series Il series
Series Ne mm/r’nin o o
' mgé o, mPa | &, % | Ep, mPa mg'a ouw, mPa | &, % | Ep, mPa
1 0.4 2.5 8.7 20.3 140 6.4 9.5 20.0 100
2 2.0 3.0 10.0 20.3 180 7.0 10.7 20.8 120
3 20.0 3.5 11.4 18.0 200 7.7 12.1 19.2 135
4 100.0 4.0 12.4 18.0 240 8.5 13.2 125 185

Table 8. Comparison (in %) between the values of the LDPE mechanical characteristics of
the second series and the first one

Mechanical The deformation speed V (mm/min.)
characteristics 0.4 20 20.0 100.0
Opr +156.0 +133.0 +120.0 +112.0
Ont -9.2 +7.0 +6.1 +6.4
Ent +1.5 +2.5 +6.7 -30.6
= -28.6 -33.3 -32.5 -22.9

Table 9 shows the results of uniaxial tension tests of LDPE samples (stabilized with 2% soot
content) in original state (I) and after ageing (ll) during 18 years. The deformation speed was 50 mm/min.

Table 9. Mechanical characteristics of stabilized LDPE in original state and after 18 years of
ageing in natural storage conditions

The direction

op, MPa

Change,

of the sample
cutting

%

€p, %

Change,

I %

In the direction
of the extrusion

14.9

16.8

+12.8

476

633 +33

In the cross-
direction of the
extrusion

12.9

11.8

-85

552

575 +4.2

Conclusions on the first part of article

1. LDPE samples cut in the direction of the film extrusion in original state have more stable
mechanical properties and higher values of limit stresses (on 13 %) and elastic modulus (on
17%), than samples oriented in the cross-direction of the extrusion. That was pointed in papers
of other authors.

2. The influence of the sample (film) thicknesses ranged 0.043...0.23 mm on LDPE mechanical
characteristics is almost insignificant (considering the dispersion of the results of the
experiments), excluding the limit deformations, which are lower in thin films (0.048—0.056 mm)

on 30%, than in films with 0.16...0.23 mm thicknesses.

3. Long-term ageing of LDPE samples under load (16—17 years) decreases the proportional limit
Opr ONn 40 % (in the direction of the extrusion) and the values of the elastic modulus are
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changing in different directions, i.e. increasing on 22 % (in the direction of the extrusion) and
decreasing on 12 % (in the cross-direction of the extrusion).

4. The ageing of LDPE samples under load with stresses less than 3 mPa decreases the limit
stresses Gpr 0n 17 % (in the direction of the extrusion) and on 12 % (in the cross-direction of the
extrusion). With long-term LDPE prestresses higher than 3 mPa the increasing of the tensile
limit stresses on 8 % (in the direction of the extrusion) with decreasing the limit deformations
more than triple is marked. With the increase of long-term stresses o the increase of the limit
stress opw, the density limit one under subsequent uniaxial tensile loading is marked.

5. The mechanical characteristics of unstabilized and stabilized by 2 % soot content LDPE are
insignificantly different. There is an influence on durability limit ow, elastic modulus E and
proportional limit oor of the deformation speed.

6. The influence of the ash from Magadan CHP during 17 years does not change catastrophically
the stabilized LDPE mechanical properties. The proportional limit increases more than on
110 % and the elastic modulus decreases on 29 % (average) in comparison with the same
characteristics of samples kept in conditions of heated warehouse space during the same time.
The limit stresses and deformations were changing insignificantly. The valuable changing of the
elastic modulus under stretching has to be considered in calculations of film impervious
structures, because the elastic modulus E is a parameter of calculating dependences [2, 9,
11, 12].

7. The natural ageing during 18 years of stabilized LDPE does not lead to significant changes of
limit stresses and deformations.

The long-term durability of the film polymer materials and the calculations
of the impervious structure resource

Let us consider the durability of the polymer film impervious structures as the limit term of their
functioning in structure construction in determined exploitation conditions. The durability of the polymer
element is determined by exploitation loads and temperatures, technological influences, ageing of the
polymer material and the matrix of composite materials.

The base for predicting the durability (resource) of the polymer structure elements is an
experimental data of long-term durability of the used materials. The curves of LDPE long-term durability
are represented as correlation dependences g; = A — Blgt (0i — the stress intensity, mPa; 7 — time, sec.).
The experimental data from work [2] was used in static processing. The LDPE membranes with the
diameters 6-10 mm and 80-114 mm, thicknesses 0.1 mm and 0.04 mm were tested. The first
dependence oi = 10.46 — 0.5471gt was obtained as a result of the tests of membrane samples made of
the film received from manufacturing plant. Considering the results of the short-term uniaxial tension
tests, the long-term durability equation was obtained in the following form: g; = 12.02 — 1.064 lgz.
The results of static processing of other tests are shown in [9].

For calculating film elements for design scheme of membrane under hydrostatic pressure, the
following depending was obtained:

38  (T|* a,dy)’ 0.434B
Sadm_fD [\/E(T)< B ) ¢ [(A BI E)z] a8,

where: Saim — a safety factor for damages;

E(7) — an elastic modulus (mPa) of the material depend on the exploitation time;

a, — an efficiency factor of pore radius, which value depend on soil fraction [2];

d4 — a minimal size of the cushion soil fracture;

0 — a film thickness when a homogeneity factor is kogn = 1;

q(t) — uniformly distributed load (hydrostatic pressure, mPa) changing in time in general case;
& = (1t —0)—time, sec.;

A u B — constants of the correlation equation of the long-term durability (50% probability of
destruction).
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In another version Saim = 1, but A and B have to be selected with long-term durability curve
corresponding to the little probability of material destruction. The influence of technological and
exploitation impacts is considered by A and B constants.

When there is a soil settlement (A — a vertical settlement, | — a horizontal projection of a
sagging part)
1 T 0.434B
= 2 S
. fo[(z/a)q(r),/(z/zm 1] L‘(A—Blgf)z] .

In an article [20] the calculated dependences g —lgt are compared to the results of the
experiments.

Table 10 shows the results of the durability calculations of the film impervious elements by the first
suggested dependence.

Table 10. The design durability of LDPE film impervious elements (d¢ = 12 mm)

Durability (Tyac), Year
E, Hydrostatic pressure 50 m Hydrostatic pressure 100 m
mPa 5, Sadm 5, Sadm
mm 1,0 1,25 mm 1,0 1,25
150 1.56 47.6 33.0 6.67 394 24.8
100 1.26 47.4 31.3 9.16 58.6 40.7
50 0.91 48.1 31.8 10.00 94.6 74.1
150 0.55 8.9 3.8 2.77 9.1 3.9
100 0.45 9.0 3.9 2.26 9.1 3.9
50 0.37 12.3 5.8 1.60 31.7 18.9
150 0.30 1.7 0.4 1.51 1.7 0.5
100 0.25 1.8 0.5 1.24 1.7 0.5
50 0.17 0.4 0.1 0.87 1.1 0.4

In calculations the values of the film impervious membrane thicknesses (8) (a, = 0,55) were taken
from thesis [2]. The probability of the film impervious membrane destruction during designed exploitation
period with Saim = 1.25 is not higher than 5 %.

The information about the mechanical characteristics of materials
promising for using in impervious structures

The mechanical characteristics of polyethylene of high density and composite material
on its base with polyethylene of low density

The main component of composite material is HDPE marked 277 and 276. Another main
component is LDPE marked 153.

The compositions (PC-1 and PC-2) include stabilizers; phosphates; benzene OA,; antiseptic
alkilsulfanat E-30; pigments. The polymer HDPE-276 and PC-2 (obtained by extrusion) are differ from
HDPE-277 and PC-1 (obtained by casting); they have greater molar mass and polydispersity (Mn — an
average numerical value of the molar mass, Mw— an average weight value of the molar mass, Mw/Mn).

The uniaxial tension tests of plane samples (type 2 Russian State Standard GOST 11262-80) in
short-time loading conditions (V=5mm/min.) and cyclic bending tests (f = 5 Hz) are carried out
using XP-08 installation in the laboratory of physical and mechanical tests of plastics
NGO "Plastpolymer”. The fatigue tests in uniaxial tension conditions in the laboratory of material
resistance of Peter the Great Saint-Petersburg Polytechnic University (frequency f = 5.7 Hz, asymmetrical
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cycle factor R = omin/Omax = 0.5). The experiments were held under nominal stresses by maintaining
determined value of the maximal tensile force by cycle. The longitudinal strain was measured on a base
of 20 mm with the help of an optical cathetometer.

Table 11 shows the results of polymer and polymer composite materials tests (ont — the destruction
limit, oy — the yield strength, ¢, — the limit deformation, Ncp — an average number of cycles before sample
destruction under bending, £;"**— the limit deformation under cyclic uniaxial tension). The fatigue curves
omax = C — [llgN under tension were obtained by processing the experimental data by the method of the
least squares.

Table 11. Molecular characteristics and the results of polyethylene of high density and
composite materials experiments

Material i/lons 1Mg/3 IIZ—: r:;:id r:;a £0,% mCP’a O.mPa | €% Nep
HDPE-277 9 75 8.3 30.2 18.9 88 33.6 4.6 32-57 1370
HDPE-276 11 130 11.8 37.1 29.7 45 40.5 54 16-35 9290

PC-1 10 95 7.6 33.0 27.8 128 32.6 3.6 105-262 5797
PC-2 13 125 9.6 40.0 39.6 36 45.7 6.0 29-61 18687

Composite materials PC-1 and PC-2 have higher mechanical characteristics than the polyethylene
of high density.

The usage of these composite materials in impervious structures depends on technology abilities
of their obtaining on the stacking area.

The mechanical characteristics of PVC sheet fabricated with the use of technological
and exploitation waste

The effective way of using all types of industrial and domestic waste, particularly polymeric waste,
is their secondary recycling, which allows saving the scarce raw materials with payback costs on
producing secondary materials and new composite materials with secondary material components. The
prospects of using secondary materials in impervious structures are defined by their relatively low costs.

The modifications of PVS sheet were made by thermal plasticization method [21]. The basis of the
new obtained materials containing from 64 % to 78 % of waste was the resin PVC-C635M (Russian State
Standard GOST 14332-78). The main compositions are shown in article [21].

The mechanical characteristics of PVC fabricated with the use of technological (30 %) and
exploitation (40 %) waste under short-term loadings are shown in paper [21]. From the results of the
study it can be concluded, that the obtained modifications of PVC with the use of huge amount of waste
have quite high and stable mechanical properties. PVC sheets have an isotropism of mechanical
properties in a plane sheet.

In article [22] there are experiments of environment impact (liquid evaporating nitrogen, running
water, agueous solution of 3 % NaCl, machine oil) and natural ageing with and without an environmental
impact on mechanical characteristics of the secondary PVC under linear tension. It can be concluded that
PVC obtained with the use of 30 % technological and 40 % exploitation PVC waste is resistant to the
impact of those environments and to the natural ageing processes.

Short-term loading tests under different deformation speeds [21] allow estimating the range of PVC
deformation limits. Relatively small values of these deformations (up to 6 %) allow making tests on the
long-term durability with supports and with predetermined values of conditional stresses. During long-
term durability tests of one PVC modification was used the batch of identical samples from 4 to 21. Small
batch of samples was used, when it was necessary to experimentally confirm really predicted result
(including data from [21, 22]). The duration of tests was 10-12 days.

The experimental data was approximated by the least-squared method with the use of correlation
equations of long-term durability of the form ¢ =A-Blg 7, where ¢ — measured in MPa, t — the time of
destruction, s (time can be dimensionless ¢ = t/t *, where T *— normative time, equal to 1 s). The values
of correlation equation of long-term durability factors (A and B) of PVC modifications are shown in
Table 12.
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Table 12. The values of correlation equation curve of long-term durability factors

The values of correlation equation
PVC modifications curve of long-term durability factors
A, MPa B, MPa
PVC1 56.66 3.60
PVC 4 55.66 2.66
PVC 5 56.41 3.34
PVC 8 55.31 2.42
PVC 9 58.85 3.32
PVC 10 58.24 2.59
PVC 11 57.37 3.59
PVC 12 56.06 3.01
PVC 13 58.53 3.42
PVC 14 55.88 3.03
PVC 15 61.53 3.79
PVC 16 63.34 3.53
PVC 17 64.36 4.03
PVC 18 62.01 3.69
PVC 19 52.86 3.38

Material modification samples PVC 4, PVC 15, PVC 10 and PVC 16 are made of bilayer blanks
(blades). PVC 17, PVC 18 and PVC 19 samples are made of multilayered blades (while making PVC 19
sheets, less durable and with higher waste content PVC layers are used). PVC 11, PVC 12, PVC 13 and
PVC 14 samples are made according to the first recipe, PVC 15 and PVC 16 are made according to the
second one (in other samples the recipe is not mentioned).

The durability of bilayer PVC 5 material samples is higher, than the one of single-layered PVC 1
(both materials belong to the same batch). The same result appears while comparison between PVC 9
with PVC 10, PVC 15 and PVC 16. The discrepancy between compared PVC long-term durability curves
with high stress values is not as significant as with lower stress values.

The long-term durability of PVC modifications, made according to the second recipe, is higher than
the one, made according to the first recipe.

The comparison of short-tem [21] and long-term durability of PVC under uniaxial tension allows us
to affirm that the high long-term durability of PVC 4, PVC 9, PVC 10 and PVC 16 correlates with the high
values of short-term durability limit.

An estimation of environments (nitrogen, tap water, 3 % aqueous NaCl solution, machine oil)
preliminary action on PVC moadifications long-term durability is made (in [22] the influence of these
environments under short-term loading on mechanical characteristics is estimated).

An influence of preliminary action of 3% agueous NacCl solution during on tap water samples during
150 days and their subsequent one-month storage on their durability is insignificant.

Within the framework of the present work, an experimental estimation of the effect of natural aging
on the storage of two-layer PVC 5 samples was conducted in room conditions and exposed to outdoor
exposure without sunlight access for two years. The change in the correlation coefficients of the long-
term durability can be traced from the data in Table 13.
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Table 13. The correlation coefficients values of an equation of the long-term durability curve
of PVC 5

The material state The coefficients on the correlation equality
A, MPa B, MPa
When delivered 56.41 3.34
After storage 57.60 2.84
After exposure 59.69 3.33

The PVC 5 long-term durability both after storage and after exposure during 2 years is increasing
in comparison with the material durability in when delivered state.

The PVC 1 samples long-term durability was determined in when delivered state. The other part of
PVC 1 batch at the same time was loaded with tensile loads of a predetermined value and maintained in
the course of the experiment, which made it possible (about 50 %) to destroy the samples. The samples
were then loaded and stored in a heated warehouse for one year. After storage, the samples were loaded
again with predetermined loads until failure.

Preloading of PVC 1 samples under tension conditions a year before re-loading under the same
conditions as in the case of its long-term durability, does not decreases its long-term durability and
moreover, it increases o = 57.65-3.33 Igt . The explanation of this fact can be different, in particular, one
can make an assumption about the effect of the workout of the material, its natural aging when stored
between the series of tests. The results of the survey also show that the damages that occur during the
initial loading process relaxes over time after the intermediate discharge.

PVC obtained using technological (30 %) and operational (up to 40 %) waste is characterized by
high stability and long-term durability, including being in condition of preliminary action of explored
environments and long-term storage, and also after preloading.

Blade elements of this material in a two-layer design have a higher tensile strength as compared to
single-layer elements.

Glass fiber reinforced polyamide with the content of recycling waste for fasteners of
impervious structures

In this section, data on the technology of production and the results of the conducted mechanical
tests of two batches of primary glass-filled (30 % fiberglass) polyamide PA6-210KS (OST 6-11-498-79),
polyamide containing 20-75 % of recycling waste and secondary polyamide (100% recycled waste) in the
state of delivery are presented. The test samples were prepared by injection molding on a thermoplastic
automatic machine DE 3327-1. Mixture of primary polyamide PA6-210KS (in granulated form) and
recycled waste (gates, defective products) after crushing on a rotary-type crusher was dried to a humidity
of 0.2 % in an air circulation drying cabinet at a temperature of 70-80 °C for 24-48 H. The main casting
mode: pressure 1100-1300 kgf /cm?2. The temperature in the first zone of the cylinder was 240-250 °C, in
the second — 250-260 °C, in the third — 260-270 °C. The cycle time was 20-60 s. (closing of the mold
form heated to a temperature of 70-80 °C, injection of the material, holding under pressure, holding for
cooling, opening the mold form, removing the product). After removing the gates, the appearance is
monitored in order to detect defects and sample sizes.

The mechanical characteristics of the investigated materials under tension (Russian State
Standard GOST 25601-80, ou — strength, €u — corresponding deformation, Ep, — modulus of elasticity)
were obtained from the experiments with a displacement speed of machine grippers V =5 mm/min.

Sample bending tests (Russian State Standard GOST 25604-82) were carried out according to a
three-point scheme (L = 60 mm) of loading. The following characteristics were determined: the bending
strength ovi, the maximum deflection Aw, the elastic modulus Eu and the coefficients of variation of the
average values of ovi and Eu (9o and JE, respectively). The resilience values (an) and the brittleness
indices oz were determined in a single shock bending test (Russian State Standard GOST 4647-62).

Tables 14-16 present the average values of mechanical characteristics obtained by testing three
to five samples of two batches (I and Il) of polyamide.
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Table 14. The mechanical characteristics of PA6 — 21 OKS polyamide under tension

depending of the recycle waste content

Waste ou ,MPa Eut Ep, MPa e, %
content,%
| 1] I I Il I Il
0 137.2 121.6 0.063 0.059 1750 2060 10.2 3.8
20 133.1 116.7 0.063 0.058 1880 1990 9.3 1.6
30 131.2 114.8 0.058 0.057 1930 2020 8.0 3.1
40 126.8 114.4 0.060 0.058 1930 2000 4.6 3.7
50 126.9 110.3 0.062 0.051 1860 2150 6.2 4.8
75 - 102.9 - 0.048 - 2120 - 5
100 - 98.8 - 0.045 - 2170 - -

Table 15. The mechanical characteristics of PA6 — 21 OKS polyamide under bending

depending of the recycle waste content

Waste ovi, MPa Vo, % Aw,mm E. , MPa Ve, %
content,%

| Il | ] | Il | Il | Il

0 229.3 192.9 1.2 2.2 1.10 1.12 6500 5700 2.3 8.6

20 216.2 191.1 1.7 2.0 1.23 1.12 5970 6180 4.7 0.7

30 213.4 188.4 2.7 1.9 1.19 1.19 6200 6040 2.2 1.3

40 210.4 186.5 1.3 3.1 1.25 1.19 5880 5990 1.8 0.3

50 209.2 190.7 1.9 2.2 1.27 1.22 5840 6030 4.8 3.4

75 - 189.1 - 4.7 - 1.28 - 5840 - 2.1
100 - 170.9 - 8.2 - 1.61 - 4650 - 7.6

Table 16. The mechanical characteristics of PA6 — 21 OKS polyamide under shock

depending of the recycle waste content

Waste Ap . H/m . % 0'z.l-I/M2 Jdo. %
content.%
| Il I 1] [ Il I Il

0 0.390 0.326 2.9 3.0 0.975 0.816 2.9 3.0
20 0.390 0.322 4.2 2.7 0.976 0.804 4.3 2.7
30 0.386 0.311 3.7 3.1 0.966 0.777 3.7 3.1
40 0.386 0.311 1.9 4.4 0.965 0.778 1.9 4.4
50 0.351 0.283 1.4 9.0 0.877 0.708 1.4 9.0
75 - 0.259 - 7.8 - 0.648 - 7.8
100 - 0.244 - 35 - 0.611 - 3.5

Based on the data presented in Tables 14-16, it can be concluded that the samples of the first
batch of polyamide have higher mechanical characteristics for most of the studied parameters than in the
second batch. which can be explained by some differences in the manufacturing technique. The uniform
stress state produced by uniaxial stretching of polyamide samples is most dangerous in comparison with
the inhomogeneous stress state arising during bending. Modulus of elasticity of polyamide PA6-210KS
with a different content of recycled waste is slightly higher (up to 5 %) than for initial polyamide and
practically does not depend on the quantity of recycled wastes used for manufacturing (with the exception
of data for secondary polyamide when tested for bending). Reduction of the strength characteristics of
polyamide with 40 % of the recycled waste did not exceed 7 % and with a 50 % waste content — 12 % in
comparison to the characteristics of the initial polyamide. Some strength characteristics of the secondary
polyamide are lower on 25 % than those of the initial polyamide. It should be noted that the values of the
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coefficient of variation of the average values of the mechanical characteristics of the investigated
modifications of PA6-210KS for all types of tests are almost identical.

Of interest are the results of testing samples of polyamide PA6-210KS on uniaxial compression.
These samples were fabricated by mechanical treatment (rather than injection molding) from second
batch samples used in tensile tests. They had the shape of a parallelepiped with dimensions 4x4x10 mm.
and were laid in the grippers of plants without lubricants. The values of the mechanical characteristics
(resistance. €is - deformation corresponding to this strength. Ec - modulus of elasticity) during compression
of the polyamide are presented in Table 17. The displacement speed of the installation grippers was
5 mm/min.

Table 17. The mechanical characteristics of PA6 — 21 OKS polyamide (the second batch of
samples) under compression depending of the recycle waste content

Waste content.% ois . MPa Eis Ec. MPa
20 100.5 0.102 2340
30 105.4 0.136 2230
40 108.0 0.146 2300
50 104.4 0.146 2330

The limit of proportionality of the polyamide under compression was equal to seventy percent of
the strength limit. The modulus of elasticity of a polyamide under compression is on average 13% higher,
the strength limit is 8 % smaller and the deformation under uniaxial compression is twice higher than the
corresponding characteristics. The decrease in the short-term durability can be explained by the influence
of the mechanical processing of the samples.

During the tests on long-term durability (static fatigue) under uniaxial compression of the second
batch samples of polyamide PA6-210KS a constant specified load and temperature (T = 20+2 °C) were
maintained. Taking into account the fact that during loading the change in the cross section of the
samples did not exceed 2-3%. the processing of the results of the tests was carried out in conditional
stresses. In the static least-squares treatment. the experimental data on the durability of the modification
of the polyamide of the second batch were approximated by equations of the form o = A-Big 7. where o is
the tensile stress. MPa; T - time from Table 18.

Table 18. The results of processing the data of tests for the long-term strength of polyamide
PAB-210KS with a different content of recycled waste

Waste content. % Number of samples A long-term durability
equation coefficients
destroyed in the batch A. MPa B.MPa
0 11 11 126.6 8.0
20 8 8 124.9 8.2
30 9 9 116.4 6.6
40 9 8 114.9 6.2
50 12 9 113.0 5.9
75 8 7 120.4 6.2
100 7 5 106.9 5.2

According to the data in Table 18, it can be assumed that under high stresses and,
correspondingly, short loading times, the durability of the polyamide PA6-210KS with a different content
of recycled waste varies more significantly than under low stresses (in the investigated durability range
106 s.), where the difference in durability is not confirmed statistically. It should be noted that several
samples of polyamide with a recycled waste content of more than 40 % had a lower long-term durability
than the samples in the general batch.

Experimental data on cyclic fatigue of a glass-filled polyamide with a 30 %, 40 %, and 50 %
recycled waste contents are of interest. Before the tests, the samples were stored in a heated warehouse
for 6 months. The loading frequency under uniaxial tension conditions was 5-7 Hz with the asymmetry
coefficient of the sinusoidal cycle R = 0.5. During the experiments. the preset value of the conditioned
stresses was maintained. By statistical analysis of an experimental data on the method of least squares
fatigue curves were obtained: omax = C-D Lg 7. corresponding to 50 % of the probability of failure.
Depending on the percentage of recycled waste in the material 30 %, 40 %, 50 %. the following values

Ogorodov L.1., Lustina O.V. Mechanical characteristics of polyethylene. Magazine of Civil Engineering. 2017.
No. 6. Pp. 17-32. doi: 10.18720/MCE.74.2.
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are obtained (in MPa): C1 =86.6. D1 =5.2; C2 = 77.5. D2 = 4.6; C3 = 97.4 and D3 = 9.0. The fatigue cyclic
durability of polyamide PA6 -210KS modification is below the long-term static durability.

Discussions

Today accelerated ageing is more popular way of long-term durability estimation, than natural one.
However, it is impossible to estimate the accuracy of such tests without natural ageing tests. There is
some experimental data, which mostly confirms the possibility to forecast the materials’ behavior for
15-17 years, but no longer [5, 17]. In case of impervious structures, it is not sufficient, because they may
be used for more than 50 years.

Some scientists believes it is impossible to obtain a "good imitation" by accelerated ageing, what is
shown with the help of simple kinetic models in general. In any case, with this approach, the problem of
the relationship between accelerated and natural aging remains unresolved. The "real approach” uses
non-empirical kinetic models taking into account structural changes at all appropriate scales, and also
uses the polymer physics to establish a relationship between the polymer structure and the property
under consideration. An important characteristic of this approach is that accelerated aging only serves to
determine the parameters of the model. [28]

Besides, the most popular test are held on materials under weather conditions with sunlight
access. For impervious structures, this kind of test is useless, because the main area of implementation
of such structures does not include significant sunlight and weather influences.

Thus, the issue of long-durability prediction methods is not investigated enough and seems
appealing and perspective for further researches.

Conclusions

The film of the examined polyethylene of low density (LDPE) in original state has stable
mechanical characteristics with some anisotropy related to the direction of the extrusion.

The LDPE long-term ageing (16-17 years) under load in heated warehouse space conditions
decreases the proportional limit on 45 % (average). besides the values of the elastic modulus increases
on 22 % in the direction of the film extrusion and decreases on 12 % in the cross-direction of the
extrusion. The LDPE ageing under load with tensile stresses less than 3 mPa decreases limit stresses
under short-term uniaxial tension up to 17 %. The LDPE ageing under load with tensile stresses higher
than 3 mPa increases limit stresses under short-term uniaxial tension (in the direction of the extrusion) on
8 % with the deformation decrease more than triple. For samples cut in the cross-direction of the film
extrusion, the changes are insignificant.

The mechanical characteristics of unstabilized and stabilized by 2 % soot content LDPE are
insignificantly different. Natural ageing during 18 years in heated warehouse space conditions of
stabilized LDPE does not lead to significant changes of limit stresses and deformations under uniaxial
tension.

The influence of the Magadan CHP ash during 17 years does not change significantly the
stabilized LDPE mechanical characteristics. The change of the elastic modulus (the average decrease on
29 %) has to be considered in calculations of film impervious structure elements.

The dependences for the durability (resource) calculations of film impervious LDPE structure
elements and calculating resource data are shown.

Composite materials based on the HDPE of two grades and LDPE have higher mechanical
characteristics than the main polyethylene component of high density (HDPE). The usage of tested
composite materials has perspectives.

The polyvinylchloride fabricated with the use of technological (~30 %) and exploitation (~40 %)
waste was tested under long-term and short-term loading conditions by uniaxial tension and under
preliminary impact of some environments (liquid evaporating nitrogen. running water. aqueous solution of
3 % NaCl. machine oil) considering the long-term ageing before and after the environmental impact. This
sheet PVC has quite high and stable characteristics. Mentioned PVC and polyamide PA6-210CS
(MAB6-210KC) with the content of technological waste could be used particularly in impervious structures.
In this case, the problem of the waste usage is also solved.

OroponoB JL.U., Jlyctuna O.B. Mexanndeckue XapakTepHCTHKH IOJIMITHICHA // MHXEHEpHO-CTPOUTEIbHBIH
xypaai. 2017. Ne 6(74). C. 17-32.
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Finally, it is important to emphasize that today the research is continuing: now LDPE samples that
have passed through natural ageing for more than 40 years are tested for strength, creep and stress

relaxation.
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Oriented particle boards: effect of the tangential load component
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Abstract. Object of research: oriented particle boards (OSB) plate under the action of vertical
load. As a research tool used standard FE-model of the OSB-plate is used. The functioning of
the OSB-plate as an element of the pitched roof structure with a soft tile is considered. In this case, the
load on the surface from the snow and the weight of the soft roof has a tangential component distributed
over the outer surface of the plate. However the influence of the tangential load on the plate has not been
fully studied in well-known literature. The tangential component of the load can cause unevenness in the
end joins of the OSB in pitched roofs. The purpose of this study is to identify the causes of unevenness
(irregularity) in joints of OSB in structures of inclined roofs and vertical walls, also justify
recommendations for addressing these causes. It is obvious that the cost of resources for the
implementation of this intention will be justified if the OSB-plates have the prospect of effective use in the
construction, including environmental management. For this reason, a brief overview of the OSB
evolution is one of the tasks of the presented work. Other actual tasks: modeling the influence of the
tangential component of load evenly distributed on one and two surfaces of the OSB-plate, the
longitudinal side faces of which were clamped. In each of these two cases of loading, the OSB board can
be inclined or vertical. It is shown that the tangential load causes an increase in deflections in the region
of one of the end faces of the plate and a decrease in deflections opposite to the edge. This can lead to
unevenness at the joints of OSB-plates. In order to exclude the revealed cause of the appearance of
unevenness in constructions with OSB, it is suggested that the flexural rigidity of the plates in the area of
their ends by stiffeners or carbon fiber strips should be increased.

AHHOTaumA. OOBLEKT nccneaoBaHUs: OpMEHTUPOBAHHAA OpeBECHOCTPYxe4dHast nnuTta (OSB) nog
OencTBMeM BepTuKanbHOW Harpysku. B kayecTBe WHCTpyMeHTa uWCCrefoBaHUs MCnonb3oBanach
cTaHgapTHas FE-mopens (koHeYHO-3aMeMeHTHas mMogenb) OSB-nnuThI. PaccmoTtpeHo
dyHKUMOHMpOoBaHNe OSB-NNUTLI Kak arieMeHTa CKaTHOW KOHCTPYKLMW KpbILW C MATKOW KpoBnen. B aTom
cry4yae Harpyska Ha TMOBEpXHOCTb OT CHera W BeC MANKOW KPOBMM UMEEeT TaHreHumnasnbHyo
COCTaBNAIOLWYO, pacnpefeneHHylo MNo  BHELWHeNn MOBEepXHOCTM nnacTuHbl. OpHako  BNusiHue
TaHreHUnanbHOW HarpyskM Ha nnacTuHy eLe He MOMHOCTbI0 W3y4eHO B W3BECTHOW nuTepartype.
TaHreHumarnbHasa cocTaBnsoLas Harpy3kn MOXeET Bbl3BaTb HEPaBHOMEPHOCTb B CTblkax KOHLOB OSB B
CKaTHbIX Kpblwax. Llenb aToro nccnegoBaHus - BbiABUTb MPUYNHBI HEPAaBHOMEPHOCTM NPOrMGOB B CThIKax
OSB B CTPyKTypax HaKMOHHbIX KPbiW W BepTUKamnbHbIX CTEH, a Takke ODOCHOBaTb pekoMeHgauuu no
yCTpaHeHuto 3Tux npuumH. O4eBMAHO, YTO CTOMMOCTb PECYPCOB ONA peanu3auun 3TOro HamepeHus
Oymet onpaBgaHa, ecnn y OSB-nnactmH ectb nepcnektMBa 3(pEKTUBHOMO MWCMONb30BaHUSA B
CTpOUTENLCTBE, B TOM YUCME C TOYKN 3peHUs ynpasreHus okpyxatowen cpepon. Mo aTton npuydnHe
KpaTkuin o63op aBonounmn OSB gBnseTcs ogHOM w3 3afjady nNpeacrtaBneHHom pabotel. [Opyrue
aKkTyanbHble 3afadn: MoAenvpoBaHue BIUSAHUA TaHreHLManbHOW COCTaBNALWEN Harpy3ky, paBHOMepHO
pacnpefeneHHoW Ha OAHOM M Ha ABYX MOBepXHOCTAX OSB-nnactuHbl, NpoaosfibHble GOKOBble rpaHu
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KOTOPOW Gbinu 3axatbl. B kaXaom u3 aTux AByx crnydaeB 3arpy3ku OSB-nnuta MoXeT GblTb HAKIOHHOM
Unu BepTukanbHOW. [loka3aHo, YTO TaHreHuuanbHasi Harpyska Bbi3blBaeT YyBenuyeHue npornbos B
obnacTv ofHOro 13 TOPLIOB MMacTUHbl Y YMEHbLUEeHWe NPOrnboB, NPOTUBOMOMOXKHbLIX Kpak. JTO MOXeT
NpMBECTU K HEPaBHOMEPHOCTUM B CTbikax OSB-nnnT.  YTOObl UCKNIOYUTL BbLISIBIIEHHYID MNPUYMHY
BO3HWKHOBEHUS] HEPOBHOCTEN B KOHCTPYKUMsix ¢ OSB, npegnaraetcs yBenuuuTb M3rMBHYIO KECTKOCTb
nrnacTuH B 06rnacTu nx KOHLOB pebpamu XeCTKOCTM UMK NoNocaMum U3 yriepoaHOro BOMOKHa.

Introduction

This article deals with the distribution of displacements and stresses in an inclined plate under the
action of a vertical load distributed over one surface plate. The relevance of this work is due to the
increasing use of oriented particle boards (OSB) in roof structures [1] and, as analysis of the literature
has shown, their inadequate knowledge. The practical significance of the work is justified by the fact that
the reliability of the roof depends on the durability and safety of the functioning of the structures, made
from OSB.

The focus in this paper is on the mutual movement of inclined plates in the area of their end faces
under vertical load. Differences in the deflections of adjacent plates in the area of their end faces at
functioning of the OSB-plates, as an element of the pitched roof structure with a soft tile, is considered.
These differences in the deflections can lead to uneven wear of the roofing material. For the same
reason, local damage to the soft roof in the area of the butt joints of the OSB-plates is possible.

As a tool of represented research, the finite element method (FEM) has been chosen, as well-
known analytical solutions to plate bending problems under the action of the tangential surface
load [2, 3], making their theoretical contribution, have a limited use in applications [4, 5]. So, the object of
the study is the FEM-model of the plate, and the subject of the study is the features of the plate deflection
distribution and the stresses in its material under the action of the tangential load distributed over the
surface of the OSB-plate. In justifying this choice, the known results were taken into account [5, p. 87],
namely, the FEM-model of a plate, based on volumetric finite elements used.

Referring to the general characteristics of the represented work, it should be noted that the
research of building structures, in the final analysis, is always aimed at resolving a contradiction between
strength, reliability, aesthetical design on one side and - cost-effectiveness on the other. Engineering
activities to resolve this contradiction, often at the intersection of sciences, leads to the emergence of
new, more advanced building materials, technologies and structures. One of the results of this activity are
OSB-plates, the development of production and application of which contributes significantly to the
solution of the global problem of rational use of wood as a resource created by nature. Taking into
consideration the relevance of the topic of the article, the choice of the object of research and the
purpose of the work, we note the following.

Wood as a natural polymer has remained one of the main factors in the development of civilization.
History shows, that the sustainable development needs consistent improvement of technologies for the
rational use of wood. A necessary element of the modern concept of sustainable development is a
continuous improvement process aimed at rational use of resources and minimizing the negative impact
on the environment. The implementation of the principles of sustainable development includes
organizational, economic, environmental and technological aspects [6]. At the same time, the most
important tasks are the reducing the amount of waste and its rational use. The waste is known [7], to be
inevitable, so it is important to reduce the amount of waste and to use it rationally. So, contribution to the
solution of the multifaceted problems that arise in this connection is introduced by applied research to
justify new possibilities for obtaining building materials and improving timber structures. In this paper, we
study some features of the functioning of oriented particle boards, known as OSB plates (Oriented Strand
Board). Such boards are used in the construction of roofs, walls and other building structures [1, 8].

We can name a number of reasons that motivated the appearance of this work. First of all, it
should be noted that the development of production and application of OSB boards contributes to the
solution of the environmental and economic problems of sustainable development outlined above. The
way to modern production of OSB, according to [6], began with the production of plates from wood
residues in the 1920s, when the waste accounted up to 60% of the volume of raw materials in the form of
round timber. The first industrial production of plates, known as particleboards, from undirected particles
of crushed wood, connected by phenolic binders, was carried out in Bremen, Germany in 1941. By 1954,
Canada developed a technology for producing the so-called wafer-boards [9, 10].

As the next stage of the plate evolution, in the mid-1970s, the idea to separate the wood particles
into three layers was developed and realized. At the same time, in order to increase the strength
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characteristics of the plate, a strip-shaped wood particle was used, and in each of the layers the chips
were oriented in mutually perpendicular directions. This is already an orthotropic plate. From the point of
view of the mechanics of materials, the preferential orientation of the particles in the OSB plates in the
direction of the principal stress actions makes it possible to reduce the thickness of the plate by
increasing [11].

Thus, modern production of OSB-plate is one of the results of the wood processing technology
development. The evolution of OSB-plates is described in more detail in [9-11]. In the context of our
work, we note that currently in plate manufacturing, waste accounts approximately 20% of the volume of
raw materials in the form of round timber [12]. Plates can be from 6 to 32 mm thick. Areas of plate use:
roofing [1], walls, sandwich-type plates, floor structures, beam elements [8, 11]. OSB-plates are
positioned as an alternative to plywood. With the decrease in the availability of round timber suitable for
the production of plywood, in the 1970s, the development of technologies for the production of structured
particle boards became one of the main priorities in the study of wood products [12, 13]. The production
of OSB started in the 1980s in the USA and Canada [9, 10, 12].

In Russia, the first production line for OSB appeared in 2012, and since 2016 there have been five
plants producing OSB plates [14]. From 2012 to 2016 the production of OSB-plates increased from 3 to
660 thousand cubic meters [14].

Due to the relative novelty of such plates, the features of their functioning have not been fully
studied, which also motivated the appearance of this work. Literature review showed that the influence of
the tangential component of the vertical load on the surface of the OSB plate when it is used in the roof
structure has not been sufficiently studied, both numerically [4, 5, 8, 15] and analytically [2, 3, 17]. The
tangential component (Figure 1) of the load on the surface of the sloping plate is determined by the
weight of the snow (Figure 2), the soft roof [1] and the wind effect. As the slope of the plate increases, the
tangent component increases too. Note that the snow load appears on planes with an inclination angle of
even more than 45° (Figure 2).

Figure 1. Vertical external force F on the plate surface,
the normal N and tangential T components of it

Figure 2. Snow load on the roof

Concerning the choice of the instrument of our research, we note the following. At present,
engineering calculations are performed, as a rule, using the finite element method (FEM) [4, 16]. An
overview of the FEM-models with reference to the problem of the thick plate bending is given in [5]. Along
with numerical methods [11], analytical methods for calculating plates are being developed. The Analysis
of publications [15, 17-23] in this area showed that the attention of researchers is focused on the
problems of bending under the action of forces normal to the plate surface. However, with a vertical load
on the surface of the inclined plate, for example, snow load (Figure 2) and the weight of the soft roof [1], a
tangent component appears at each point (Figure 1), which creates a bending moment and a

I'aBpunos T.A., Konecnuxos I'"H. OpueHTUpOBaHHbIE CTPY’KEUHbIE ILTUTHI: BIMSHAE KACATEIIbHOW COCTABISIOILEH
narpysku // IskenepHo-cTpouTebHbIi skypHaid. 2017. Ne 6(74). C. 33-42.

35



Magazine of Civil Engineering, No. 6, 2017

corresponding deformation of a plate with thickness h. As the plate thickness h decreases, the bending
moment M decreases linearly (Figure 3).

The following explanation to equivalent transformation in accordance with Figure 3 is required. Let
tangential force T be applied at some point of the plate surface. Let two equal in magnitude but oppositely
directed forces T, and T, be applied in a point on the axis. In this case the subsystem of forces T, and
T, is equivalent to zero. Hence, the original system is equivalent to the system of forces T, T; and T,.
Equivalence will be retained if all three forces are equal in magnitude: T =T, = T,. So, a pair of forces T
and T, will create a bending moment, and in the median plane along the longitudinal axis will act the
force T;. The magnitude of bending moment is equal M = T - 0.5h.

Figure 3. The tangential component of T as the cause of
the appearance of the bending moment M

It is known that a plate, with the thickness more than five times smaller than its width, is called a
thin plate. Thin plates usually have a constant thickness. The scheme of a thin plate is represented in the
form of its median plane. The reference connections and the load on the thin plate are referred to the
middle plane. In the case below, the ratio of the span to the thickness of the plate is ~ 50, which makes it
possible to use the model in the form of a thin plate. Then the effect of the tangential load distributed over
one of the surfaces of the plate can remain out of sight.

As it has been noted, the effect of the tangential component of the load distributed over the surface
of an inclined plate has not been investigated enough for engineering and construction practice. The
need to investigate this effect is due to its practical significance and is explained by the fact that in the
case of using OSB-plates in the roof skin, the tangential component on the of inclined plates surface can
cause unequal deflections of the plates to be joined at their ends. Namely, in the case under
consideration (Figure 3) the tangential load on the plate surface causes a decrease in the deflection of
the upper end of the plate and an increase in the deflection of the lower end. For this reason, unevenness
and, consequently, damage to the soft roof can occur in the area of the butt joints of the OSB-plates.

Methods

In this study we have used the generally accepted methods of mechanical system modeling and
finite element analysis of building structures, which reviews can be found in [5, 15, 23]. These methods
are used as a tool for applied research of plate deformations and stresses in material, taking into account
the tangential component of the load distributed on one of the plate surfaces.

From a methodological point of view, the results presented below can be practically applied after
their being adaptated to specific conditions. Experimental and theoretical studies [11, 12] have
established that the OSB material can be considered orthotropic. The elastic moduli in the longitudinal
and transverse directions of the plates are determined according to the standard procedure EN 310 and
according to the standard EN 300 must have values of at least 3500 and 1400 MPa in the longitudinal
and lateral directions, respectively [9].

As a research tool, SolidWorks were used. The software generates mesh with one of the two types
of elements: linear tetrahedral solid elements or so called parabolic tetrahedral solid elements. A linear
tetrahedral element is defined by four nodes in vertexes of tetrahedron. A parabolic tetrahedral element is
defined by the same four corner nodes and additionally six mid-side nodes on the edges of a tetrahedron.
Therefore for the same mesh density (number of elements), parabolic elements yield better results than
linear elements. Parabolic tetrahedral solid element ensures a quadratic interpolation of nodes
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displacement and is well suited to model irregular meshes. However, parabolic elements require greater
computational resources than linear elements. Nevertheless, their advantages are used in various FE-
complexes, for example in ANSYS (finite element SOLID 98). In this paper we used linear tetrahedral
elements.

Results and Discussion

Let us consider the results of FEM-modeling using the OSB plate with the dimensions
1250 x 625 x 12 mm as an example; The long edges of the plate are fixed to the areas 1250 x 20 mm to
two supporting platforms (Figure 4.0); The material of this plate is orthotropic, the moduli of elasticity are
3500 MPa and 1400 MPa, the approximate Poisson's ratio is 0.23.

The influence of tangential external forces distributed over the surface of the plate. We
consider an inclined plate, whith a vertical load of 3000 N/m2, uniformly distributed over the plate face.
Based on the results of the simulation, the largest resulting displacements occur in the lower and upper
end of the plate, respectively, 1.692 mm and 1.551 mm, i.e. the edge effect is evident (Figure 4.3). The
difference in deflections creates unevenness at the joint of the plate ends. (Figure 4.2). The reason for
the appearance of these differences has been explained above (Figure 3): the tangential load on the
surface of the plate causes a decrease in the deflection of the upper end of the plate and an increase in
the deflection of its lower end (Figure 4.3 and 4.4).

The greatest stresses (according to Mises) do not exceed 2.6 MPa (Figure 4.5). It is known that the
bending strength of OSB boards 11-17 mm thick along the main axis is not less than 20 MPa, and not
less than 10 MPa along the minor axis. Criteria for the strength of isotropic and orthotropic materials have
been considered in [24-27].

Figure 4. The design scheme of the plate (4.0); the load on the plate (4.1);
the joint of the lower end of the upper plate and the upper end of the lower plate, side view (4.2);
the displacement isolines of points on the plate face (4.3);
the cross-section of the deformed plate (4.4); The stresses von Mises on the upper plate face (4.5)
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In the case above, the tangential forces are distributed not only over the outer plate surface, but
are transferred to the lower plate surface through the support pads (Figure 4.4). To estimate the effect of
these forces, let us consider a model example by repeating the calculation of the same plate under the
load in Figure 5. In this case (Figure 5), the bending moment M (Figure 3) of the tangential components
of the load is zero.

Figure 5. The load on the plate (5.1);
butt joint of the lower end of the upper plate and the upper end of the lower plate, side view (5.2);
the displacement Isolines of the points on the plate face (5.3);
the cross-section of the deformed plate (5.4)

As in the case above (Figure 4), the largest displacements take place at the ends of the plate, i.e.
the edge effect is manifested. The deflections of the plate at the ends (~1.62 mm) are almost the same
(Figure 5.3), the unevenness in the joint of the plates can be neglected (Figure 5.2). However, in real
situations, the load by Figure 4 occurs.

Influence of support conditions. The support conditions (Figures 4.4 and 5.4) of the plate
considered above were asymmetric with respect to the middle plane of the plate. Let us consider the
same plate, but with the fixed side edges. Namely, all the nodes on the lateral faces with dimensions of
1250 x 12 mm are stationary. For OSB structural element the fixation of side edges can not provided.
This "extreme" case, nevertheless the analysis of which will give a more complete idea of the effect of
only the tangential load on the plate. Another "extreme" case is a horizontal plate with a vertical load,
when the tangential component of the load is zero. It is technically difficult and Impractical to implement
the first of these "extreme" cases in practice. But the second case is often encountered in practice. The
plate which is placed under the angle 0° < a <90° refers to the intermediate cases in relation to the
above two "extreme" cases.

For the case considered below, if the tangential external forces of 3000 N/m2 intensity are
uniformly distributed over only one plate surface, then according to the simulation results we get the
following picture of the deformations and stresses according to Mises (Figure 6). The largest
displacement is 0.14 mm. Deflections (Figure 6.1) appear as a result of the action of tangential external
forces distributed over one surface of the plate. The longitudinal axis of symmetry of the plate is similar to
the S-shaped curve (Figure 6.2), which agrees with Figure 3. In the corners of the plate (Figure 6.3),
there is a concentration of stresses, the greatest stress is ~ 0.7137 MPa.
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Figure 6. The design scheme of the plate (6.0); the deformed state of the plate (6.1) with pinched
lateral vertical faces, the tangential load is evenly distributed only along the left side of
the plate (6.2); the stresses von Mises on the right side of the plate (6.3)

At the level of qualitative reasoning it can be seen that in this case the influence of the tangential
load distributed over the surface of the plate is analogous to the action of the eccentric longitudinal force
on the rod. If the tangential load is symmetrical relatively to the middle surface of the plate (Figure 7.2),
then the deformation of the plate bending is zero. However, there will be deformations in the plane of the
plate (Figure 7.1). According to the results of modeling under a symmetrical load, flexural deformations
are not detected either in the side view (Figure 7.2) or in the view from above (Figure 7.3). This confirms
that the bend appears if the tangential load acts on one of the surfaces of the plate.

Figure 7. The total deformation of the plate with pinched lateral faces (7.1)
under symmetrical loading (7.2) are not accompanied by bending deformations;
Longitudinal section of the plate (7.2); The cross-section of the plate (7.3)

Influence of plate thickness on its deflections under surface tangential loading. If we
compare the effects of normal and tangential loads on the plate (Figure 1), it can be seen that the
influence of the surface tangential load depends on the thickness of the plate. As the thickness of the
plate increases, the bending moment increases linearly (Figure 3). However, the deflections of a
sufficiently flexible isotropic plate are known to be inversely proportional to the cylindrical rigidity, which is
directly proportional to the cube of the plate thickness [22]. Thus, the deflections of the plate with a one-
sided tangential load are inversely proportional to the square of the thickness of the plate. This non-strict
regularity makes it possible to predict approximately the state of plates under the action of a tangential
surface load.

Concerning the practical significance of the presented results, we note the following. The roofing is
made from separate plate of certain dimensions. Therefore it is necessary to join the plates to each other.
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In this case, the lower end of the upper plate contacts the upper end of the lower plate. The long (lateral)
edges of the plates are deadly fixed to the 1250 x 20 mm areas indicated above, so that the butt end of
the plates on these platforms is close to the ideal scheme. However, in the middle part of the span of
plates the maximum deflection of the lower end is greater than the maximum deflection of the upper end
of the plate.

The maximum displacements at the ends of the joined sloping plates (Figure 4.2) differ the more,
the greater the slope angles of the plates are, i.e. the tangential load on the face of the plate is greater.
As it is noted above, in this design there will be unevenness in the middle part of the span at the plate
joints, which may cause damage, for example, to the soft roof [1]. To eliminate the cause of these
irregularities, it is necessary to increase the stiffness of the lower end of the upper plate by setting the
stiffener. The shape and dimensions of the stiffener should be specified taking into account the
peculiarities of the manufacturing technology, packaging, transportation, installation and operating
conditions of the plate as an element of the roof structure.

To exclude these irregularities, metal parts to join the OSB-plates in the roof structure can be used.
However, the results of the examining of wooden structures with metal joint-elements presented in [25]
show that over time, the wood around such a compound begins to deteriorate due to the effects of
temperature and humidity. When heated and cooled, the metal parts heat up and cool down much faster
than the wood of the plates. At the same time, moisture condenses on the metal part, penetrates into the
plate material and gradually destroys it. Reducing the difference in these deflections at the joint of the
OSB-plates with stiffeners at the ends will eliminate this disadvantage without the use of metal parts.
Flexural stiffness and load-bearing capacity of plates in the area of their ends can be increased by
stiffeners, external reinforcement by carbon composite materials and etc. [28-32].

Conclusions
Logic and the results of the work performed lead to the following conclusions.

Based on the results of FEM-modeling of the OSB plate, it is shown that the tangential load
distributed over one of the plate surfaces is the cause of plate bending deformations (Figures 4 and 5).

It is established that in the structure of a soft roof, this tangential component of the vertical load
causes unevenness at the joints of OSB inclined plates (Figure 6). Based on the results of the simulation,
the largest resulting displacements occur in the lower and upper ends of the plate, respectively, 1.551
and 1.692 mm. The differences cannot be attributed to the catastrophic for new structure. But at repeated
influences from snow and the dynamic loading wind, these irregularities can lead to defects in the roof
over time. These circumstances also indicate the advisability of continuing research in the area.

In a model example of a finite element model of a vertical plate, it is shown that for such a plate the
vertical load, evenly distributed over one of the plate surfaces, causes bending with a curvature of the
tangential component line in the form of an S-shaped curve with maximal deflection 0.141 mm. For
vertical plates the most dangerous may be a dynamic load of wind. Thus, the obtained results contribute
to a better understanding of the board functioning. But at this point dynamic load of wind is the direction
for future research.

In order to exclude the revealed cause of the unevenness in the structure of the roof with OSB
plates, it is suggested to increase the flexural rigidity of the plates at their ends. For this purpose it is
recommended to use OSB plates with stiffening ribs or with external reinforcement with the use of carbon
composite materials.
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Level ice interactions with multi-legged offshore structures

Bo3goencreunsi poBHOro fniegoBoro nosigd Ha MHOMOOMNMOpPHbIE
rMMOPOTEXHNYECKNE COOPYXKEHUS

V.A. Politko, Acnupanm B.A. lMonumsko,

1.G. Kantardgi, o ' . 3-p mexH. Hayk, npogheccop U.I". KaHmapiku,
National Research Moscow State Civil Engineering  HayuoHanbHbil uccnedosamensckuli

University, Moscow, Russia Mockosckuli eocyGapcmeeHHbIl cmpoumesnbHbIl

yHusepcumem, 2. Mockea, Poccus

Key words: multi-legged offshore structures; ice KnioyeBble cnoBa: MHOrOOMOPHbLIE COOPYXKEHUS,
actions; numerical model; ANSYS; legs shielding neposasi Harpyska; uncrneHHasa mogens; ANSYS;
effects B3aMMOBMMsIHME OMNop

Abstract. The task of determining the total ice load from drifting level ice floes on 3- and 4-legged
structures, widely used in the development of offshore oil & gas fields, was considered in the article. The
ANSYS numerical 3D model was used to investigate how the total ice load is influenced by various
factors, including the thickness of ice, the leg spacing, the ice drift direction in relation to the structure, the
presence of jammed ice between the legs. Based on the results of numerical analysis, a comparison was
made between the 3- and 4-legged structures in terms of magnitude of ice load, as well as additional
recommendations were done for the procedure of total ice loading calculation in accordance with the
Russian national code.

AHHOTauuA. B crtatbe paccMoTpeHbl 3agavv onpefeneHuss CyMMapHOW nefoBOW Harpysku ot
POBHOIO NefoBOro Mons Ha 3-X U 4-X ONOPHbIE COOPYXEHMS, LUMPOKO NMpUMeHAeMble npu paspaboTke
MOPCKMX LWenbgoBbiX MecTopoxaeHui. MNpu nomowm uyucnenHon 3D mogenu B nporpamme ANSYS
ObINO MpoOaHanM3npoBaHO BRMSIHAE HAa CyMMAapHyl NefoBYK HarpysKy pasnuyHbiX (DakTopoB, B TOM
yucne TONWMHBI NbAa, PacCTOSHUA Mexay onopamu, yrna gpevda nbAa OTHOCUTENBHO COOPYKEHWS,
HanuuMs 3atopa fefoBOM MacChl B MPOCTpPaHCTBE Mexay onopamu. Ha ocHoBe pesynbTatos
YMCINEHHOTO MOAENMPOBaHMS ObiNO NpPoBeOeHO CpaBHEHUE 3-X U 4-X OMOPHOIO COOPYXKEHUSA C TOYKU
3peHnsa BenuuMHbI NefoBOW Harpysku, a Takke npeacTaBneHbl LOMOMHUTENbHbIE pekoMeHZauuun K
pacyeTy CyMMapHO/ NefoBON Harpy3kM N0 0TeYECTBEHHbLIM CTPOUTENbHBIM HOPMaM.

Introduction

Among the offshore structures there are both single- and multi-leg structures. The quantity,
location and distance between them depend on specifics of the structure, its functional purpose and the
loading combinations perceived by each leg. Several examples of multi-legged structures are shown on
Figure 1.

a) b) c)

Figure 1. Examples of multi-legged offshore structures: a) four-legged offshore oil & gas platform;
b) multi-span bridge; ¢) LNG Jetty

Homuteko B.A., Kanrapxxu W.I'. Bo3neiicTBus pOBHOrO JIEIOBOrO MOJS HA MHOTOOHNOPHBIE TMAPOTEXHUUYECKHE
coopyxenus // HxxeHepHO-CTpOUTENbHBIH KkypHai. 2017. Ne 6(74). C. 43-52.
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The task of effective design of multi-legged offshore ice-resistant structures in the waters of
northern seas is of ultimate importance now days, and accuracy of determining the ice loads directly
affects the material consumption and the final cost of the structure, as well as the operation safety.

The total ice load on a multi-legged structure is determined, as a rule, according to the principle:
Total ice load = number of legs x leg factor x individual leg load.

And according to the Russian Set of Rules SP 38.13330.2012 "Loads and impacts on hydraulic
structures" [1], the total load is determined by the formula:

Frotar = N K1 Ko F, 1)

where n;— number of legs; F; — ice loading on 1 leg; K;, K, — factors, taking into account
non-simultaneous peak loads on individual legs and the shielding effect of adjacent legs accordingly.

After determining the individual ice load per one leg, F; (which is a separate task and not
considered in detail in this paper), the key issue is consideration of factors that influence the total ice load
on a multi-legged structure, namely:

Ftotal/Fl )
or n:K;K, 3)
Among the main known factors are the following:
1) mutual influence of legs and leg shielding;
2) non-simultaneous occurrence of load peaks on different legs;
3) probability of ice rubble jamming between the legs.

The influence of the first and second factors is difficult to track separately. Therefore, their joint
influence on the total ice load is usually considered. At the moment, there is a limited number of works
presented at various international conferences [2-5], where this theme was highlighted. They all
considered 4-legged structures only. The main conclusion of the works was the fact that the ratio

Fiotar/F1 depends on the following main factors:
Fiotar/F1 ~a; L/D (5)

where a — is an impact angle of drifting ice in relation to the structure. It was justified that the maximum
total ice load on the 4-legged structure takes place when the structure is exposed to the ice drift at the
angle of 20-30° relative to the horizontal axis of the structure;

L/D - is the ratio of the leg spacing L, m, and the leg diameter D, m. At the same time, different
works gave different dependency of F;,:q;/F; as a function of L/D. In some papers it was said that
Fiotar/Fy is not influenced by L /D variation at L/D>6 [2], in others at L/D>12-20 [3-5].

Another conclusion from the previous works was the fact that, depending on conditions, Fiy¢q1/F1
for the 4-legged structure may vary in the range of 2-3.5.

Nevertheless, in these works the influence of ice thickness on F;,¢q:/F1 was not disclosed, the
physics of ice interaction with shielded backside legs depending on a was not fully disclosed, and there
was no consistency in certain results. Thus, the need for further research on this issue is evident.

A number of sources [6-8], including the international standard 1SO 19906 [8], indicate the need to
take into account the third factor, the probability of ice jamming in between legs, in the form of an
additional coefficient Kjam (when L/D <4). At the same time, none of the sources give any specific
recommendations on the value of the coefficient. Further studies are needed to justify the coefficient.

Therefore, the main goal of the research was to check the magnitudes of leg factors with the help
of numerical modelling and to give certain recommendations for magnitude of the third factor, namely ice

jamming factor. The supplementary goal was to check which of the two structures, 3- or 4-legged,
perceive less loading from level ice in ice-infested waters.

To achieve these goals the following was done:

1. A 3D numerical model for the level ice was created in ANSYS;
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2. Investigation of how F;,:4;/F; is influenced by the drifting ice impact angle a, the thickness of
the ice h and the leg spacing L/D;

3. Analysis of physics of ice field — structure interaction process when ice rubble is jammed and
consolidated in between the legs. Estimation of the possible increase in ice loading due to this
effect;

4. Comparison of 3 and 4- legged structures in terms of ice loading magnitude.

Methods

The study was carried out by numerical simulation in the ANSYS Explicit Dynamics program. In
order to study the ice field — structure interaction process, a specially developed numerical 3D model was
used, for which the following assumptions had been done:

1) ice was regarded as a solid body;

2) the brittle fracture of ice was considered at relatively high deformation rates. It's assumed that
before the brittle failure, the ice behaves in elastic mode under loading. To describe the mechanical
behavior of ice under load, the Mohr-Coulomb model was used, in which the strength of ice depended on
the lateral pressure, and the compressive strength was an order of magnitude higher than the tensile
strength, which corresponds to the actual behavior of ice under load described by many sources [11-13].
Table 1 presents the basic characteristics of the model ice, adopted based on analysis of different
Russian and foreign sources [14-17]. The Mohr-Coulomb model had been previously used by other
researchers to describe ice behavior [18-21];

3) brittle fracture in dynamics was taken into account by removing individual finite elements (by
Element Erosion technique). As a criterion for destruction, the principal normal deformations were
assumed,;

4) the hydrostatic and hydrodynamic effects of water were not taken into account;

Table 1. Basic physical and mechanical data of the model ice

Density, kg/m3 900
Elastic modulus, MPa 3000
Poisson’s ratio 0.3
Angle of internal friction, ° 30
Cohesion coefficient, MPa 1.0
Maximum principal strain 0.001

Verification of the numerical model was carried out by comparing the simulation results with the
results of two experimental studies:

1. Indentation of rectangular horizontal stamp in ice field (full-scale tests in the Sea of Okhotsk,
1998, [9]);

2. Laboratory model tests of ice field interaction with 4-legged structure, 2011, [2].

As verification showed, the numerical model yielded results close to actual conditions. Figure 2
shows that the numerical model accurately reproduces the character of ice load oscillations in time, which
was noticed during field trials in the Sea of Okhotsk [9], when the peak load was due to initial contact,
and the subsequent load was only 20-80% of the initial load. Figure 3 shows that the nature of the legs
penetration through the ice field by numerical modeling and during model tests in the Krylov Research
Center [2] actually coincides.
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Figure 2. Graph of ice load oscillations during the stamp indentation experiment:
1 —-during the field works; 2 — during the numerical modelling [10]

a) b)

Figure 3. The picture of 4-legged structure penetration in the ice field when a = 30°:
a) during numerical modelling; b) during model tests in the basin

Results and Discussion

In order to investigate the mutual influence of adjacent legs on the total ice load, numerical
modeling was carried out for a number of scenarios, namely, for L/D = 3; 4.5; 6; 8 at the drifting ice
impact angles a = 0; 15; 22.5; 45° for 4-legged structures and at a@=0; 15; 30; 60° for 3-legged structures.
The thickness of ice was taken h = 0.5 m and 1.0 m. The results of numerical modelling are presented in
Table 2 and Figures 4, 5 for 4-legged structures, in Table 3 and Figure 7 for 3-legged structures.

Table 2. Results of numerical analysis of mutual influence of legs of the 4-legged structure
on the total ice load in the form of Fyoa1/F1.

\ 0 \ 15° 225 45°
h=0.5m (D/h = 6)
LD=3 1.9 2.4 2.6 2.6
LID=45 1.9 2.7 2.9 2.7
LID=6 1.9 2.9 3.1 2.7
LD=8 1.9 3.0 3.2 2.8
h=1.0m (Dh = 3)
LD =3 1.9 2.9 3.1 2.8
LID=6 1.9 3.2 3.4 2.8
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Figure 4. The graph of dependence of F;4q1/F1 On the leg spacing and ice drift impact angles
(for ice thickness h=0,5m) for the 4-legged structure

Figure 5. Graph of ice thickness influence on Fyyq1/F1 at:
a) L/D=3; b) L/D=6; 1-h=0,5m; 2— h=1m

From Table 2 and Figures 4, 5 it can be seen that:

— for the 4-legged structure (when ice thickness h=0.5 and h=1.0m) the ratio

Fiotar/F1 = 1.9-3.4, which, in general, corresponds with the previously declared results by
other researchers;

— the peak load was observed when the ice acted on all four legs and when the second row of
legs was not in the shadow of the front legs (fully or partially), that is, when the angle of impact
was in the range 20-30° (Figure 5).

— the ratio Fyytq;/F; as a function L/D did not change significantly for L/D = 6 and L/D = 8. As a

result, it can be assumed that for L/D> 8 F;¢q;/F; Will not be influenced by L/D increase. This
result is higher than 6 from [2], but less than 12-20 from [3-5].

— the thickness of ice, or the ratio D/h, has a large influence on Fyotq:1/Fi, Which is clearly
showed on Figure 5. This is because, under certain conditions, ice will break down on contact
with the second row legs not in compression, but as a result of loss of stability, as depicted in
Figure 6a.

Figure 6. Nature of structure legs penetration through the ice field at L/D=6, a=22.5":
a)h=05m;b)h=10m
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Table 3. Results of numerical analysis of mutual influence of legs of the 3-legged structure
on the total ice load in the form of Fiotaq1/F1-

\ 0 \ 15° 30° 60"
h=05m({D/h=7)atD=3.5m

LD=3 2.6 23 1.9 25

LD =45 2.7 2.4 1.9 2.6

LID=6 2.7 25 1.9 2.7

LD=8 2.8 2.6 1.9 2.7
h=10m[Dh=35)aD=35m

LD=3 2.8 2.4 1.9 2.7

LID=6 2.9 2.7 1.9 2.9

Figure 7. The graph of dependence of F;,q;/F1 On the leg spacing and ice drift impact angles
(for ice thickness h=0,5m) for the 3-legged structure

Analyzing the results for 3-legged structure, shown on Table 3 and Figure 7, it can be concluded

that, depending on the ice drift impact angle on the 3-legged structure, the ratio Ft,¢4;/F; can vary in the
range 1.9-2.9. The smallest load occurs when the third support is completely or partially in the shadow of
the front support. Reduction of the total load, as well as in the case with the 4-legged structure, may
happen due to increased flexibility of level ice (at h < 0.5 m).

The numerical analysis showed for the 4-legged structure that in some cases the presence of
jammed ice mass inevitably leads to an increase in the total ice load, namely, at the drifting ice impact
angles close to a =0 ° and a = 45 °, as shown on Figure 8. It can be seen that the load from the impact of
level ice field is transferred to shadow supports through the jammed ice mass. But, in case when there is
no jammed ice, these legs remain untouched. The additional load will depend on the strength of the
jammed ice mass. But taking into account the reduced strength of jammed ice comparing to level ice, the
simulation results give an increase in the total load by 15 % and 10 %, respectively.

Figure 8. The field of principal normal stresses of drifting level ice and the jammed ice:
a)a = 0° b)a = 45°.
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On Figure 9 there is a picture of ice impacting structure at a = 22.5 °. It can be seen that for three
frontal legs, the nature of ice impact does not actually change (as for the case without ice jam). On the
4th backside leg, the ice field acts through the jammed ice mass. Strength and thickness of the ice mass
will determine the load on this support. But the numerical simulation showed, that increase in the total
load in this case will be not significant. Table 4 presents the values of the total ice load on the 4-legged
structure at L/D = 3, considering the presence of ice jammed mass and it's absence (for comparison).

Figure 9. The field of principal normal stresses of drifting level ice and the jammed ice
in case of ice field impacting the 4-legged structure at angle & = 22.5°

Table 4. Values of the total ice load on 4-legged structure for the jammed ice situation and its absence

a=0° a = 15° a = 22.5° a = 45°

No jammed ice 2.5 MPa 3.1 MPa 3.4 MPa 3.4 MPa

Jammed ice 2.85MPa (+ 15 %) | 3.25MPa (+5%) | 3.47 MPa (+2%) | 3.75 MPa (+ 10 %)

Based on results, it is possible to confirm the validity of introduction of an additional coefficient to
account for the effect of ice jam, which is proposed by some sources and standards [6-8], when
determining the total ice load on the 4-legged structure at L/D < 4. The value of this coefficient should be
justified for individual cases, but as numerical study show, the presence of consolidated ice jam can

increase the total ice load by no more than 10%. Thus, the coefficient can be taken as Kjamzl.l.

For the 3-legged structure the results of the numerical simulation did not show any significant
increase in the load. It can be seen on Fig. 10 that the transfer of the compressive forces from the ice
field to the backside leg through the ice jam takes place along the length S, which is comparable with the
diameter of leg - D. At the edges of the ice jammed mass, tensile stresses arise which cause a rapid
collapse of ice. Thus, the jammed ice factor for 3-legged structures in most cases can be neglected.

Figure 10. The field of principal normal stresses of drifting level ice and the jammed ice
in case of ice field impacting the 3-legged structure at angle a = 0°.
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As the last point of the current research, the 3- and 4-legged structures are compared in terms of
the magnitude of total ice load. Two situations are considered: L/D <4 - when the ice jam present,
L/D >4 — no ice jam. The results are applicable for an ice thickness of up to 1 meter, which was
considered in the numerical study.

Situation 1. L/D < 4 (presence of ice jam).

As the numerical study showed for the 4-legged structure (Table 2), the maximum value of ratio
Fiotar/F1 for the case of a = 22.5 and L/D <4 was 3.1. Taking into account the effect of ice jam,
Kigm = 1.1, leg diameter D=3m and thickness of ice h=1m, the total load is determined as following:

Fy = 3.1F;  Kjgm = 3.1 Dice * 3+ 1+ 1.1 = 10.23py,., ©6)

where p; ., — effective pressure of ice (for the study intentionally considered the same for 3- and 4-legged
structures).

The total load on the 3-legged structure is determined taking into account the fact that the
maximum value of Fy4:q;/F; for the case a = 0" and L/D < 4 was 2.8 (Table 3), Kjqm, = 1.0, diameter of
the support D = 3.5 m, thickness of ice h=1 m:

Fy = 2.8F * Kigm = 2.8 " Pice " 3,51 1.0 = 9.8p;ce 7)
As it can be seen from the calculation results, the difference in the ice load is minimal.

Situation 2. L/D > 4 (no ice jam).

Following the same procedure, as in the first Situation, the total ice loads are determined for the
situation when L/D>4 and ice jam is not present:

F, =34F; =34 Pice*3°1 =102 pjc, (8)
F3 =29F/ =29 pie - 3,5-1 = 1015 pye ®)

As it can be seen, the ice load on the 4-legged structure is only slightly higher than the same load
on the 3-legged structure. Thus, when choosing one of the two types of structures, other from ice load
magnitude criteria will come to the fore, such as the convenience of transportation and construction, the
weight of the structure, the layout of the deck, and others. At the current moment the preference is mostly
given to 4-legged structures. Though, some researchers, like Vershinin S.A. [14], mentioned that 3-
legged structure might be more efficient in ice-infested waters.

Conclusions

1. The results of numerical study showed that mutual influence of adjacent legs on the total ice
load is determined by the following factors:

— ice impact angle: for both 3- and 4-legged structures, the biggest ice load is noticed when the
second row legs are not shielded by the front legs (fully or partially). For the 4-legged structure
this angle is in the range 20-30° (as on Figure 6), for the 3-legged structure - when ice initially
hits 2 legs (as on Figure 10);

— the leg spacing: as the study showed, Fy,tq;/F1 will not be significantly influenced by L/D when
L/D > 8;

— ice thickness h (or D/h ratio): the thickness of ice implies a significant effect on F,;q;/F; and
on the total ice load as a result. In case of sufficient flexibility (at h < 0.5 m, D/h = 6), the ice,
acting on the legs of the second row, may break down by loss of stability, rather than in a
crushing mode. Thus, based on the numerical simulation results for relative thin ice (h < 0.5 m,
D/h = 6) for the 4-legged structure, the effect of mutual influence of adjacent legs gave the
maximum result of Fy,¢4;/F; - 3.2; for thicker ice (h < 1.0 m, D/h 2 3) — 3.4. Accordingly, for the

3-legged structure for thin ice (h<0.5 m, D/h=z=7) - 2.8; for thicker ice (h<1.0m,
D/h 2 3.5) - 2.9.

2. Regarding the ice jamming effect on the total ice load, the numerical study showed the validity
of introducing an additional coefficient accounting for the effect of ice rubble jam in between
legs of structure, which is proposed by some sources and standards [6-8], when determining
the total ice load on the 4-legged structures at L/D < 4. The value of this coefficient should be

Politko V.A., Kantardgi I.G. Level ice interactions with multi-legged offshore structures. Magazine of Civil
Engineering. 2017. No. 6. Pp. 43-52. doi: 10.18720/MCE.74.4.

50



NuxeHepHO-CTPOUTENBHBII KypHaJ, Ne 6, 2017

justified for each individual case, but as the simulation results showed, the ice jam effect should
not increase the total ice load by more than 10 %. Thus, the coefficient can be taken as
Kjgm=1.1.

3. The numerical study showed (when the ice thickness is up to 1 meter) the ice load
on the 4-legged structure is only slightly higher than the same load on the 3-legged structure.
So, when choosing one of the two types of structures in this case, other criteria, such as the
convenience of transportation and construction, the weight of the structure, the layout of the
deck, and others will come to the fore.

4. The following provisions should be regarded when estimating total ice loads on 3- and 4-legged
structures according to Russian standard [1]:

— since the total ice load depends on various factors, including the ice thickness, leg spacing and
drifting ice impact angle, coefficients K; and K, need to be refined for each individual case by
numerical and physical modeling. Nevertheless, the results of the numerical study yielded the
values of n.K; K, close to that, which Russian Set of Rules SP 38.13330.2012 might give,
namely 3.4-3.5 for the 4- legged structure. For the 3-legged structure the calculated value of
n.K;K, by Russian Set of Rules SP 38.13330.2012 will yield a result of 2.6-2.7, which is less
than the result of the numerical study, which is 2.8-2.9. Therefore, for 3-legged structures,

calculations according to the Standard might yield underestimated results, which should be
taken into account;

- when there is a possibility of ice rubble jamming and it's consolidation in the space between
legs of the structure (as a rule, at L/D <4), it is recommended to introduce an additional

coefficient of jammed ice K4y, equal to 1.1 for the 4-legged structures.
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Vibroisolating properties of polyurethane
elastomeric materials, used in construction

Bubpousonupytolime cBOMCTBa NONMMYPETAHOBbIX
aMacToMepoB, NPUMEHSIEMbIX B CTPOUTENLCTBE
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Abstract. The given study is reasoning the relevancy of replacing the conventional elastomer, that
is, rubber, with more advanced polyurethane. The paper presents scientific reasoning for the demand to
experimentally study the physical and mechanical properties of polyurethane in cases when it is used as
plates for vibroisolation of buildings or industrial equipment and is subjected to considerable load. Due to
the regulated rate of motor rotation of the testing unit, it is possible to study the course of vibroisolation in
a polyurethane bulk, in relation to the forced frequency, vibration amplitude and static deformation. Based
on the considerable amount of test measurements of the vibration amplitude with the piezoelectric
accelerometers in various stress modes, an empirical statement has been acquired to determine the
natural frequency of the polyurethane-unit system for the polyurethane elastomers of varying hardness
depending on the degree of relative compression. The present work offers certain recommendations for
determining the ultimate static deformation for the polyurethane plates of varying hardness.

AHHOTaumA. B paboTte o60cHOBaHa akTyanbHOCTb 3aMeHbl TPAAULIMOHHOIO 3riacToMepa — PE3unHbI
Ha Oonee coBeplleHHbIN nonuypetaH. [lpeactaBneHo HaydHoe OOOCHOBaHWE HeobxoaMMOCTU
9KCMEPUMEHTANbHOIO WCCMNefoBaHMsa (OU3NKO-MEXaHWYECKMX CBOWCTB MOnMypeTaHa, B Tex Crny4asx,
KOrZla OH MCMOoNb3yeTcs B BUAE NNacTVH Ans BUGPOU3ONsUMM 34aHUIA, MPOMbILLIIEHHOrO 0GopyaoBaHNUs 1
Haxogoutcs nop pAevicteMem 6Gonbwnx Harpysok. bnarogaps perynupyemor 4acToTe BpalleHust
anekTpoaBUraTenst WCNbITaTenbHOro CTeHAa BO3MOXHO W3yyeHue npouecca BuOpousonauMu B
nonuypeTaHoBOM MacCMBe B 3aBUCMMOCTM OT YacTOTbl BbIHYXAEHHbIX KonebaHwui, amnnutyapl
konebaHuii W BenUYMHBI CcTaTudecko gAedopmaumn. Ha ocHoBaHWM GonbLIOrO  KOnMyecTsa
3KCMEePUMEHTarnbHbIX 3aMepOB BEMUYMHbI amnnUTyAbl konebaHWin C NMOMOLLBID MbEe303NEKTPUHECKUX
aKCENepoMETPOB MPU PasfUYHbIX PEXMMaXx HarpyXeHusl, Nony4yeHo 3MMNUPUYECKOE BbipaxeHue Ans
onpefeneHns 4acToTbl COBCTBEHHbIX konebaHuii cucTembl arperat-nonuypeTaH Ansi NonMypeTaHoBbIX
3MacToMepoB pPasfMYHON TBEPAOCTM B 3aBUCMMOCTM OT BENUYMHBLI OTHOCUTENBbHOW AedopMauum
ckatms. B paboTe npeactaBneHbl KOHKPETHblE peKoMeHZauuu Mo onpeaeneHutio  npeaenbHou
CTaTUYeCKON Harpy3ku Afsi NoNMypeTaHoBbLIX MNAACTUH PasnUYHON TBEPOOCTY.

Introduction

From the mid-twentieth century the advanced industrialized countries have substituted rubber with
polyurethanes in many engineering applications, as the Ilatter have significant constructional,
technological and operational features, even while polyurethanes are 1.5 to 3 times more expensive than
rubber.

Polyurethane, as well as rubber, falls within the type of construction materials conventionally called
elastomers. Elastomers as construction materials for machine components different from, for instance,
metals, are characterized by two features:

— Elasticity — the capacity of significant initial distortion, up to 300 %, different from metals, which
have the value of distortion limited by fractions of a percent;
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— High internal friction, which can absorb mechanical vibrations, while getting warm and
dissipating part of energy as heat into the surrounding environment.

The potential of polyurethanes for the contemporary industry is conditioned by the fact that their
properties remarkably complete the application capacities of other elastomers, resins, rubbers etc.
Considering their constructional and technological capacities polyurethane is the most universal
polymeric material. Polyurethane is characterized by notable physical and mechanical properties, has a
significant range of hardness, low wearability, high density, high tear strength, oil-and-petrol resistance,
acid resistance, and operational temperature from -35 °C to +75 °C [1-6].

Polyurethane elastomers currently have a broad application as a vibroisolating material in
contemporary machine and civil engineering to protect the facilities from vibrations created by the
movement of subsurface metropolitan trains, railway trains, etc.

Oscillatory damping is based on transforming the kinetic energy of a damped unit into the thermal
energy with its following dissipation into the surrounding environment. The transformation of mechanical
energy into the thermal one is provided by the internal friction (hysteresis), induced by the viscosity of a
polyurethane bulk of the damper [7-12].

The problems of physical and mechanical properties of polyurethane under dynamic loading were
studied by many researchers, particularly Sheng Li, Marcos Pacheco, Janusz Datta [13-15]. Under
dynamic loading polyurethane, due to the destruction of secondary chemical bonds, undergoes the
process of gradual fluxing, with the modulus of elasticity reducing by approximately 15 %. Moreover,
under dynamic load polyurethane molecules do not manage to distort at the speed more than 0.4 mm/sec
(the given speed is set as a standard for the test determining the compression modulus of elasticity) and
the material is also hardening. The phenomenon in question is considered in the papers and the
monograph by S.N. Yakovlev [16-18].

Such a wide-spread application of polyurethane elastomers as vibroisolating materials invokes the
necessity of an experimental study of physical and mechanical properties of polyurethane and the
problems, related to its application in engineering the buildings and constructions, subjected to vibrations.

The aim of the given paper is to provide the empirical equation to determine the natural vibration
frequency of the polyurethane-unit system for any value of the relative compression for the polyurethane
plates of varying hardness.

To accomplish the desired goal it is necessary to solve the following problems:

1. To design and produce the special testing unit to simulate the loading of polyurethane
vibroisolating plates in the frequency range from 10 to 50 Hz.

2. To conduct the tests of polyurethane vibroisolating plates of three degrees of hardness with
varying oscillatory amplitude and the value of static deformation.

3. To process the obtained test measurements by means of mathematical statistics and to derive
the required equation.

Materials and methods of the study

Polyurethane vibroisolators are used for amplitude loss in the induced cyclical oscillations caused
by the stationary underbalanced units. They are also used to dissipate large amounts of energy of the
impact force.

Vibroisolators that use the polyurethane elastomers in their design should provide the
vibroisolation of buildings, constructions and industrial equipment from the oscillations in the frequency
range 20 to 50 Hz, induced by the subsurface metropolitan, trams, large trucks etc. High-frequency
oscillations, according to [19, 20] are of low intensity and well-filtered by the ground.

The design parameters of a polyurethane vibroisolator are its hardness and the capacity to decline
(dampen) the oscillatory amplitude by means of inner friction of the material (hysteresis losses). The
lower is the hardness of a polyurethane vibroisolator, the higher is its deformation and the lower is the
natural vibration frequency. Vibroisolation is the better, the higher is the ratio of natural to induced
frequencies.

At present the polyurethane elastomers produced by Synair (USA), Getzner Werkstoffe GmbH
(Austria), etc are widely spread as a vibroisolating material. The materials are microcellular polyurethane
elastomers with mixed vesicular structure, specifically designed to solve the problems of vibroisolation.
For the materials in question the following peculiarities are characteristic:
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— Not subjective to hydrolysis, as well as to the effects of dilute alkali, acids, dissolvents and oils;
— Carry the long-term repeated load;
— Withstand significant overload;

— During the impact of stationary load the materials do not lose their properties in at least 30
years.

For the study of vibroisolating properties of polyurethane elastomers a special testing unit was
designed and produced, allowing the simulation of various kinds of load in a broad range of induced
oscillations frequency. The testing unit can simulate the simplest instance of uniaxial harmonic load for a
polyurethane vibroisolator.

Polyurethane vibroisolators, while being used, go through an asymmetric load cycle, presented in
Figure 1.

Figure 1. Asymmetric load cycle mode: & - average deformation; &a — deformation amplitude;
&wax — Maximal deformation; emin — minimal deformation; T - time of oscillation

Semioscillation, shown in Figure 1 in letters a b ¢, corresponds to the compressive deformation,
during which the vibroisolator drops as opposed to the average deformation, which in most cases is
determined by the weight of a damped unit. Section ¢ d a corresponds to the extensional strain of a
vibroisolating polyurethane bulk.

Figure 2. Kinematic diagram of a testing unit: 1 — electric motor; 2 — clutch; 3 —post; 4 — bearing;
5 —shaft; 6 — eccentric; 7 — cushion; 8 — polyurethane; 9 — platform; 10 — lead screw; 11 —lock nut;
12 - lifting nut; 13 — clamping nut; 14 — padding; 15 — base
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A kinematic diagram of the testing unit for simulating the dynamic load of polyurethane
vibroisolators, being in compression, is shown in Figure 2.

The testing unit consists of an asynchronous motor 5A171 V2 with the power Pmo. = 1.1 KW, the
rate of rotation n met = 3000 rpm and the variable rotation rate; elastic clutch and a camshaft, based on the
rolling bearings. The motor and shaft-rolling bearings are set on a platform with the use of vibroisolating
paddings 14, to diminish the transference of oscillations.

Due to the variable rotation rate of the motor shaft it is possible to study vibroisolating properties of
the polyurethane elastomer in question on the whole range of regularly applied mechanical load
frequencies. These frequencies are within the range of 10 to 50 Hz.

To create the stationary load in the polyurethane bulk under consideration, one should unscrew the
lock nuts 11 and, rotating the lifting nuts 12, lift the platform 9 to the value of a certain stationary
deformation of a polyurethane bulk 8, at which the following sequences of tests would be carried out.
After that one should fasten the lock nuts and measure the stationary deformation value of the
polyurethane prepared for tests.

Oscillating dynamic load, impacting the polyurethane bulk, is simulated by means of a rotating
cam. Taking into consideration the fact that the oscillations follow the harmonic principle
U(t) = Asin(wt + @),

where A is the oscillatory amplitude or the divergence from zero position, w is the rotating speed of the
shaft, ¢ is the initial oscillatory phase, the eccentric profile precisely matches the harmonic form of
loading of the cam gear with a flat lifter.

The eccentric profile is shown in Figure 3.

Figure 3. Cam profile, simulating the dynamic load of polyurethane: 1 — eccentric; 2 — connector;
3 —shaft; 4 —cushion; 5 - polyurethane

Eccentricity A of the cam matches the value &, — the deformation amplitude.

During the rotation of the cam, the cushion, working as a flat lifter and rigidly connected to the
polyurethane bulk (by means of glue), simulates the dynamic load of a vibroisolator.

At the production stage the complex contour of the cam is formed as an envelope for various
positions of an abrasive disk with a simple shape. The grinding of the cam surface was carried out on the
optical profile grinding machine with the 50-times magnification. For the simpler setting of the coordinates
and the following construction of the cam profile, corresponding to the harmonic form of loading of a flat
lifter, the polar coordinate system was used.

After the grinding the cams were nitrated to increase the wear-resistance.

For the experimental study three cams were produced with the eccentricity of 0.1; 0.2; 0.3 mm.
These values approximately correspond to the amplitudes of the most prevalent mechanical oscillations
of the current industrial equipment.
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The load frequency of a polyurethane bulk under consideration was split into five fixed frequencies:
10, 20, 30, 40 and 50 Hz, at which the amplitude of forced oscillations of the platform was measured by
means of a piezoelectric accelerometer.

Therefore it is possible to examine the process of vibroisolation in a polyurethane bulk of a damper
depending on the amplitude of forced oscillations, oscillation amplitude and the value of stationary
deformation.

As a drawback of the testing unit should be mentioned the heating of the cushion, transferring the
heat from the area of sliding friction of the loading eccentric and the cushion to the polyurethane bulk of
the damper.

To diminish the heating and wearing in the frictional contact the cushion was produced of tin
bronze and, moreover, a drip-feed lubrication system was organized, with which a container was set
above the rotating eccentric, and transmission gear oil dripped from there onto the rotating eccentric and
then got into the frictional contact.

For the experimental study of vibroisolating properties of a polyurethane elastomer the samples
produced by Synair (USA) were used, with the dimensions 80 x 80 mm and the width 25 mm, the
hardness 45 ShA, 55 ShA, 65 ShA.

Research results

The dynamic properties of polyurethane elastomers at the forced oscillations in the stable
conditions are described by a differential equation considering the elastic and viscous constants.

The solution to this equation, according to [21], is the assessment of the capacity of a polyurethane
elastomer to dampen the oscillations. The efficiency of vibroisolators in dampening the oscillations
amplitude is characterized by the vibroisolation coefficient n, which is determined by means of the
following equation:

[

212 2 1
- T

where f, is the frequency of forced oscillations (frequency of the generating force oscillations), Hz;

M= 1)

f. — frequency of the natural oscillations of the polyurethane-unit system, Hz;

9 — damping logarithmic decrement for the oscillations of the vibroisolating system.

Oscillatory damping logarithmic decrement 9 = ln% is used to indicate the damping of the
2
oscillations and is determined by the base logarithm of the ratio of two adjacent oscillatory amplitudes.

The lower is the isolation coefficient n, the better is the isolation. The equation (1) for the instance

%= V2 = 1.41 at all values 9 shows that i = 1, i.e. in the given case there is no vibroisolation.

If we set the oscillatory damping logarithmic decrement 9 close to zero, i.e. consider the inner
friction in a polyurethane bulk negligible, we get the following:

rl= 1

i
fe

At T < /2 the value of 1> 1, and in that case not only there is no vibroisolation, but, on the

c

contrary, the amplitude of the common driving energy is increased. At % > /2 the value of n< 1 and the

C
vibroisolation takes place. Examining the equation (1), it is possible to draw the conclusion that for a good
isolation it is necessary to provide the natural frequency of the system being much less than the
frequency of forced oscillations.
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In case f; = f. , while solving the equation (2) theoretically, it results in rj = oo, which matches the
resonance phenomenon.

The assumption, underlying the equation (2), also largely holds for the metal spring vibroisolators
without a considerable inner friction and providing vibroisolation by means of shaping metal in a certain
way.

For polyurethane elastomers used in vibroisolating equipment, the value of 9, dependent on
hysteresis losses, stays within the range 0.4 to 0.8. Thus a polyurethane vibroisolator provides a finite
value of the vibroisolation coefficient n with the resonance as well.

While the increase of n at the resonance is not connected to the increase of the energy costs, in
some instances the use of polyurethane vibroisolators is acceptable even in the vicinity of a resonating
area, however, such a work, due to the inner friction in polyurethane, involves a significant heating of the
polyurethane bulk and may cause the destruction of the material.

On the basis of a considerable number of experimental measurements of oscillatory amplitude of
the platform for various loading modes a ratio was obtained for the isolation coefficient of polyurethane
elastomers in relation to the correlation of the frequencies of forced oscillations and the natural frequency
of polyurethane-unit system for elastomers of varying hardness.

The obtained correlations are presented in Figure 4.

Figure 4. The correlation of vibroisolation coefficient of polyurethane to the frequency ratio %:
1-45 ShA; 2-55 ShA; 3 -65 ShA. :

Picture 4 shows that the less the value of 9 is, the higher is the value of 1 in the resonating area.

However, at the same time n is diminishing with the increase of the ratio % While the oscillatory damping

C
logarithmic decrement 9 depends on hysteresis losses in polyurethane, they in their turn being
2

determined by sin ¢ ( phase angle between the force and deformation), the relation in equation

4
(4m2+92)
(1) can be substituted with sin ¢?, which is easy to determine by means of experiment, using the record
of natural oscillations of the testing unit lever, being in rotational oscillatory motion around a stationary
axis.

The given system is considered a single degree of freedom system, where a polyurethane bulk
with a certain stationary deformation is used as a damping element. The lever oscillations are recorded
by means of a Geiger recorder.

Table 1 presents the values of oscillatory damping logarithmic decrement 1, obtained by means of
experiment in the area of the regularly applied working stationary deformations for polyurethane
elastomers in three degrees of hardness.
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Table 1. Oscillatory damping logarithmic decrement for the polyurethanes of various
degrees of hardness with varying values of a relative stationary deformation

Polyurethane hardness, ShA

Relative deformation, €
45 50 55
0.10 0.48 0.53 0.58
0.15 0.50 0.55 0.60
0.20 0.52 0.57 0.62
0.25 0.54 0.59 0.64

As has been mentioned above, to provide the efficient vibroisolation, the frequency of natural
oscillations of the polyurethane-unit system f, should be less than f;, the frequency of forced oscillations.

Following the results of a considerable number of experiments, an empirical correlation was
obtained for the determination of the natural oscillations frequency for the polyurethane-unit system:

fe =18 + 0.1¢ + 0.2(ShA — 45), (3)
where ¢ is the value of relative deformation; ShA — the hardness of polyurethane according to Shore.

The proposed empirical correlation for the determination of the natural oscillation frequency of the
polyurethane-unit system holds for the range of the values of relative stress deformation of polyurethane
vibroisolating plates, prevalently used in practice.

Conclusions

According to the results of a wide experimental study of the vibroisolating polyurethane plates
produced by Syniar (USA), it is possible to draw the following conclusions and to give certain
recommendations for their application in engineering of various buildings and constructions:

1. With the known drop § of a polyurethane vibroisolator, under the set stationary load, the natural
frequency of the vibroisolator-unit system is determined; it would be the lower, the higher is the
drop of §. The drop of § would be the more considerable, the lower is the elasticity mode of the
polyurethane elastomer and the lower is the form coefficient (determined by the standard
geometrical properties) of a vibroisolator.

2. The use of polyurethane vibroisolators with the height of more than 30 mm is not
recommended, as it may cause the lateral displacement of a damped unit.

3. The vibroisolation coefficient, calculated according to the formula (1) and the experimental
measurements of the oscillatory amplitudes by means of the piezoelectric accelerometer show
the divergence in 6 to 8 %, which is considered a satisfactory value in engineering calculations.
In practice the vibroisolational coefficient n has the value n = 0.2...0.7.

4. Considering the elastic posts made of vibroisolating polyurethane elastomer, used in
engineering of buildings and constructions, the following values may be recommended as a
limiting dead load: [p] = 0.15 MPa for polyurethane with the hardness 45 ShA, [p] = 0.20 MPa
for polyurethane with the hardness 50 ShA, [p] = 0.25 MPa for polyurethane with the hardness
55 ShA.
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Reasons of delays in construction projects

[MpnYnHbBI OTCTaBaHU CTPOUTESTbHbLIX MPOEKTOB
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management; project scheduling; critical path cTpouTenbHbIMM NPOEKTaMM; pacnucaHme NPoeKTa;
method METOA KPUTMYECKOro NyTHn

Abstract. Usually, the actual duration of construction projects significantly exceeds the scheduled
duration. Reasons for this phenomenon are presented. Firstly, numerous stochastic factors impact on the
works. The second reason is insufficiently reliability of traditional scheduling methods. Finally, the third
reason is quasi-activities that were not included in the schedule. This paper discloses the essence quasi-
activities, their impact on the completion times. The approach is identified additional dummy arcs,
causing implicit activities. The general applicability of the method is demonstrated. A comparison was
drawn between the proposed method and traditional techniques. The mean duration of the simple chain
of activities is underestimated by 15-20%.It is confirmed that the traditional method of calculating the time
to complete a project is almost always shorter. Implementation of this method will allow for the
determination of a more precise duration for the performance of complex works at the planning stage.
The suggested methodology can be recommended for use by construction project managers.

AHHOTaumA. Kak npaBuno, caktuyeckass nNpOAOIKUTENBHOCTL CTPOUTENbCTBA 3HAYUTENBHO
npeBbILLAET 3anfaHMpoBaHHblE CPOKW. [lpeacTaBneHbl NPUYMHBI 3TOrO sIBMeHus. Bo-nepsbix - 3TO
BMMSHME Ha paboTbl MHOXeCTBa CriyyaviHbIX hakTopoB. BTopon npuymHOm ABnsieTcs HegocTaTtovHas
OOCTOBEPHOCTb U HAOEXHOCTb TPaAULMOHHBIX METOAOB MNIIaHMPOBaHUSA. HakoHew, TpeTbs NpUYMHA-3TO
KBa3n-paboTbl, KOTOpble He GbiNM BKIHOYEHBI B KaneHaapHbln rpaduk. B ctatbe packpbiTa CyLHOCTb
KBa3n-paboT, MX BNUAHME HaA CPOKM CTpouTenbcTBa. [logxond BbISIBUN HESBHbIE AOMOSHUTENbHbIE
pecypCcHO-0ObEKTHbIE CBSI3W, BbI3BaHHble KBa3u-paboTamu, HaxoAsWMMWUCS BHe nonsa rpaduka.
M3noxeHHbIN noaxoa NpouniocTpupoBaH pacyeTamu. [poBeaeHo cpaBHEHWE Mexay NpeasioKeHHbIM U
TPaaULNOHHLIM MEeTOo4aMKn. YCTaHOBMNEHO, YTO CPeaHsas NPOAOIMKUTENBHOCTD psda nocrnegoBaTenbHbIX
paboT, paccuntaHHasi TpaguMLUMOHHBIM METOAOM, 3aHMkeHa B cpegHem Ha 15-20%. Peanusauusa metona
NMo3BONUT OnNpedensTb 0onee TOYHbIE CPOKM 3aBEPLUEHUS CTPOUTESNIbHOTO MpOeKTa Ha cTaguu
nnaHupoBaHua. [MpeanoxeHHass meTogoriorMss MOXeT ObiTb pekoMeHOoBaHa [Afist MCMNOSb30BaHMS
pYyKOBOAUTENSAMU CTPOUTENbHbBIX MPOEKTOB.

Introduction

The analysis of the current state of the theory and practice of scheduling illustrates the lack of
realistic scheduling.

Therefore, the actual duration of various construction projects significantly exceeds the planned
ones [1-8].

The reason for the significant difference between planned and actual construction durations is,
primarily, the impact of the works due to humerous stochastic factors [9, 10]. So, for average and strong
levels of impact of destabilizing factors on technological processes, their mean productivity is reduced in
1.5-2.5 times from the norm [10]. It is established that process productivity is subject to the normal law of
distribution. The duration of the activities is described by a Beta distribution or inverse to hormal law [11].
In these circumstances, duration of activities can be evaluated using probabilistic estimation [12-16].

The second reason is insufficiently reliable traditional PERT (Program Evaluation and Review
Technique) method. The PERT method is generally intended for the calculation of schedules that have
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certain structures set by unambiguous technological processes. The activity time spans are assumed to
follow a general Beta distribution [17-21].

The traditional PERT method uses only the activity time means to calculate the critical path,
reducing the stochastic model to a deterministic model. In PERT, three-time estimates are required for
each activity. The time estimates represent a pessimistic time, an optimistic time, and a most likely time
for the duration of the activity.

The method assumes that the sum of the mean completion times of activities on the critical path is
normally distributed. This allows the calculation of the probability of completing the project within a given
time period. A single critical path is thus calculated and relied upon, where in reality, there may be
numerous possible critical paths that exist. For a large network plan, the probability that any given path
could be the critical path may be very small. PERT method yields results which are biased high. The
construction project manager is thus grossly misled into thinking his chances are very good when in
reality they are very poor. If the network has multiple parallel paths with relatively equal means, PERT
calculations will be considerably biased [22]). As a result, the time to complete a project calculated by the
traditional PERT method is almost always too short [23]).

A universal method developed for the calculation of networks schedule with multiple critical paths.
This method was used for the calculation of a more realistic time span for the construction of a road [24].
A comparison was drawn between the proposed method and traditional techniques. The mean duration
of the technological process calculated by a universal method is 30 % more than for a known critical path
method. It is confirmed that the traditional method of calculating the time to complete a project is almost
always shorter.

Similar results have also been observed when using the technique of crashing PERT [25]).
Completion times with the PERT method are much shorter than completion times calculated with the
Monte Carlo method [19, 26, 27].

The third reason for delays in construction projects is quasi-activities that were not included in the
schedule [28].

The aim of the present paper is to reveal the essence quasi-activities, their impact on the
completion times.

Objectives of the study are:

1. Show essence of the resource-object relations, that constitute the inner nature of schedules;
2. Reveal impact of quasi-activities on the completion times;
3. Calculate the completion times of the chain of activities.

Methods

Assume, that sequential works of crews F, G, H on the 5-th object (chain of activities) is presented
in Figure 1.

Start data _ _
Object links

Object No. 5 - -

Figure 1. Fragment of chain activities

It is obvious that for deterministic values the length of the chain (23-24-27-28-29-30) is the sum of
the durations of individual activities.

For stochastic estimates, the parameters of the event 30 are determined by the composition of the
laws of duration of work of each crew. So, for the normal distributions, the mathematical expectation of
the length of the chain (23-24-27-28-29-30) will be the sum of the activity time means.

However, the actual time the events of 30 always exceed the planned.
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The sequential chain (Fig. 1) does not reflect fully the essence of the resource-object relations that
constitute the inner nature of schedules.

So, the crews G and H to the planned date of the beginning of their work usually always busy at
the previous objects (work areas), which causes additional resource links.

This allows us to convert the initial model (Fig 2).
Start data

Object No. 3 Resource links
Object No. 5 ‘

Figure 2. Model of the chain of activities, taking into account implicit resource links

This scheme is lawful to use only in the case where the scheduling date coincides with the start
date. Otherwise, the model chain of activities of is converted into the following (Fig. 3).

Scheduling date Start data

Z
°
[E

Figure 3. Model of the chain of activities, taklng into account to the scheduling date and
an implicit of the resource links

It is obvious that increase in an interval between start date and date of planning, leads to increase
in resource and object links for works G and H.

In addition, in this case there are additional (implicit) object links caused by the necessity of
preparing the fifth object for the crew F.

This, in turn, causes the need to consider possible links with the previous crews (E and D) on
objects 4 and 5 (Fig. 4).

This scheme is the model of the initial chain (F, G, H) (model quasi-activities).

Quasi-activities are works of crews outside of the schedule and causing an implicit resource and
object links to the events of the schedule.

The presented model of quasi-activities on the structure is equivalent to model of a flow of works
with multiple critical paths and can be calculated in a similar way.
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Scheduling date Start data

Figure 4. The converted model of initial chain (model of quasi-activities)

Objects

Results and Discussion

Model of the chain of activities (Fig. 4) was realized by means of the universal method and Monte-
Carlo method under the following data.

The duration of work of each crew follows a general Beta distribution with the parameters:
a=1=2,A=5B=15. The mean duration is 8.33.

The flow of works with equal durations is presented in Figure 5.
Scheduling date Start data

M@

48.16

Figure 5. Network of a flow of works

The stochastic parameters of the events network of a flow of works were calculated by the
universal method (Table 1).
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When modeling Monte Carlo's method has carried out 10000 realizations. The mean duration of

completion times for the 30th event was equal to 48.16 shifts.

The distributions of completion times for the 30th event are presented in Figure 6.
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a) Universal method b) Monte Carlo's method
Figure 6. Distributions of completion times (for the 30th event)
Comparison of the two distributions shows their proximity.

Somewhat compressed laterally, the histogram of the density distribution for a universal method is
due to rounding of extreme values at each calculation step. In addition, the interval values on the axis X
are different.

The length of the chain (9-10-17-18-23-24-27-28-29-30) is the sum of the mean durations. It is
41.65 shifts.

The length of the chain 23-24-27-28-29 (Fig. 1) is 16.66 shifts. The mean duration of completion
times was equal to 19.79 shifts (Table 1).

Thus the mean duration of completion times of the chain of activities is underestimated by 15-20%.

Similar results have also been observed when using the other techniques. Completion times with
the traditional method are perceptibly shorter than completion times calculated with the Monte Carlo
method and universal method [19, 23, 24, 28].

Conclusions

1. The actual duration of various construction projects significantly exceeds the scheduled
durations. Firstly, numerous stochastic factors impact on the works. The second reason is insufficiently
reliability of traditional scheduling methods. Finally, the third reason is quasi-activities that were not
included in the schedule. As a result, the traditional method of calculating the time to complete a project
is almost always too short.

2. The essence of the impact of quasi-activities on the completion times presented.

The crews to the planned date of the beginning of their work usually always busy at the previous
objects (work areas), which causes additional resource links. In addition, in this case, there are additional
(implicit) object links caused by the necessity of preparing the objects for the crews. Quasi-activities are
works of crews outside of the schedule and causing an implicit resource and object links to the events of
the schedule.

The presented model of the chain of activities is equivalent to the model of a flow of works with
multiple critical paths and was calculated in a similar way.

3. The model of a flow of works with the Beta distribution of duration was calculated by the
universal method and Monte Carlo's method (10000 realizations). Comparison of the two distributions of
completion times shows their proximity.

The calculation showed that the mean duration of completion times of the chain of activities is
underestimated by 15-20 %. With a probability of 0.75, the completion times will exceed the scheduled
durations on 24 %.

4. These results show the efficacy of the offered method to calculate more realistic of completion
times. Implementation of this method will allow for the determination of a more precise duration for the
performance of complex works at the planning stage. The suggested method can be recommended for
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use by construction project managers in order to
deadlines.
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Results of technical inspection monitoring of the operation object

Pe3yﬂbTaTbI MOHUTOPUHIAa TEXHNYECKOIOo obcrnenoBaHusi obbekTa

IKCrnyarauunu
N.V. Brailcf:l, Kand. mexH. Hayk, doueHm H.B. Bpaiina,
K.L. Khaz_leva, cmydenm J1.®. Xa3ueea,
A.A. Staritcyna, cmydeHm A.A. CmapuuybiHa,
Peter the Great St. Petersburg Polytechnic CaHkm-INemepbypacKull nonumexHuU4ecKudl
University, St. Petersburg, Russia yHusepcumem [Mempa Bernukozo,

2. CaHkm-lNemepbype, Poccus

Key words: physical deterioration; technical KnrouyeBble cnoBa: dun3anyeckmin U3HOC;
inspection; results monitoring; service conditions; TexHu4eckoe obcneaoBaHUE; KOHTPOIb
actual age (taking into account service conditions); pe3ynbTaToB; YCNOBUSA 3KCMnyaTauum,;
chronological age AEeNCTBUTENbHBIN BO3PacT (C y4eTOM YCIrOBUM
aKcnnyaTaumm); XpOHONOrMYeCcKMn Bo3pacT

Abstract. The article proposes analysis tool of the engineering survey series results. Analysis is
based on a study of the physical depreciation accumulation by capital construction objects and
deterioration models presented in it for various classes of structural schemes. The main provisions and
user activity sequence with a brief explanation of the possible obtained results were clarified through
steps. The proposed tool will allow timely detection of factors that cause the accelerated dynamics of
deterioration (exceeding the normative one), reduce the risk of an accident, increase the expenses of
element/object servicing, and also accurately predict the future costs of repair and construction activities.
One of the advantages of this tool is a low capital intensity in the prosses of implementing and further
using of tool by the real estate company. However, in the long term, the effect of the application will be
expressed in the timely detection of errors in the conduct of buildings and structures surveys. Its result
will be minimizing the deviation of the estimated (planned) costs of repair and construction work from the
actual.

AHHOTauuA. B ctaTtbe npegnaraetcsi MHCTPYMEHT aHanusa pesynbTaToB cepuu obcrnenoBaHun,
OCHOBaHHbIA Ha WCCnegoBaHUM O HaKOMMEeHUUM U3MYECKOro M3Hoca OObeKTaMu KanutarbHOro
cTpouTenbCcTBa M NpeAcTaBneHHbIX B HEM MOAENsX M3HOCa MO PasfnU4YHbIM Kraccam KOHCTPYKTUBHbIX
cxeM. NowaroBo pasbACHEHbI OCHOBHbIE MONOXEHUSA U NocnefoBaTenbHOCTb AEUCTBUI NoMnb3oBaTenemn
C KpaTKUM pas3bsCHEHMEM BO3MOXHbIX MOMYyYeHHbIX pe3ynbTaToB. [1peanoXeHHbll WHCTPYMEHT
MO3BOMIUT CBOEBPEMEHHO OOHapyxmBaTb (PaKkTOpbl, BbI3bIBAOLIME YCKOPEHHYK AMHAMUKY W3HOca
(MpeBbiWatoLLyt0 HOPMAaTMBHYIO), CHU3WUTb PUCK aBapunM W yBenNWYeHue 3aTpaTr Ha obcnyxuBaHue
anemeHTa/ 00beKTa, a Takke MakCUMarnbHO TOYHO CMPOrHO3MpoBaTh OyayLine 3aTpaThl Ha NpoBedeHNe
PEMOHTHO-CTPOUTENBbHBLIX MeponpusaTun. OgHMM M3 MPEeUMYLLECTB MPeAnoXeHns ¢BnsieTCa Hu3Kkas
KanuTanoeMKoCTb MNpW BHeAPEeHUW U JaribHenlweM WUCMOMb30BaHUM WMHCTPYMEHTa 3KChnyaTupyloLlen
HeOBWXMMOCTb KOMMaHuen. Bmecte ¢ Tem B 4ONrOCPOYHOM nepcnekTnae ahpekT oT npumeHeHns dyaet
BblpaXaTbCA B CBOEBPEMEHHOM BbISIBNEHUM OLWKNOOK MNpu npoBedeHun ob6crnefoBaHWA 34aHuA U
KOHCTPYKLMIW, pe3ynbTaToOM Yero cTaHeT MUHUMU3ALUA OTKITOHEHUSA pacyeTHbIX (NnaHupyeMblx) 3aTpaT
Ha NpoBefeHNE PEMOHTHO-CTPOUTESNbHBLIX PabOT OT DaKTUHECKUX.

Introduction

The problem of dilapidated and dangerous housing remains topical in Russia not for the first
decade. In the 1990s during the period of market economy development the condition of housing stock
had been deteriorated: building operation had come down just to the exploitation, there were almost no
maintenance of the normative state. A large number of researches of domestic scientists confirms the
relevance of the problem [1-5].

As far as social and economic situation was stabilized and institute of housing and public utility
services was developed situation began to change for the better. First of all standard technical
documentation was actualized and it keeps updating, building inspection and repair works are carried out.
Some buildings still are not regularly repaired and there are still some violations of repair technology, but
scales have considerably decreased.
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It is noted that specific weight of dilapidated and dangerous housing in the total area of all housing
stock gradually decreases. From 2007 to the beginning of 2014 the amount of dilapidated and dangerous
housing stock in absolute terms remains almost at the same level that is caused by the following factors:

¢ high intensity of new construction;
e continuous allocation of financing for major repairs and refurbishment works;

e regional measures, for example, there is a program in St. Petersburg for renovation of the first
mass series of housing (Khrushchev-era housing).

The main indicators of housing stock development in Russian Federation are given in Table 1.
Data for the table was taken from the official sites of the government statistics [6, 7], in case of absence
of information data was completed by other source (in the table it is marked as “*”) [8].

Table 1. Dilapidated and dangerous housing stock of Russian Federation (at the end of
year) volume of construction and major repairs

Dilapidated Dangerous New construction, Major repair and Cost of major

housing stock, housing stock, min m?2 reconstruction, repair,

min m?2 mln m? mln m?2 min m?
1990 28.9 3.3 49.30* n/a n/a
1995 32.8 4.9 41.00* n/a n/a
2000 56.1 9.5 36.4 n/a n/a
2005 83.4 11.2 54.8 n/a n/a
2006 83.2 12.7 50.60* n/a n/a
2007 84 15.1 61.20* n/a n/a

2008 83.2 16.5 64.10* 0.2 120.57

2009 80.1 194 59.90* 0.28 137.47

2010 78.9 20.5 70.3 0.63 107.82
2011 78.4 20.5 77.2 0.1 76.11

2012 7.7 22.2 82 0.16 128.95
2013 70.1 23.8 70.50* 0.04 80.23
2014 69.5 23.8 87.1 0.08 67.9
2015 H/O H/O 83.8 0.06 71.29

Due to the current economic crisis stagnation or even regress of the outlined positive tendency in
housing and public utility branch is expected. So it is known that in St. Petersburg some quarters of
“Khrushchev-era housing” are supposed to be excluded from the program for renovation in the nearest
future. However, dramatic recession will not happen again.

Responsible owner or operating company are always interested in increase of useful lifetime of the
building and improvement or maintenance its operational properties at the necessary level. Along the
planning of repair and construction works (RCW) the problem of forecasting of works volume and
required capital investments is especially complicated.

Practice shows that qualitatively conducted technical inspection of the building, which authentically
reflects the current situation, promotes timely repair and construction works and also provides an
optimum finance and time expenditure.

Market monitoring showed that there is a big price difference in services of technical inspection.
Companies which offer price much lower than average market price, raise big doubts. High-quality
inspection requires special equipment, so, its cost has to be put in cost of technical inspection. A lot of
companies give low quality reports, work of such companies is oriented to the "flow".

The problem of competence of technical inspections exists and is discussed at the field-specific
events (conferences, seminars, etc.) by the practicing experts and scientific community, for example,
[9-11], and also is considered in the researches and works by authors [22-27].
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Literature review showed that at the present time a lot of researches on methods of scheduling of
(RCW) and problems of inspection of separately taken structural elements or the whole building
(construction) are conducted [12-18], it is separately possible to allocate works of P. Christoua,
K. Alatorella, J. Bhandari and M. Cassar [28-31]. However there are almost no works analyzing
consequences of an incorrect technical evaluation and possible methods of tracking correlation between
results of technical inspection and previously conducted inspections and also their coordination with
accidents and repairs during the period between inspections.

The conscientious owner or operating company conducts inspection of technical condition of an
object with a certain frequency. According to All-Union state standard 31937-2011 “Buildings and
constructions. Rules of inspection and monitoring of technical condition” for the structures working in
normal conditions the first technical inspection after placing facility in operation is conducted not later
than in 2 years, further at least once in 10 years.

Thus, during operation of the capital building the whole series of planned and unplanned technical
inspections will be carried out. The comparative analysis of two and more consistently executed technical
inspections of an object can be very interesting from the point of view of monitoring of technical condition
in the course of time and possibility of forecasting accidents with help of indirect signs.

Methods and Results

The instrument for analysis of results of series of inspections can allow the following:

- identify possible mistakes of each technical inspection. As it was mentioned competently
executed technical inspection allows predict future costs of repairs;

- timely find factors which cause accelerated dynamics of depreciation. Accelerated physical
deterioration of construction conceals in itself two dangers: growth of risk of an accident and increase of
maintenance costs. Both of them contradict the main postulates of effective operation;

In the Figure 1 the flowchart of control of results of technical inspection of the operated object is
submitted.

‘ Step 1. Data input, F, ]

Step 3. Analysis of results:
- conclusion about quality of

= yes technical survey;
Step 2. F, <F, ——>| - conclusion about service
conditions
no \L
Ste0 4. Toich Step 3.1. To determine the
P 0001005048, value of T,
structural element, Ne1

\L To finish control
Step 5. To assign a

number to the element,
Nen

!

Step 6. Data input of the
element «n», F

Step 9. Analysis of the reason no yes Step 8. Checking
- mistakes in technical survey (1) | of the element Nen
- conditions of service (2) is finished
Step 8.1. To
Step 9.1. To correct the value of choose an element
Fy
s N°(n +1)

Step 10. To

Step 11. To determine the | yes
To finish the cycle determine the (¢ —{ value of F, Step 8.2. Nogayy > K To continue
value of Tj) taking

into account
step 9.1 forn
elements

Figure 1. The flowchart of control of results of technical inspection of the operated object
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Fb — physical deterioration of the surveyed object;

Fbk — control value of physical deterioration, is identified strictly by the actual age of the surveyed
object;

Tbr — actual age of the surveyed object, considers service conditions (during analysis of results of
the first technical survey it is accepted as equal to chronological, for the subsequent - as the sum of
actual age defined at the previous inspection and the number of years between inspections);

Fsc — physical deterioration of the structural element Nen;
k — total quantity of the elements;

Fsck — control value of physical deterioration of the element, is identified by the actual age of the
surveyed object or the element, for example, if he was replaced.

Discussion
Let us consider features and restrictive conditions of application of a technique:

1. On the step 2 it is necessary to compare physical deterioration Fy,, of the building determined
during technical inspection and control value Fy*, determined by one of possible techniques. The analysis
of different techniques of calculation of physical deterioration by its valid and standard service life is
carried out in work [19]. Most of the described dependencies take into consideration the lifetime of the
building. However it is known that building materials and, respectively, structural elements even with
similar standard service life can have schedules of a physical deterioration which are different in type of
curvature, as the main applied building materials have dissimilar characteristics of plasticity, susceptibility
to fatigue failures, elasticity, fragility, ability to work for compression or bend etc. Besides most of
developments consider certain normal service conditions without taking into account, for example,
climatic conditions and other features of external "aggressors".

Thus, using of these dependences can give very accurate calculation of physical deterioration
depending on service life for one objects and essential mistake for others.

There is also more modern research [20] based on processing of representative selection of 1 880
147 buildings in different technical condition and of different years of construction. The advantage of this
research is that there is represented how physical deterioration of buildings of different construction
design depends on time, that is more convenient for the final consumer. Restriction — the subject of
research were buildings of Moscow region, so, for example, for northern latitudes using of these
dependences can be referred to controversial issues.

Nevertheless, the research confirms previously set judgment, fig.3 shows that for each type of
design its own curve of accumulation of physical deterioration is determined. Interpretations of
constructive schemes CS-1 — CS-13 are given in Table 2.

Figure 2. Graphic display of models of physical deterioration depending on classes of the
constructive systems “CO-INVEST”
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Table 2. Description of constructive systems

Class of the
constructive Basic material
scheme
CS-1 Enclosing structures — brick; bearing structures — reinforced concrete, steel
CS-1A Enclosing structures — small cellular and layered wall blocks; bearing structures —
reinforced concrete, steel
CS-2 Enclosing structures — brick; bearing structures — wood
cs-3 Enclosing structures — reinforced concrete; bearing structures — reinforced concrete in
frameless systems
CS-4 Enclosing structures — reinforced concrete; bearing — reinforced concrete in frame
systems
CS-5 Enclosing structures — reinforced concrete; bearing structures — steel
cS-6 Enclosing structures — thin metal sheet and effective heat-insulating materials; bearing
structures — reinforced concrete, steel
CS-6A Enclosing structures — glass; bearing structures — reinforced concrete or steel frame
CS-7 Enclosing structures— wood; bearing structures — wood and other construction material
CS-8 With primary application of nonmetallic materials and concrete
CS-9 With primary application of cast reinforced concrete
Cs-10 With primary application of prefabricated concrete
Cs-11 With primary application of constructional steel
Cs-12 With primary application of steel pipes
CS-13 With primary application of wood
Cs-14 With primary application of cables and leads
Cs-15 Site improvements (planting)

Let us give an example of definition of control value of physical deterioration Fy* using as example
building of CS-7 (enclosing structures — wood; bearing - wood and other construction material), which
actual age on date of survey is 50 years (Figure 3).

Figure 3. Graphic method of definition of control value by the form and characteristics of the
model of physical deterioration for CS-7
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Conclusions on the step 2 are very important, also for the analysis of results of the subsequent
technical surveys:

a) if physical deterioration after survey is equal to its control value (F,=F"), then it means that
service conditions are normal: object is operated in accordance with requirements of the project and
standard technical documentation, repair and operational events are held on-time; actual age of the
object (Ty"), taking into account service conditions, is equal to the chronological age (Ty)).

b) if physical deterioration after survey is less than its control value (Fpo<Fu¥), then service
conditions are characterized as good. Accordingly actual age is less than chronological (Ty" <Ty!) and it
can be determined by a solution of inverse problem which idea is presented in the Figure 3.

2. By the same way control values for structural elements can be determined, for example, by VSN
53-86 (r) [21]. In this normative document there are submitted schedules of physical deterioration of
layered constructions with service life of 60-125 years and 10-50. However now there is a great variety of
building constructions and new materials for which such dependences are not found out yet.

3. A key step of the flowchart is the step 9. Exactly here, in case if physical deterioration
considerably exceeds control value, it is necessary to carry out careful analysis of the reasons.

As a result there has to be received an answer to the question: if it was mistake in determining of
physical deterioration during technical inspection or not. In this case it should be corrected. Also it is
possible that the jump of physical deterioration became consequence of inadequate service conditions,
then it is required to eliminate the cause immediately and take preventative actions against repetitions.

4. Step 10 assumes recalculation of physical deterioration of the surveyed object (Fy) taking into
account the executed corrections of physical deterioration of structural elements (Fs) by the following
formula [21]:

i=k
Fy = Z Fsei X 1; (1)
i=1

where Fs - physical deterioration of the separate construction, element or system, %;

li — coefficient, which corresponds to the part of recovery cost of the separate construction, element
or system in the total recovery cost of the building.

Conclusions

One of advantages of the method is possibility of monitoring of dynamics of change of technical
condition of an object by results of the general inspection based on the analysis and testing payment
using the data of visual survey. Cost of this work is not high as special tools and equipment are not
required. It will allow the operating company to order this service and in interstandard terms (more often
than once in 10 years).

Thus, in spite of the fact that costs for application of the technique are not big, its application will
allow to find mistakes during inspections or inadequate service conditions, that finally will be reflected in
the maximum approximation of calculation of the planned and actual costs of carrying out repair and
construction works.
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Modeling of indentation and slip of wedge punch
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Abstract. To determine the load-carrying capacity of the drillpipe slip, it is necessary to calculate
the drag force on the surface between the pipe and the slip. To improve such capacity, the grip surface is
provided with teeth that can indent into the pipe body. As a result, the friction force on the contact surface
is supplemented with the drag force generated by plastic shear strain of the pipe body. The paper
presents an analytic dependence of the indentation force of an ideal (untruncated) and non-ideal
(truncated) wedge punch that models tooth operation on the indentation depth and friction factor on the
punch lateral face both for shallow (with prevailing elastic strain of the gripped body) and deep
indentation (with prevailing plastic strain). Multiple computational experiments were performed to identify
parameters of the proposed formula. Such computations were complemented with determination of the
punch drag force dependence on the indentation depth during punch shearing. The developed model
was verified by experimental studies of punch indentation and slip as well as indentation and drag force
measurements. The obtained results proved the high level of accuracy of the analytical indentation force
model. The outcome of drag force determination experiments was further used to calculate the slip load-
carrying capacity.

AHHOTauuA. Npu onpegeneHun Hecyllen CnoCoOHOCTU KIMMHOBOro 3axBaTa OypurbHbIX TPyO
BO3HMKAET npobrnema pacyeTa Curbl KOHTAaKTHOrO COMPOTUBMNEHNST HA NMOBEPXHOCTU pa3fena 3axeBaTta U
yOEPXKMBAEMOW WM  KOHCTPYKUUKM. [Ns NOBbIWEHUS HAOEeXHOCTU MOBEPXHOCTb 3axBaTbIBAKLLENO
yCTponcTBa cHabxaeTcsl 3yOuamu, KOTOpble MOryT BHEOPATbCHA B TENO KOHCTPyKuuu. B pesynbraTte
Hapsidy C CWUMOW TPEHMS HAa KOHTAKTHOW MNOBEPXHOCTU OyaeT [OMOMHWUTENbHO AEWCTBOBATb Cuna
COMNpPOTUBIEHUS, Bbi3BaHHAsA Mractudeckon gedopmauven Tena npu capure. B crtatbe npegnoxeHa
aHanuTu4eckasi 3aBUCUMOCTb A1 CUMbl BHEAPEHMS LUTaMNa naeanbHon (HeyCeYeHHON) N HeraeanbHon
(yce4yeHHON) KnMHOBMOHOW cpopMbl, Mogenupyowero paboTy 3ybua, B 3aBUCMMOCTM OT [NyOuvHbI
BHEOpPeHUs U koadhpuuneHTa TpeHuss Ha OGOKOBOW MOBEPXHOCTU LITamna Kak npu Hernybokom (c
NPeuUMyLLECTBEHHO yNpyrMM [gecdopMupoBaHMeEM 3axBaTbiBAEMOro Tena), Tak M npu  rrnybokom
BHEOPeHMM (C MNpPEeUMyLLeCTBEHHO nnacTtudeckum aecdopmupoBaHvem). Ona  mnaeHTudukaumm
napameTpoB MNpenfioKEHHON OopMyrbl  ObiNM  BbIMOMHEHbI MHOTOBApPUaHTHbIE  BbIYUCITUTESNbHbIE
3KCNepuMeHTbl. PacyeT JononHancsa onpenereHnemM 3aBMCUMOCTU CUIbl COMPOTUBIEHUS LWITaMna npu
caBure ot rnyouHbl BHegpeHuda. C uenbto Bepudmkauumn paspaboTaHHOW MoAenu Obiu NpoBeneHbl
3KCMepMMeHTanbHble UCCNeaoBaHMA MPOLIECCOB BHEOPEHWs M CABUra wTamna C W3MEPEHUMEM CWU
BHEAPEHMS U COMpPOTMBNEHUdA. [lonyyeHHble pes3ynbTaTbl MOATBEPOUIIM  BbICOKYKD  TOYHOCTb
aHanMTUYecKo MOAEenu LNA Cunbl BHeApeHus. PesdynbTaTbl 3KCMepMMeHTa C onpefefieHueM Curbl
CONpPOTUBMEHUSA ObiNn B AanbHENLIEM WCMONMb30BaHbl AN pacyeTa yAepXuBalLleh Cunbl KIMHOBOIO
3axBara.
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Introduction

Slips, slip elevators, spiders, etc. have been widely used as oilfield service tools to hold drillstrings,
drill collars and casings acting as a wedge [1] (Fig. 1). A pipe in a slip with a conical bearing surface is
subjected to compound loads comprised of axial tensile, compression and bending stresses. To increase
the holding force, the bearing surface of the gripping device is provided with teeth that can indent into the
pipe body. This generates additional drag force on the contact surface resulting from plastic strain of the
pipe surface as it shears relative to the slip that supplements the friction force.

Figure 1. Slip scheme

The Reinhold-Spiri equation [2] accounting for the maximum breaking stress limit being equivalent
(von Mises) stress is used in drilling mechanics to determine the holding force. Pipe failures in slips
during deepwater drilling in the 1990s and full-scale experiments demonstrated that in some cases the
Reinhold-Spiri equation could provide a non-conservative estimation [3]. This results from pipe strength
reduction as its surface is damaged by teeth.

An accurate model of contact interaction of the pipe contact surface with the gripping device
equipped with teeth of various forms is required for better understanding of causes of pipe breaking in a
slip. Such model is based on a single tooth model where such tooth can be considered as a wedge
punch: ideal (untruncated) or non-ideal (truncated).

Finite element (FE) modeling of the indentation and scratch processes of a wedge-shaped indenter are
considered in [4-8], while experimental investigations are discussed in [9-11, 6, 5]. However, a universal
analytical description, which takes into account the wedge geometry, process staging and friction, which
oriented to practice, was not proposed.

The purpose of this study is to develop a unified universal model of deep and shallow indentation
and shift of an ideal and non-ideal wedge-shape punch, taking into account the dependence of force on
the depth of the indented tooth, its geometry and friction on the lateral surface. To achieve the goal,
analytical and experimental studies along with numerical simulations are carried out.

The analytic dependences for the indentation force from the depth of wedge teeth indentation into the
pipe body are developed for the most common shapes of teeth used in oilfield service tools. In case of shallow
(elastic) truncated wedge indentation, it is offered to use known solutions of the linear elastic problem of
rectangular shaped punch pressure on half space. The dependence of indentation force on indentation depth
and friction factor on the lateral wedge face in case of deep (plastic) indentation is more complex. Parameters
of such dependence were identified by multiple FE method computations, where the wedge drag force
dependence on the indentation depth during its shearing was additionally calculated. The calculations used
both the simplest rigid ideally plastic models [12-14] and elastic-plastic models with nonlinear
hardening [15-17].

The developed model is verified by multiple experimental studies of indentation and shift with
indentation, breakout and drag force measurements. The obtained results proved the high level of
accuracy of the proposed models and can be used to calculate the force of pipe holding in a slip.
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Experimental Data

The experimental setup used for wedge punch (single slip tooth) indentation and shear testing was
comprised of Instron 8801 multipurpose test system with additional accessories (Fig. 2) to create force
normal to the main force generated by the test system. Instron 8801 is a servohydraulic testing system
with a maximum load capacity of 100kN and stroke of ~ 80mm. The force measurement accuracy is
+0.5 % of indicated load (load cell capacity 1:100), crosshead position measurement accuracy is =1 um.
Accessories (Fig. 2) include tooth holder 1, lower table 2 with above installed U-shaped frame 3. Pipe
segment 4 is installed on lower table 2 on special mandrel 5. The mandrel is installed on roller guides 6 to
reduce the measurement error. Besides, movement in the perpendicular plane is limited by four
adjustable rollers 7 to exclude any movement normal to the applied shear force. Shear force (marked
with a blue arrow in Fig. 2) is generated by jack 8 actuated by a manual pump, force is measured with
load cell 9 with an accuracy of £200 N. Shear is measured with LVDT transducer 10 with an accuracy of
+1 pm fixed on frame 3.

Figure 2. Single tooth test setup
The test program was as follows:

—The tooth was indented to a set depth with the multipurpose test system with simultaneous
recording of the indentation diagram using the developed software;

— While the constant indentation depth was maintained, the pipe segment was sheared in relation
to the tooth using the jack driven by a manual pump with simultaneous recording of the indentation force
and shear force vs. shear diagram using the developed software.

Figure 3 presents the results of single tooth indentation into the pipe segment for as-received and
ground surfaces and three depths (~150 pum, ~350 um and ~750 um). The diagrams were plotted by
averaging of three tests with further correction for the system compliance. Based on the above diagrams,
the indentation curves for corroded surfaces feature a sufficiently large statistical variability while ground
surface curves practically do not demonstrate such variability.

It was established that indentation depth during testing should be measured excluding as many
compliant elements as possible. Optimally, noncontact measurement methods should be used that
measure the distance between the tooth and the pipe segment.

Figure 4 presents shear curves for various depths and surface conditions. Such curves
demonstrate sensitivity both to the indentation depth and surface condition. The appearance of
specimens after the shear tests is shown in Figure 5.
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Figure 3. Sample experimental indentation curves

Figure 4. Sample experimental shear curves

a) b) c)

Figure 5. Appearance of specimens after indentation with further shear tests.
Initial indentation depth: a) 150um, b) 350um, c¢) 750um

An interpolation surface (Fig. 6) was plotted for ground specimens based on the test results, which
represented shear force dependence on the indentation depth and shear.
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Figure 6. Interpolation surface of shear force dependence on indentation and shear

The resulting dent profiles were measured at the indentation depth of 150um (ground surface)
(Fig. 7). Depth was measured with MIG measuring head in the grooved section (accuracy +1um) and a
dial gauge in the “crest” section (accuracy £10um). Positioning in the shear direction was ensured by the
lathe carriage with an accuracy of £50um.

A section with newly formed smooth surface (about 2mm in the shear direction) and a ruptured
section can be distinguished on all the tested specimens. The correct description of the ruptured section
requires utilization of fracture mechanics methods [18, 19].

Figure 7. Dent profiles for the initial indentation depth of 150um
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Approximation of indentation curves of ideal (untruncated) and non-ideal
(truncated) wedge punch

Mathematical formulation of indentation model

The representative experimental indentation curve (plotted by averaging of multiple tests) of a
symmetric wedge punch with a rectangular flat base (Fig. 8) takes the form of a monotonic increasing
dependence of force on indentation depth F = F(h), tending to an oblique asymptote not passing

through the origin of coordinates.

Figure 8. Representative experimental indentation curve (left) of a wedge punch with
arectangular flat base (right) (W=381pm, 1=4.826um, =30°)

To approximate indentation curves of ideal and non-ideal (flat base) wedge punches F = F(h),
this paper proposes to use the following equation:

_Kep
Fz(kph+F0) 1-e P |, (1)
which at h — oo asymptotically tends to the straight line:
F=k,h+F, 2)
and at h — 0 to the straight line:
F =k.h. (3)

Equation (1) uses three parameters: K., kp, F,, which characterize the initial and final slopes of the
indentation curve and the height of asymptote intersection with Y-axis (Fig. 9):

O
dh h—0
_drF @)
P dh h—ow

F, =[F(h)—kph]h_m
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The validity of equalities (4) can be easily verified using equation for the derivative of F(h) function
(1):

,kih —k—eh
(::;:kp 1-e P +(kph+ FO)IEGe fo (5)
0

The choice of the exponent function used to describe the nonlinear indentation curve segment is
proved by the calculation data, which does not preclude searching of any alternatives.
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Figure 9. Approximation (1) of the indentation curve of a wedge punch with a rectangular flat base
and geometric interpretation of its parameters

To analyze processes of indentation of non-ideal (truncated) wedges to considerable depths
h > w/7, where w is the truncated wedge base width, linear approximation (2) can be used instead of
(1), which differs from (1) by less than 0.1% for typical values of used wedge parameters. When
indentation processes of ideal (W= 0) wedges are analyzed, there is no pressure contribution in the
area perpendicular to the action of force (F, =0) and it would be reasonable to use the simplified

equation

F=kh. ®)

Approximation in the form of Eq. (1) using three parameters K, K, F, can be justified by the

ability to estimate the latter based on the known analytical solutions of contact problems in the context of
the theory of elasticity (for K, ) and theory of plasticity (for kp, Fy). It should be noted that, in the general

case, parameters ke,kp, F, admit dependence on the wedge geometry and mechanical properties of
the indenting and indented material. Analytical solutions help define the above dependences concretely.

Elastic and plastic analytic solutions

At the initial stage (h — 0) of indentation of a wedge punch with a flat base, solution of the linear
elastic problem of punch pressure with a rectangular base on half space [20, 21] can be used:

E ﬁﬁh

1-vZ m

F= ()
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where E is Young's modulus, V is Poisson's ratio, W is the truncated wedge base width, | is the
truncated wedge base length, M is the parameter determined as the ratio of the base sides (if |/w=10

m=0.71, Fig. 10). Eq. (7) was derived by generalization of the solution of the Boussinesq problem on
the action of a normal concentrated force on the surface of elastic half-space. It should be noted that
solution (7) was derived based on the assumptions of infinitesimal mechanics, where small strains are
assumed and the difference between the actual and reference configurations are neglected. In this case,
the form of the wedge side face is not crucial, only the truncated wedge base sizes are essential. The
solution is true for very weak indentation forces only and, therefore, for shallow penetration depths (
h — 0), when the plastic zone and contact on the side wedge faces may be neglected. When solution
(7) was derived, it was assumed that contact pressure was evenly distributed, there was no friction and h
was assumed as the average displacement value under the punch. Such conditions are not crucial as the
difference from the solution for the rigid punch (constant displacements and variable contact pressures) is
about 8% [20].

1.0
0.8 S
0.6 \\\ —
S

0.4
0.2 exact m(l/w)

) - - - - approximation m=1/1+0.041/w)
0.0 : ; .

5 10 15 20
|/w

Figure 10. Parameter m in Eq. (7) vs. base side ratio I/w. The simplest approximation of this
dependence within the range up to l/w<20is m =1/(1+ 0.041 / w)

Comparison of Egs. (7) and (3), get an estimate of the initial indentation curve section slope:

k, = E \/mz EZM(H—) 8)

I
1-vi m 1-v 25w

For the considered case with E =210GPa, v=0.3, w=381 um, | =4826 um,m=0.67 :
K, =467 N/um. 9)

At the stage of deep (h — o) indentation of an ideal wedge punch, the solution of the rigid ideally
plastic problem can be used accounting for geometric similarity of transient plastic flow at plane strain.
For the indentation case without friction in [12], the following equation is proposed for the resulting
vertical load on the wedge during indentation:

F oy @+ 49_)S|n 7 (10
V3 cosy —sin(y —0)

where o, is the yield stress, y is the wedge half-angle, 0 is the angle implicitly defined by the equality
cos@ = [cos y —sin (y — O)[cos(y — 8)+sin y] (Fig. 11).
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Figure 11. Rigid wedge indentation in half plane. The plastic zone is highlighted in grey

Correlation of Eq. (10) with (6) results in the equation for the final penetration curve section slope:
_4oy | (1+6)sin y

k,= ; . 11
P J3 cosy—sin(y-6) ()

The equation for an ideal wedge with o, =660 MPa, | = 4826 um, y = 30°:
kp, =7.41 N/jum. (12)

Analytic solutions similar to (10) can be derived for the case of wedge indentation with taking into
consideration the friction [13, 14, 10]. Curves corresponding to elastic solution (7) and a series of rigid
ideal plastic solutions for various friction coefficients x are shown in Figure 12.
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Figure 12. Linear approximations of indentation curve based on analytic elastic and
plastic solutions with various values of friction coefficient u

There are two causes of mismatch of curves plotted based on the ideal plastic solution with the
experimental curve shown in Figure 8. First, different geometry: truncated wedge in the experimental
studies and ideal (untruncated) wedge in the analytic solution. Truncation additionally contributes to the
resulting pressure force acting on the wedge base area, which raises the indentation curve. This is
proved by experimental results [22] and FE computations (Fig. 13). The quoted results require
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consideration of FO(W) in model (1). Second, real material hardening that is not considered in the

analytic solution obtained based on the ideal plastic model. Comparison of analytic indentation curves for
an ideally plastic material with FE solutions (Fig. 14) that consider hardening shows slope increase by
20-30 % due to hardening.
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Figure 13. Indentation curves of truncated wedge punches with various base dimensions w
plotted based on FE computations (u = 0)
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Figure 14. Effect of hardening on the slope of wedge punch indentation curves (w = 0)

The analytic solutions of simplified elastic and plastic indentation problems provided above enable
to determine the linear character of indentation force dependence on its depth for the studied idealized
loading cases and wedge geometry and get explicit dependences of respective slopes of indentation
curves on such parameters as E, Vv, oy, M |, etc. In the general case of truncated wedges and
hardening of the indented material, FE computations are required to identify the parameters kp, F, of
model (1) that characterize the process of indentation at various developed plastic strains. The parameter
ke that characterizes the initial stage of indentation can be completely determined by Eq. (8).
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Identification of k, and F, for a truncated wedge

Assume that the parameters kp, F, depend on the truncated wedge base width W and friction

coefficient 4. To identify the specified dependences, multiple computational experiments were performed
for four values of W =0 um; 190.5 um (50 % of the standard value); 381 um (100%); 571.5 um (200%)
and three values of £=0; 0.2; 0.4. The results of computations are shown in Figure 15.
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Figure 15. Indentation curves of a wedge punch with various base dimensions w and values of
friction coefficient ¢ plotted based on FE computation results

The model of an elastic-plastic body with nonlinear hardening (see for details [15-17, 23, 24]) was
used for FE computations. The experimental stress-strain curve is shown in Figure 16. It is plain that its
ideally plastic approximation is crude enough. Computations were made by multiplicative decompaosition
of the strain gradient into elastic and plastic parts. Dissipation along the contact line due to the Coulomb
friction was considered along with volume plastic dissipation.

Figure 16. Stress-strain curve used in FE computations

CemenoB A.C., CemenoB C.I'., MenvnukoB B.E., Tuxonos B.C. MogenupoBanue BHEAPEHUS U CABUIA IITaMIia
KIMHOBHUIAHON (popmel // UkeHepHO-CTpouTE bHBIH KypHa. 2017. Ne 6(74). C. 78-101.

88



Magazine of Civil Engineering, No. 6, 2017

An indentation in computational experiments was modelled by rigid indenters with various wedge
base width values. Computations were made under assumption of the plane strain conditions. The results
of computations are provided in Figure 17.

W=0pm W=190.5 pm

W= 381 um W=571.5 pm

Figure 17. Deformed states after indentation of wedge punches
with various base dimensions w

The slopes of asymptote kp and the heights of asymptote intersection with Y-axis determined based
on the calculated indentation curves presented in Fig. 9 are provided in Tables 1 and 2.

Table 1. Slopes of asymptote kp [N/um] vs. wedge base width w and friction coefficient u

u=0 u=0.2 u=04
w =0pum 9.66 13.9 16.4
w =190.5 um 12.3 16.7 18.7
w =381.0 um 15.6 19.3 21.4
w =571.5 um 18.1 21.8 23.5

Table 2. Heights of asymptote intersection with Y-axis Fy [N] vs. wedge base width w and

friction coefficient

u=0 #=0.2 u4=04
w=0pm 0 0 0
w =190.5 um 2095 2029 2013
w = 381.0 um 3835 3787 3748
w =571.5 um 5548 5481 5469
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The graphic presentation of the parameters kp and Fo is shown in Figure 18.

Figure 18. Dependences of K (W, ) and F (W, x)

Constants of bilinear, biquadratic and mixed approximation of K (W, ) and Fj(w,u) were
determined using the least square method.

For bilinear approximation
k,=A+Bw+Cu (13)
the constants take the following values
A=10.2915 N/um
B =0.01381 N/um2 (14)
C =15.2125 N/um
The root mean square (RMS) error in this case is x=0.358.
For biquadratic approximation
k, = A+Bw+Cp+ Dw? + Qu® + Pwu (15)
the constants take the following values
A=9.56917 N/um

B=001586  N/um’
C =26.62 N/um

D =-1.4696-10° N/um?® (16)
Q=-24.1875 N/pm
P=-0.00606  N/um’
The RMS error in this case is x=0.0267.
For mixed approximation
k, = A+Bw+Cpu+ Dy’ 17)

the constants take the following values
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A=9.969  N/um
B=0.01381 N/um’
C=2489  N/um
D=-2419 N/um

(18)

The RMS error in this case is x=0.0810.

The dependence Fo (w, ,u) (Fig. 12) demonstrates almost total absence of y effect on FO, and

the dependence F,(W) is close to linear, therefore, assume that

Fy =G+ Hw, (19)
where the best values of constants are as follows
G=95 N -
H=9.6 N/um (20)

It should be noted that constant G is small as compared to the observed levels of F (thousands
and tens of thousands Newton) and it may be neglected.

The constants from (14), (16), (18), (20) fit the case of | =4826 um and should be changed
proportionally to the changes in the wedge base length I.

Visual analysis of functions K, (W, ) (Fig. 12) demonstrates that dependence K, (W) is very

close to linear, while kp (1) is nonlinear. Therefore mixed approximation (17) will be further considered

as the principal one. Usage of approximations (17) and (19) is equivalent to development of an
indentation model based on two hypotheses:

Linear dependence of slope kp and shear in Y direction FO on the base width w;

Quadratic dependence of slope kp and independence of Fo from the friction coefficient .
Thus, based on (17) and (19), approximation (1) can be presented as

F(h; W,y):[(A+Bw+Cy+ D,uz)n+G+Hw] 1—e7ﬁh : (21)

Comparison of approximation (21) with results of FE computations demonstrated (Fig. 19) good
accuracy in a wide range of the parameters W and /4 .

Dependences F(h, ) at four different values of W and F(h,w) and three values of u

demonstrate (Fig. 20) that W has a dominant impact on the indentation force of the two considered
parameters W and u . If the friction coefficient ¢ has a fixed value, approximation (21) will be simplified:

_ ke h
F(h; w)=[(A+Bwh+G+Hw || 1-e GHw | (22)

If the base width value W is fixed, approximation (21) takes the following form:

F(h; u)=|(A+Cu+Dp’h+G' |-e2") (23)
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Figure 20. Parametric analysis of approximation (21)

The size of the area of the nonlinear (transition) indentation curve section at the deviation from the

linear approximation of 5= 1 %, neglecting G and assuming that ke is constant, can be roughly estimated
based on the relationship

H In 0.01
510 z—k7WzW/10. (24)
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If the deviation from the linear approximation 6=0.1%:

Hlin 0'001szl7. (25)

019 ~ —
e

For a more accurate estimate, the following equation should be used
1-v? o (HW+G)Ih &
E Jwl

For the set of parameters E =210GPa, v=0.3, w=381 um, | =4826 um, m=0.67, obtain

hs = (26)

To determine the coefficients of Eq. (21), both experimental and FE results can be used.

Subject to the plane strain state condition (W << |), it is possible to consider the dependence on |
explicitly and use the following approximation instead of (17) to calculate kp

kpz(ﬂ+§w+c_2,u+5,u2)l, @27)

where the constants are obtained by dividing the values of constants from (18) by | = 4826 um:

A =0.207 N/pum?
B =0.00000286 N/um?
C =0.00516  N/um® @9
D =-0.00501  N/um?

Eq. (19) can be modified for Fo in a similar way
F, = (G + Aw)l, (29)

where the constants take the following values

G =0.0197 N/um

_ (30)
H =0.00199 N/um?

Based on the obtained results (27) and (29) and the explicit equation of ke in terms of W and | (8),
if 1/20 < W/l << 1, the following formula should be used instead of (21):

E M(lazl \ h,

Fh; w ) =|(A+Bw+Cu+Du?)h+G +Hw |I|1-e (31)

Identification of parameter k, for untruncated (ideal) wedges

Symmetric untruncated wedges (Fig. 21a) can be considered as a special case of symmetric
truncated wedges at w=0 (see Fig.2). Unsymmetric untruncated wedges (Fig. 21b) should be
considered separately. However, based on the experimental and FE computations data, both cases allow
for linear approximation (6)

F=kyh. (6)
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Figure 21. Symmetric (a) and unsymmetric (b) untruncated (ideal) wedges

It is assumed that the parameter kp depends on the friction coefficient 4. Computational

experiments were performed to identify the above dependence for three values of 4 =0; 0.2; 0.4. The
results of FE computations are provided in Figure 22,
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Figure 22. Indentation curves of symmetric (a) and unsymmetric (b) untruncated wedge
punches at various friction coefficients u, obtained using FE method

The model of an elastic-plastic body with nonlinear hardening was used for the indented material in
FE computations. The strain diagram obtained from experiments and used for computations is shown in
Fig. 16. A rigid indenter was used for indentation. Computations were based on the plane strain state
hypothesis. Computation results are shown in Figure 23.

a) b)

Figure 23. Strain state during indentation of a symmetric (a) and
unsymmetric (b) untruncated wedge punches

The asymptote kp slope values determined by the predicted indentation curves shown in
Figure 22 are provided in Table 3.
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Table 3. Asymptote kp [N/um] slope values vs. friction coefficient u

u=0 u=0.2 u=04
Symmetric wedge 30°/30° 9.55 13.7 16.1
Unsymmetric wedge 60°/30° 24.2 28.6 29.9

The graphic representation of the parameter kp vs. u is shown in Fig. 24. Dependences for

symmetric and unsymmetric wedges are practically similar. The only significant difference is the height of

the intersection point with Y-axis.

Figure 24. Dependence

Ky (1)

The quadratic approximation constants kp (u) were determined using the least square method:

kp=A+Cu+ Dy? (32)
the constant values for a symmetric wedge are:
Agor30 = 9.95 N/um
Cs0/30 = 25.13 N/um (33)
Dyy/50 =-21.88  N/um
the constant values for an unsymmetric wedge are:
Ago50 =24.20 N/um
Ceo/30 =29.75 N/pum (34)
Dgo/z0 =-38.75  N/um
The above constants are valid for | =4826 um and should be changed proportionately to the

changes in the wedge base length |.

Some difference of the constant values (33) as compared to (18) (also describing the untruncated
wedge behavior at w=0) is due to the fact that the constants (18) were obtained from a wider
calculations database that accounts for w variations and therefore provides a less correct prediction for

the case under consideration.
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Based on (32), approximation (6) can be rewritten as
F(h; u)=(A+Cu+Dp?)h (35)

It is obvious that Eq. (35) can be considered as a special case of function (21).

Comparison of approximation (35) with FE computation data showed (Fig. 25) good accuracy in a
wide range of parameter ¢ variation.
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Figure 25. Comparison of predicted indentation curves of symmetric (@) and unsymmetric (b)
untruncated wedge punches with approximation (35) at various friction coefficients f.

Subject to the plane strain state condition (w<<lI), it is possible to consider the dependence on the
wedge length | explicitly and use the following approximation instead of (23) to calculate kp

kpz(K+C_3,u+5,u2)|, (36)
where the constants are obtained by dividing the values of constants from (33) and (34) by | = 4826 um.
For a symmetric wedge, such constants are as follows:

Agy/30 =0.00198  N/um?
Ca0/30 =0.00521  N/um? (37)
Dag/30 =-0.00453  N/um?
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and for an unsymmetric wedge, such constants are as follows:

Ao =0.00501  N/um?

Copzo =0.00616  N/um’ (38)
Dyos0 =-0.00803  N/um’

If approximation (32) is substituted by (36), the following equation that comprises explicit
dependence on the wedge length | can be considered instead of (35):

Fh; 1) =(A+Cu+Du?)nl. (39)

It should be noted that both experimental and FE computation data can be used to determine
constants of Egs. (35) and (39). Approximation (39) is valid only if W << | and its factors can be obtained
using 2D FE analysis.

Results of FE modeling of slip of indented tooth

Obtaining of universal analytical estimations to describe the transient indented tooth slip process is
an independent and quite difficult problem. Such problem is confined below to consideration of 3D FE
modeling of the single tooth slip and experimental data. In future they can be useful for development of
an analytical tooth breakaway force model.

Figures 26 and 27 show the results of FE computations of single tooth indentation to a depth of
150 um with its further slip. The problem was solved for the symmetric case.

Figure 26. Plastic strain intensity field distribution during tooth indentation

Figure 27. Plastic strain intensity field distribution during indented tooth slip
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According to the figures, the material is subjected to a considerable plastic strain when a bed is formed
in front of the slipping wedge even at shallow indentation depths. The effect of the side edge and 3D strain is
shown in Figure 27. It results in a smaller bed formed in front of the tooth near the side edge, besides an
additional lateral face is formed where tribological phenomena are also taking place.

Figure 28 shows tooth slip diagrams drawn based on 2D and 3D FE solutions. The tooth was
assumed to be a rigid body. Oscillations on the assumption slip diagrams are attributable to
inhomogeneity of the dynamic process of slipping during shear. It should be noted that similar oscillations
are also present on the experimental diagrams (see Fig. 4). Figure 28 shows a smooth monotone
approximation derived by averaging of several tests results. The comparison of the solutions in 2D and
3D statements enables to assess the effect of side edges and 3D strain state close to such edges. Such
effect does not exceed 10 %.

The solution of this boundary value problem accounting for the nonlinearities of three types
(plasticity, finite strains, and contact with friction) requires effective computation methods [24], detailed
spatial discretization and a considerable amount of time increments for convergence of iterative
procedures. The geometrically nonlinear problems were solved using FE software MSC.Marc [25]. The
Lagrange updated formulation was used. The model of elastic-plastic body with nonlinear hardening was
used for the indented material in FE computations (Fig. 16). Computations included multiplicative
decomposition of the strain gradient into the elastic and plastic parts.

Figure 28. Single tooth shear diagrams

The comparison of the computational and experimental shear diagrams demonstrated satisfactory
accuracy (less than 15 % for the shear of up to 500 um), therefore the computational diagrams may be
used as the basis for assessment of the punch indentation force and punch breakaway drag force during
its shearing as a function of indentation depth. A limitation of such approach is the need to perform new
FE computations for each new punch size, configuration and each material grade. This requires
development of universal analytical models to describe the slip process similar to those proposed above
(see e.g. (35), (40), (41)) to describe the indentation process.

Discussion

The results of analytical [12-14, 20, 21, etc.] and experimental [9-11, 6, 5, etc.] studies of the
processes of teeth indentation in to the elastic [20, 21, etc.] and plastic [12-14, etc.] continuum are widely
presented in the literature. However, there is no unified model of deep and shallow indentation processes
of an ideal and non-ideal wedge-shaped punch, taking into account the dependence of force on the depth
of the indented die, its geometry, plastic hardening of material and lateral friction, which is oriented to the
determining the load bearing capacity of gripping devices for drillpipes. In this paper, an attempt is made
to construct a similar unified model based on the unification and generalization of known analytical
solutions, as well as identification of model parameters based on multivariant finite element computations
and its experimental verification.

The proposed analytic dependence of the indentation force of an ideal and non-ideal wedge-
shaped tooth with symmetrically sloped sides (30°) and unsymmetrically sloped sides (30°/60°) modeling
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tooth operation as a function of indentation depth and friction coefficient on the punch lateral face both for
shallow and deep indentation is determined in general case by the expression:

ke

F(h; ) =[(A+Bw+Cu+Du?h+G+Hw || 1-e G | 21)

Simplified version of (21) in the form of the linear approximation (6) can be used to analyze the
process of indentation of ideal (untruncated) symmetric and unsymmetric wedges, which in expanded
form (35) allows for the following representation:

F(h; 1) =(A+Cu+Dy?)h, (35)
which constants are determined according to (33) for a symmetric wedge and according to (34) for an
unsymmetric wedge. An analogous (linear in respect to h) dependence is considered in [13].

Linear approximation (2) can be used to describe the process of non-ideal (truncated) wedge
indentation to considerable depths (h>Ww/7, where h is the indentation depth, w is the truncated wedge

base width), which in expended form (obtained for special case (21) at high h/Wvalues) can be rewritten
as:

F(h; W, 22) = (A+Bw+Cu+Du?)h+G + Hw, (40)

where the constants for a symmetric wedge are determined according to (18)-(20).

Nonlinear approximation (1) should be used to analyze the process of truncated wedge indentation
to shallow depths (h<w/7), which in expended form (obtained for special case (31) at low h/W) can
be rewritten as:

_Qdw
F(h; w,y)=[(A+ Bw+Cu+ Dyz)h+G+HW] 1-e G+Hw | (41)

where Q =23.9 N/},Lm?’/2 and the remaining constants A,B,C,D,G,H are the same as the above
factors for considerable indentation depths (18)-(20).

The form of introduced approximations is based on the analysis of experimental indentation curves
and analytic solutions of the boundary value elasticity and plasticity problems. The constants of the
introduced approximations were obtained by the least square method based on the results of multiple FE

computations and agree with the available experimental data. The ranges of the valid argument
variations, for which the approximation is kept interpolational are:

Opum<h <150 um,
Opum<w<571.5um,
0<u<04.

The wedge base length | and the wedge half-angle y were assumed fixed | = 4826 um, y= 30° to
determine the approximation factors. Subject to the condition W <<I, it is possible to use the
approximation that explicitly provides for the dependence on |, as (39) for untruncated and (31) for
truncated wedges. Cases with ¥ # 30" require further study, which can be performed in a similar way, if
necessary, based on multiple computational experiments.

Conclusion

A simplified analytical model was proposed to determine the indentation force of an ideal
(untruncated) and non-ideal (truncated) wedge punch with symmetrically sloped sides (30°) and
unsymmetrically sloped sides (30°/60°) modeling tooth operation as a function of indentation depth and
friction coefficient on the punch lateral face both for shallow (mostly typical of elastic strain) and deep
(mostly typical of plastic strain) indentation. The developed models closely agree with the FE analysis
and experimental data.
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The FE modeling of single tooth indentation and slip was performed with using 2D and 3D models.
The comparison of the computational slip diagrams with the experimental data demonstrated satisfactory

accuracy, therefore such computational diagrams may

be used as a basis for assessment of punch

indentation, breakaway and drag forces during its shearing as a function of the indentation depth.

The obtained results can be used to develop a holding force model for a multi-tooth slip.
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Ground moisture phase transitions:
Accounting in BHE’S design

da3zoBble Nnepexonbl Bnaru B rpyHTe:
Y4yeT npy NpOeKTUPOBaHUMN MPYHTOBLIX TEMNNTO0OMEHHNKOB
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Abstract. The results of numerical and experimental studies devoted to the evaluation of the effect
of phase transitions of pore moisture in the soil mass surrounding the borehole heat exchangers (BHE)
on the thermal conductivity of the adjacent soil and on the temperature of the coolant circulating through
the heat exchanger are presented. A mathematical model is presented that allows one to describe the
spatial non-stationary thermal regime of a soil massif with BHESs, taking into account the processes
associated with phase transitions of moisture in the pore space of the soil. This mathematical model is
based on the method of accounting the latent heat of phase transitions of pore moisture in the ground by
the use of such a parameter as the "equivalent" thermal conductivity. The essence of the method is to
take into account the heat of phase transitions of pore moisture in the ground by introducing a new
"equivalent" thermal conductivity of the soil, consisting of the direct thermal conductivity of the soil and an
additive that is responsible for the freezing / thawing of pore moisture. The methods, equipment and
results of experimental studies on the «equivalent» thermal conductivity of soil accounting the phase
transition of pore moisture during freezing and thawing performed in laboratory on the test bench
simulating borehole heat exchangers working conditions are described. The results of the simulation
illustrate the need to take into account the phase transitions of the ground moisture in the ground during
the design of BHEs. The effect caused by pore moisture condensation during the operation of BHEs and
the associated intensification of the processes of heat exchange was experimentally observed.

AHHOoTaumMa. B cTaTbe npuBedeHbl pesynbTaTbl YUCIIEHHbIX W 3KCMEepPUMEHTarbHbIX
nccrenoBaHui, MOCBSILLEHHBIX OLEHKe BRUSHUA hasoBbiX NMEpPEXOoOoB MOPOBOW BrnarM B PYHTOBOM
MaccvBe, OKpYXKaloLleM TEepPMOCKBaXWHbl, Ha TEMNoNpPOBOAHOCTb MPWIEralollero rpyHTa M Ha
Temnepatypy  TEMNOHOCUTENs,  UMPKynvpytlollero  yepe3  TennoobmeHHuk.  [peacTaeneHa
matemMaTnyeckass Modernb, MO3BonsALWas onucaTb MPOCTPaAHCTBEHHbIN HeCTaLMOHapHbLIN TennoBow
PEeXWM TPYHTOBOrO MaccuBa C TEPMOCKBaXKMHaMM C YYETOM MPOLIECCOB, CBSI3aHHbIX C (ha30BbIMU
npeBpalleHMsIMM  Bnarm B MOPOBOM MPOCTPAHCTBE rpyHTa. [aHHas MaTemaTtudyeckas Moferb
OCHOBbIBAETCA Ha MeTode y4YEéTa CKpbITON TennoTbl ha3oBbIX NMEpPEXoAoB MOPOBOV Barn B rpyHTe 3a
CYET MCMONb30BaHMSA TaKoro napamMeTpa, Kak «3KBMBarleHTHasi» TennonpoBogHocTb. CyTb MeToda
COCTOUT B TOM, YTODObI y4YecTb TEnnoTy pa3oBbiXx MEpPexofdoB MOPOBON BMnar B FPyHTE C MOMOLLbIO
BBEOEHUS HOBOW «3KBMBArIEHTHOM» TEnronpoBOAHOCTU TPyHTa, COCTOSILLEA W3 HEMNOCPedCTBEHHO
TENMONPOBOAHOCTM [pyHTa W [obaBku, y4YWTbIBalOLLE 3aMep3aHue/oTTaumBaHWE MOPOBOW Briaru.
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OnucaHbl MeToabl, obopygoBaHve W pesynbTaTbl JKCMEPUMEHTarnbHbIX WCCNEAOBaHWA MO OLEHKe
«3KBMBANEHTHOM» TENMONPOBOAHOCTU PYHTA, y4uTbiBalOWen as3oBbi nepexon NnopoBOM Bnaru fnpu
3aMopaxvBaHMM M OTTamBaHUMU [PYyHTa, BbINOMHEHHble B  nabopaTopHbIX  YCNOBUSIX  Ha
3KCMepuMeEHTaNbHOM  CTeHAde, MOAENUPYIOLLEM  SKCNITyaTauMOHHbIE  PEXMMbI  TEPMOCKBaXWH.
PesynbtaTtamMm MogenupoBaHusa MNpOUNCTpypoBaHa HeobxoaMMocTb Yy4yéTa (has3oBbiX MNEPEXonoB
nopoBoW BnarM B rpyHTe npu npoektupoBaHun [TCT. OkcnepumeHTanbHO o6HapyxeH addexT,
BbI3blBaeMbli KoHAeHcauuen npu akcnnyatauum TCT BoadHoro napa, cogepkallerocd B MopoBOM
NPOCTPaHCTBE [PyHTa, M CBsi3@aHHas C 3TUM WHTEHCMdMKaLMA MpoLeccoB TennoobMeHa Mexay
TEPMOCKBaXXMHOWM N FPYHTOM.

Introduction

Currently, the use of geothermal heat pumps (GSHP) is quite a popular solution for providing
heating, hot water supply and conditioning in buildings of various purposes due to their energy efficiency
and environmental friendliness [1-3]. These systems are actively used including in regions with a cold
climate [4-7].

One of the most important parts of such systems are the borehole heat exchangers (BHE) which
are used for extraction/rejection heat from the ground and in most cases determine the whole systems
efficiency.

The two most commonly used modifications of BHEs are coaxial and U-shaped.

Coaxial BHESs represent a large diameter pipe, inside which a smaller diameter pipe is located so
that the coolant supplied through the inside pipe is then introduced into the annular channel, raising there
and exchanging heat with the surrounding ground through the wall of the larger (outside) tube. Coaxial
BHESs can be made of both metal and polyethylene, where the inner tube is usually made of polyethylene
as a material with a lower thermal conductivity in order to minimize the thermal interference of
descending and ascending flows of coolant (thermal short circuit effect).U-shaped models are mainly
made of plastic tubes and used in two modifications - with one or two U-shaped loops within a single
borehole.

BHESs functioning in cold regions have to meet some additional challenges. The heating period in
most of Russia’s territory is noticeably longer and the ambient temperatures are much lower than, for
example in Europe, all this leads to a significant decrease in ground temperatures during the operation of
the GSHP, which in turn leads to a decrease in their efficiency.

There are several ways to cope with this effect: increasing borehole space [8, 9], modifying
borehole layout [10], improving thermal properties [11], but the most common way is to increase the
length or the number of the ground heat exchangers [12].

At present, many works are being devoted to the search for ways to improve the efficiency of
ground heat exchangers, and part of them are aimed at studying the thermal conductivity: the effect of
both the thermal conductivity of the materials used in the heat exchanger [13—-15] and the thermal
conductivity of the soil surrounding BHEs [16, 17].

The long-term operation of GSHP in the climatic conditions of most Russia's territory causes
freezing and thawing of the soil surrounding the borehole heat exchanger [18, 19]. Accounting for these
processes within mathematical models of such complicated multi-component pore structures as soil is an
extremely difficult task [20].

In a precise approach, in the design of borehole heat exchangers not only ground moisture phase
transition mechanisms and heat and mass transfer processes, but also chemical and mineralogical
composition of soil, mechanical structure of hard particles material, the degree of dispersion in the
medium, shape and size of both particles and pores, the ratio of different water phases and their
distribution across the soil, and lots of other physical and chemical parameters of soil massif should be
accounted for. A detailed account of these factors with the help of a modern mathematical apparatus, as
demonstrated by the study of existing heat transfer models of the soil-BHE system [21-24], is practically
impossible. But on the other hand we have to make a years-long forecast of how BHE will interact with
ground during GSHP operation in order to guarantee system'’s reliability.

To make a quite accurate forecast and at the same time to simplify calculations, for the practical
purposes in the GSHP design it is possible to describe all these multiple factors using the model of
«equivalent» thermal conductivity developed by A.F.Chudnovsky [21] by the standard conductivity
equation with "equivalent" heat and mass transfer parameters. In this case, the soil is considered as a
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guasihomogeneous body, to which the usual heat conduction equation is applicable, and its thermal
characteristics can vary both in time and in coordinates.

Special mention should be made of the need to take into account the influence of pore moisture
and it's migration has on the thermal processes occurring during the operation of the GSHP. In the
capillary-porous system, which is a soil massif, the presence of moisture in the pore space has a
significant effect on the process of heat distribution. So, for example, if there is a temperature gradient in
the ground massif, the water vapor molecules move to a zone having a lower temperature. But at the
same time, under the action of gravitational forces, a directed flow of moisture in the liquid phase appears
which can partially compensate for heat fluxes carried by vapor moisture and, consequently, reduce the
influence of migration processes of moisture on the thermal performance of BHE. Correct accounting of
such influence for today is associated with considerable difficulties.

This research is devoted to developing of simple and accurate enough for practical purposes
method of considering ground moisture freezing and thawing around the BHE during its operation. The
objectives of research are to propose and adequate mathematical model, using an "effective" heat and
mass transfer characteristics of soil to account for ground moisture phase transitions, and to evaluate
«effective» thermal conductivity of soil in both heat rejection and heat extraction modes.

In this research, the problem of developing a mathematical model allowing one to describe in
simple form the heat transfer process in a two-phase medium with an unknown position of the phase
boundary (Stefan's problem) was solved, as well as the problems of estimating the effect of phase
transitions of the ground moisture in the soil on its "equivalent" heat conductivity and on the overall
efficiency of the geothermal heat pump system.

Research methods

Numerical study

The non-stationary process of heat transfer, including taking into account the humidity of the
medium, is considered in [25-27].

The mathematical model represented here is based on a simplified description of the spatial non-
stationary thermal regime of the cylindrical soil massif in which the BHESs are located.

The heat conduction equation for this case in cylindrical coordinates is as follows [28]:

2 2

ot ot 1ot 0%t
Co—=Ag(—+-—+— 1
Por g(5r2 ror 522)’ @

where 7 —is time, hours;
r — radius of the cylinder under consideration, m;
z — vertical coordinate, m;
T(r,z, 7) - deviation of soil temperature from natural values, °C;
¢ — specific heat of the soil, J/(kgx°C);
p — soil density, kg/m?;
Ag— thermal conductivity of the soil, J/(hxmx°C);

It is important to note that equation (1) does not take into account the latent heat of phase
transitions; therefore, it is applicable only if the ground temperature remains positive during the operation
of the heat pump. In actual fact, during the operation of the GSHP the temperature of the soil near the
borehole heat exchangers can drop below zero. In this case, the moisture contained in the soil will freeze,
releasing the latent heat of the phase transition of water from the liquid state to the solid state. After heat
collection is terminated (e.g. in summer) the frozen moisture will thaw, i.e. there will be a reverse phase
transition that absorbs additional heat energy from the soil.

Thus, instead of equation (1) the Stefan problem should be solved — the problem concerning the
heat transfer in a biphasic system with the unknown position of the phase boundary. The solution for the
Stefan problem in this case may be obtained only numerically, besides because of the problem's non-
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linear nature, these methods i=ought to be iterative. Moreover, solving the Stefan problem for a
considerably long period (years) requires a lot of CPU time. And for the significant cost of computational
resources used for obtaining an accurate solution in the design of GSHP as a rule are not justified.
Therefore, at the design stage, it is advisable to use more cost-effective methods of taking into account
the latent heat of phase transitions for the determination of soil temperature, one of which was developed
by the authors of this paper and is presented below.

The essence of the method is to account for the heat of phase transition of ground moisture in the
soil by introducing a new "equivalent" ground thermal conductivity Aeq consisting of ground thermal
conductivity itself and additives, taking into account the freezing / thawing of ground moisture.

During the freezing of the soil, the volumetric heat of the phase transition can be determined by the
following equation [29]:

L, =mop @)

where Ly — volumetric heat of phase transition, Wh/m?;
m — volumetric humidity of soil, (m® of moisture/m? of ground);

G — phase transition heat of a unit of weight of water, equals 93 W-h/kg [29];
p — density of the solidification agent (ice), kg/m3.

Consider the problem of freezing an unlimited body of soil with a cylindrical cavity (borehole heat
exchanger tube), the design scheme of which is shown in

Figure 1, where the following notation is used:

Rk — boundary of soil freezing, m;

gst — heat flow density (per 1 linear meter of cylinder) from the unfrozen soil, W/m;

tp — temperature at the surface of the cylindrical cavity, °C;

to — freezing temperature of water in the pores of the body of soil, to = 0 °C;

t- — the temperature of the soil infinitely distanced from the cylindrical cavity (borehole heat
exchanger), °C;

Ro — radius of the cylindrical cavity (the borehole heat exchanger), m.

The design scheme in fact illustrates the operating conditions of a borehole heat exchanger with
radius Ro. Indeed, after a time T (h) when the soil contacting with the heat exchanger tube reaches the
temperature tp (°C), lower than to = 0 °C, a region of frozen soil of radius Rk appears.

The heat balance equation for the soil freezing around the heat exchanger with radius r = Rk in the
absence of heat input from the unfrozen soil ((tr= or slightly greater than to) is as follows.

Ot = Qst T Oty (3

where qt— specific (per 1 meter of the tube) thermal flow to the heat exchanger tube, W/m;

gst — specific heat flow from the unfrozen soil, W/m;

gr — specific heat flow, caused by the release of latent heat of ground moisture phase transition in
the freezing soil, W/m.

Figure 1. Design scheme for freezing an unlimited body of soil with a cylindrical cavity
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Assume that all heat flows are conditionally constant and averaged over time. Then to determine
them the following expressions can be used:

— 27[2’31(‘6 _
%= R R R, /RO)(to tp) , (4)
27[29
=0 (t,—t
qst In (Rk /RO)( 0 p) (5)
Ay = 7(RZ ~R? )I;“ ()

where: A4 . .
9 — thermal conductivity of the frozen soil, W/(m-°C);

A

oK6 - “equivalent” thermal conductivity of the soil, accounting for the release of the latent heat of
ground moisture phase transition, W/(m-°C);

T - time needed for freezing of soil within the radius Rk, h.

Thus by introducing A, we substituted the problem of thermal conditions in a cylinder of frozen
soil around the heat exchanger tube with radius R« and thermal conductivity A , by a quasi-stationary

problem (4) with similar temperature distribution, same boundary conditions (boundary temperatures are
respectively to and tp), but with another “equivalent” thermal conductivity A which accounts for pore
moisture phase transitions.

oK !

An "equivalent" problem is the problem of the stationary thermal regime of an unlimited soil massif
with a cylindrical cavity whose temperature field coincides with the temperature field of the main problem
(with the region of the frozen ground of the Stefan problem), presented in Figure 1, but there is no latent
heat released. Obviously, it is possible to achieve an approximately similar temperature distribution in

both cases only by introducing new thermal conductivity of the soil to the second problem - A__, that is in

fact an "equivalent" thermal conductivity of the soil, that ensures that temperature distributions coincide,
or at least are very similar to one another.

oK !

To determine g+ we use the same quasi-stationary problem (5), with the same boundary
conditions, but with the actual thermal conductivity of the soil, W/(m-°C).

To determine gr (6) lets average the amount of thermal energy released during the freezing of the
hollow cylinder with an inner radius Ro and outer radius Rk over time 7.

The other way to determine g is to, as in expressions (4) and (5), use the same quasi-stationary
problem (remember, that the heat flow from the unfrozen soil equals "0") with thermal conductivity A, ,

that ensures thermal impact on the heat exchanger equivalent to (6). In this case, gr can be expressed as
follows

g =M (1 —t ) ,
“ThR/R) v

Thus by introducing expressions (4), (5) and (7) into equation (3), we may present the heat
balance equation in a new form:
272, 7l 27y
— \t, -t )=\, -t )+ —— L, -t
(e, )& i, ) e, R “
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2
Dividing both parts of the equation (8) by il )(to —tp), produces a new expression

In (Ry /Ro
for A4,
ﬂ’al«f :/,lg +ﬂ"ft. (9)

Finally, the “equivalent” thermal conductivity of ground, accounting for the latent heat of pore
moisture phase transitions, equals to the actual ground thermal conductivity, increased by the "virtual"

part A, , which can be determined from the equality of expressions (6) and (7):

27 Ay, L,
— 1 (t,-t_)=x|R? —RZ )~ 10
In(Rk/Ro)(O p) ( ‘ 0) 4o
Solving the equation (10) for A, , obtain the required expression
R/ —RS
ft_LV( : O)In(Rk/Ro) (11)

o o2e(t, - t,

Thus, all the unknowns needed to calculate the “equivalent” thermal conductivity of the soil A
except for Rk have been determined.

K6 !

To determine R« consider the same quasi-stationary problem (the case when gst = 0) and write
down the heat balance equation at the boundary of soil freezing]

B b-t, | R, 12
"Rn(R/R,) T dr

The solution for this equation looks as follows:
7¢(2In 7 ~1)+1=41T (13)

where:
n =& = lgr(to _tp)
R LR

The equation (13) may be solved numerically, using, for example, the Newton's method. The
obtained value of R« is used for calculating A, from (11).

(14)

Experimental study

Experimental study of estimation of “equivalent” thermal conductivity of the ground, accounting for
the phase transition of the ground moisture during the thawing and freezing of the soil, has been
performed in the laboratory on the test bench simulating borehole heat exchangers working conditions.
The scheme of the test bench is shown on Figure 2, and its photograph on Figure 3.

The test bench consisted of two models of borehole heat exchangers - metal tubes with the outer
diameter of 33.5 mm, inner diameter of 27.1 mm and wall thickness of 3.2 mm. Metal-plastic pipes
15 mm in diameter were placed inside metal pipes, and the ends of the metal tubes were plugged. Heat-
carrying medium was pumped into the borehole model through the inner pipes, and flowed out through
the annulus. Water solution of ethylene glycol was used as heat-carrying medium. Models of boreholes
were placed inside plastic finned tubes with internal diameter of 314 mm. The space between borehole
model and the plastic tube is filled with soil. Borehole model No. 1 is placed in loam and borehole model
No. 2 is placed in sand. The soil properties are shown in the Table 1 [30]. The length of each model is
2 m. The borehole models are parallel connected to the hydraulic circuit along with the refrigeration unit
and the electric heater. Either the electric heater or the refrigeration unit are turned on depending on
experiment's purpose - simulating of summer or winter conditions. The refrigeration unit was placed into
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isolated chamber to avoid the influence of heat from its condensers on thermal conditions of the
laboratory facilities and boreholes under study.

To measure the soil temperature, the soil temperature sensors of the TP101 series were used with
the measurement error = (0.15 °C + 0.002 | T |), and the coolant temperature was measured by
submersible Pt1000 sensors with a measurement error of 0.3°C + 0.002 | T |, where T - current measured
temperature.

The flow rate of the heat carrier was determined from the readings of the water meter with a
measurement error of + 2 %.

The measurements were carried out with a periodicity of 5 minutes.
The thermal load Nt, W, supplied to the BHE, was determined as
Nt=Cp * AT * G,

where Cp - is the specific heat of the coolant, J / (kg * °C);
AT - temperature difference at the inlet and outlet of the BHE;
G - coolant flow, kg / s.
Table 1. Thermal and physical properties pf the soil [30]

Soil type | Density, | Heat capacity | Heat capacity Thermal Thermal
kg/m?3 when thawed, | when frozen, conductivity when conductivity when
J/ (kg * K) J/ (kg * K) thawed, W/ (m * K) | frozen, W/ (m * K)
Borehole 1 Clay 2000 2.26 2.10 1.16 1.27
loam
Borehole 2 Sand 1800 2.42 2.04 1.97 2.20

Three series of experiments were conducted.

The purpose of the first series of experiments was to determine the «equivalent» thermal
conductivity of the soil at heat extraction regime.

The procedure for conducting experiments in this series was as follows. The flow rate of the
heating medium through Borehole 2 was overlapped in order to ensure that all cooling power was
directed to Borehole 1. The refrigeration machine was switched on and ground temperatures were
recorded. At the same time, the room temperature was maintained at +18 °C. The soil around the
Borehole was frozen. The soil was humidified, and then kept at almost stationary humidity conditions.
The electric power meter was measured using an electric meter, after which the «equivalent» thermal
conductivity of the soil was determined.

The purpose of the second series of the experiments was to determine the «equivalent» thermal
conductivity of the soil at heat rejection regime.

The procedure for conducting experiments in this series was as follows. The water heater was
turned on, equal coolant flow rates for both boreholes were set, and the parameters of the soil
temperature and humidity were recorded. At the same time, the room temperature was maintained at
20 °C. After the heater was turned off, the soil was moistened, brought to the stationary humidity regime,
after which the heater was switched on again. By electric meter, the electric power consumption was
measured, and then the «equivalent» thermal conductivity of the soil was determined.

The purpose of the third series of the experiments was to evaluate the impact of cyclical loads and
heat-accumulating properties of the soil on its “equivalent” thermal conductivity.

The experiments of this series included three periods: the first period - heat extraction - the chiller
was switched on, the second period - the heat rejection - the electric heater was turned on, and the chiller
was switched off, and the third period - heat extraction - the electric heater was switched off and the
chiller was switched on again. At the same time, the temperature of the indoor air in the laboratory room
was maintained at a constant level. The electric meter measured the consumed electric power, the
specific heat exchange was determined for 1 m of the length of the boreholes, and then the “equivalent”
thermal conductivities of the soil were determined for each period.
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Figure 2. Test bench schematics Figure 3. Photo of borehole models

Results and discussion

Numerical study

Numerical studies were carried out using the mathematical model described above. To implement
it, a computer program was created.

Calculations were carried out using the example of a hypothetical cottage with a heated area of
200 square meters, equipped with GSHP with a single vertical borehole of 0.16 m in diameter and 70 m
in depth. Climatic conditions were taken for the city of Moscow. Ground considered was a loam with a
volume weight of 2000 kg / m® with a thermal conductivity of 1.16 W / (m * °C). The natural undisturbed
temperature of the ground is 8 °C. GSHP provides only the heating, without domestic hot water. The
beginning of the countdown is the beginning of the heating season - October 1. The time horizon for
modeling is the first 60 months of system’s operation.

When performing calculations, the influence of the process of pore moisture freezing was
evaluated. Two options were calculated - without taking into account the freezing and with its account. As
the evaluation criterion, the temperatures of the coolant and the ground at the entrance to the borehole
were assumed (the minimum temperature, after the heat pump evaporator).

Figure 4 shows the graphs of the temperature change of the heat carrier of borehole during
operation, calculated without taking into account and taking into account the freezing of pore moisture.

Figure 5 shows graphs of the change in the freezing radius of the soil around the borehole during
its operation, as well as the “equivalent” thermal conductivity of the soil, determined according to the
methodology described in paragraph 2.1. of this article.
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Figure 4 Temperature of the coolant in a borehole heat exchanger, calculated with and
without taking into account freezing of ground moisture in the body of soil

Figure 5. Radius of frozen soil around the borehole heat exchanger and «equivalent» thermal
conductivity of the soil

As can be seen from the graphs presented in Figure 4, that taking into account the freezing of pore
moisture the coolant temperature by the end of the heating period (the minimum points in the graph of
Figure 4) is higher by 3 °C in the first year of operation than in the calculation without taking the freezing
into account, but in following years this temperature difference decreases.

The maximum temperature of the coolant in the case of freezing is below the analogous
temperature for the case when phase transitions of pore moisture are not taken into account.

The upper graph in Fig. 5 shows that in the operating conditions under consideration, an ice
formed around the borehole during its work, has enough time to defrost in first two years, but on the third
and subsequent periods complete melting of ice does not occur.

The «equivalent» thermal conductivity of the soil (the lower graph in Fig. 5.), taking into account
the latent heat of freezing of the pore moisture, varies from 1.16 to 3.0 W / (m * ° C) during the heating
period, and the average for the first five heating periods “equivalent” thermal conductivity is
1.49W/(m*°C).
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Experimental study

The results of all three series of experiments are shown in table 2. The data in Table 2 are
obtained by averaging the corresponding parameters during the test period (indicated in the second
column). Average for a period of specific heat extraction from 1 m of the BHE was calculated by dividing
the average heat load per BHE by its length.

Table 2. The results of the three series of experiments

Average
extrr]:;tion Average soil Av:(r)?ltge Avgrage Avgerage
from 1 Average temperature | temperatur “equivalent” ‘equivalent”
No TEST meter of coolant 50 mm awa e 100 mm thermal thermal
- PERIODS temperatur y conductivity of | conductivity of the
BHE from the away from . 7 . =
: e °C o the soil Rk=50, soil Rk=100,
during the BHE, °C the BHE, W/(m°C) W/(m°C)
period Qst, °C
W/m
First series (heat extraction)
BHE
Nel 1 No. 1 (77 h) 291 -13.9 3.3 0.3 6.81 6.98
(clay
loam)
Second series (heat rejection)
_§ No. 1 (89.9 h) 33.00 42.1 31.0 24.5 0.73 0.64
;’é‘ No. 2 (40.7 h) 68.00 55.2 39.3 28.1 1.05 0.85
| @
E 21| No.3(21.4h) 72.00 53.7 45.3 35.6 211 1.35
5 No. 4 (75.2 h) 96.00 53.7 37.0 30.1 1.42 1.38
~ No. 1 (89.9 h) 33.00 42.1 28.8 25.0 0.61 0.65
2T | No.2 (40.7 h) 68.0 55.2 35.6 29.8 0.86 0.91
W @
5 £ | No. 3 (21.4 h) 72.0 53.7 40.7 35.7 1.37 1.36
No. 4 (75.2h) 96.00 53.7 37.0 30.1 1.42 1.38
Third series (cyclic loads)
No- 10621 | 17103 259 7.10 9.29 4.37 4.90
BHE cooling
Ne1 No. 2 (119.5 h)
(clay heating 58.74 50.84 29.32 26.91 0.49 0.60
loam) | No. 3 (141.0 h)
cooling 188.09 -1.58 8.81 10.77 4.46 5.16

It should be mentioned that during the first series borehole 2 was shut off, and all the cooling
capacity was directed to borehole 1, yet no stationary regime was achieved. This fact is apparently due to
the influence of the latent heat of pore moisture freezing on thermal balance of borehole. Experimentally
obtained values of “equivalent” thermal conductivity of the soil of 6.8-7.0 W/m°C, are 5.3 to 5.5 times
higher than the value of the thermal conductivity of loam in the frozen state, equal to 1.27 W/(m*°C)
(Table 1). The results of the first series of experiments in a graphical form are shown in Figure 6.

The purpose of the second series of the experiments was to determine the thermal conductivity of
the soil in heat rejection mode. This series included 4 periods; soil in the borehole heat exchangers'
models during all the periods was thawed and heated. The water heater was turned on; coolant flow rates
for both boreholes were equalized, while temperature of soil and coolant was logged. Before the
beginning of the third period, 2 liters of water were poured into the borehole 1, and 4 liters - into the
borehole 2. Then before the fourth period, 8 more liters were poured into the borehole 1, and 11 more -
into the borehole 2. We note the fact that coolant temperature in the borehole heat exchangers during
periods 2, 3 and 4 was almost constant, while soil temperature and specific heat rejection underwent
quite regular changes in accordance with the increasing humidity of the soil: specific heat rejection per 1
meter increased, while the difference between soil and coolant temperatures decreased. The results of
the second series of experiments are shown in Figures 7 and 8.
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Figure 6. First series results

Figure 7. Second series results, BHE No. 1
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Figure 8. Second series results, BHE No. 2

During the third series of experiments, the impact of cyclic loads (annual cycle) and heat
accumulating properties of the ground on its “equivalent” thermal conductivity was studied. The
experiments included three periods: the first period - heat extraction - the chiller was switched on; the
second period — heat rejection - the electric heater was switched on, and the chiller was switched off; and
the third period - heat extraction - the electric heater was switched off and the chiller was turned back on.
The results of the third series of experiments presented in Table 2 illustrate the independence of the
specific heat gains from 1 meter of the borehole heat exchanger from the cyclicity of the heat load. The
results of the third series of experiments are presented in Figures 9 and 10.

Figure 9. Third series results BHE, No. 1
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Figure 10. Third series results, BHE No. 2

The calculation results showed that accounting for phase transitions of pore moisture in the soil
has a significant effect on the temperature of the coolant circulating through the ground heat exchanger.
These changes relate to both minimum and maximum temperatures of the coolant in the annual cycle,
and taking into account the phase transitions of the pore moisture, the coolant temperature minimums are
higher than in the calculation that does not take into account the phase transitions, while the maximums,
on the contrary, are lower. The same thermal behavior was demonstrated in [31], where the similar
problem of incorporating phase change effects into a final element method software for ground properties
simulation was investigated. This observation can be offered the following explanation. At a time when
heat is removed from the ground and associated processes of pore moisture freezing are taking place,
the latent heat of the phase transition is released during crystallization, which changes the heat balance
and leads to higher temperatures of the coolant. At a time when heat from the ground is not consumed
and its natural recovery occurs, the frozen ground thaws due to the influx of heat from the external
environment. Calculations that take phase transitions into account show that in this case the temperature
of the coolant is lower than in calculations without considering the phase transitions. The heat of the
phase transition is taken into account in this case with a negative sign, and some of the heat coming from
the environment is used to compensate for the latent heat of melting, so not all heat can be transferred to
the heat carrier, which leads to lower temperatures.

The general trend of reducing the temperature of the coolant during consecutive heating periods is
maintained for both variants of calculation. The temperature of the ground does not have time to return to
its initial value over the summer period, and the longer the heat recovery period, i.e. heating period, so,
accordingly, less time remains for the restoration of soil, and the stronger this trend will be.

It should be noted that the calculations, taking into account the phase transitions, on average give
lower values of the coolant temperature (Fig. 4). The result will be a lower COP of the geothermal heat
pump system.

Under given conditions, the ice that formed during the heating period around the boreholes is
completely melted only after the first two seasons of operation (Fig. 5).

“Equivalent” thermal conductivity of the soil, taking into account the latent heat of freezing of pore
moisture, during the heating period changes significantly and can increase by 2-3 times in comparison
with the intrinsic thermal conductivity of the soil.

An important result of the experimental studies, according to the authors, is the fact that the values
of the ground “equivalent” thermal conductivity in periods 1 and 3 of the third series of experiments
(Table 2) differ from the analogous values obtained in the first series for the heat extraction mode. The
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fact is that in the third series of experiments the soil was in a thawed state. Despite the small negative
temperatures of the coolant during periods 1 and 3, the soil temperatures throughout the third series of
experiments were positive and freezing of moisture in the ground did not occur. In this case, one would
expect that the thermal conductivity of the soil in periods 1, 2 and 3 will be close, since in all regimes the
ground is in a thawed state, but in reality we obtained a different picture: the «equivalent» thermal
conductivity of the soil in periods 1 and 3 is 8-10 times higher than the thermal conductivity of soil in
regime 2. The authors assume that we are dealing with a little-studied effect caused by the condensation
of water vapor contained in the pore space of the soil and the related intensification of the heat exchange
processes between BHEs and the ground. As it turned out, the influence of this effect on the intensity of
heat exchange in the soil can be commensurate and even exceed the effect of freezing / thawing of pore
moisture. This effect deserves attention and further study, as it can fundamentally change our current
understanding of the BHEs performance.

Conclusions

A new method of accounting of pore moisture phase transitions in the ground during BHE
operation is proposed together with mathematical model. The essence of the method is to introduce a
new "equivalent" thermal conductivity of the soil, consisting of the direct thermal conductivity of the soil
and an additive that is responsible for the freezing / thawing of pore moisture.

The model proposed helps to solve the Stefan problem of heat transfer in a biphasic system with
the unknown position of the phase boundary for BHE operational parameters forecast while designing
GSHP system simple enough for engineering calculation.

Numerical simulation results show, that accounting for phase transitions leads to lower amplitude
of temperature variation of the coolant in the annual cycle while keeping the general trend of reducing the
temperature of the coolant during consecutive heating periods. The important thing is that accounting for
the phase transitions on average gives lower values of the coolant temperature which will result in lower
design COP of GSHP.

"Equivalent" thermal conductivity of the soil, accounting the latent heat of freezing of pore moisture,
during the heating period changes by 2-3 times in comparison with the intrinsic thermal conductivity of
the soil. If not frozen, ground’s "equivalent" thermal conductivity appears to be 8 to 10 times higher in
heat extraction mode than in hear rejection. The author’s assumption is that the effect is caused by the
condensation of water vapor contained in the pore space of the soil. Authors suppose that effect is worth
for further study.

Acknowledgement

The Research was conducted by JSC "INSOLAR-INVEST" with the financial support of the
Ministry of Education and Science of Russia. Unique identifier of the project RFMEFI57915X0115.

Reference Nutepartypa
1. Spitler J.D. Ground-source heat pump system re-search— 1. Spitler J.D. Ground-source heat pump system research —
Past, present and future. HVAC & R Res. 2005. No. 11. Pp. Past, present and future. // HVAC & R Res. 2005. Ne 11.
165-167. Pp. 165-167.
2. Nagano K. The progress of GSHP in Japan. IEA Heat Pump 2. Nagano K. The progress of GSHP in Japan // IEA Heat
Centre Newsletter. 2015. Vol. 33. Pp. 21-25. Pump Centre Newsletter. 2015. Vol. 33. Pp. 21-25.

3. Gorshkov A.S., Rakova X.M., Musorina T.A., Tseytin D.N. 3 Topwkos A.C., Pakosa K.M., Mycopuna T.A., LietnH [1.H.
Building project with low consumption of thermal energy for MpOeKT 3AaHMs C HU3KMM NOTPeGeHem TenoBol SHeprm

heating. Construction of Unique Buildings and Structures. Ha oTonneHne // CTPOUTENbCTBO yHUKAmbHLIX 3AaHUA 1
2015. No. 4(31). Pp. 232-247. (rus) coopyxeHun. 2015. Ne 4(31). C. 232-247.

4. European Heat Pump Statistics. The European Heat Pump 4 [European Heat Pump Statistics. The European Heat Pump
Association. Outlook 2011. Association. Outlook 2011.

5. Zhang Y., Ma Q., Li B., Fan X., Fu Zh. Application of an air 5. Zhang Y., Ma Q., Li B., Fan X, Fu_ Zh._ Appligation of an air
source heat pump (ASHP) for heating in Harbin, the coldest source heat pump (ASHP) for heating in Harbin, the coldest
provincial capital of China. Energy and Buildings. 2017. provincial capital of China. // Energy and Buildings. 2017.
No. 138. Pp. 96-103. Ne 138. Pp. 96-103.

6. Lund J.W., Boyd T.L. Direct utilization of geothermal energy. 6. Lund J.W. Boyd T.L. Direct utilization of geo-thermal
Worldwide review 2015. Geothermics. 2016. No. 60. energy. Worldwide review 2015. // Geothermics. 2016.
Pp. 66-93. Ne 60. Pp. 66-93.

7. Antics M., Bertani R., Sanner B. Summary of EGC 2013 /- Antics M., Bertani R., Sanner B. Summary of EGC 2013
country update reports on geo-thermal energy in Europe. country update reports on geo-thermal_ energy in Europe //
European Geothermal Conference. Pisa (ltaly), 2013. European Geothermal Conference. Pisa, Italy, 2013. Pp.

1

Pp. 1-18. -18.

Vasilyev G.P., Gornov V.F., Peskov N.V., Popov M.P., Kolesova M.V., Yurchenko V.A. Ground moisture phase
transitions: Accounting in BHE’S design. Magazine of Civil Engineering. 2017. No.6. Pp.102-117.
doi: 10.18720/MCE.74.9.

115



N H:KkeHepHO-CTPOUTEILHBIIH KypHaJ, Ne 6, 2017

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Qian H., Wang Y. Modeling the interactions between the
performance of ground source heat pumps and soil
temperature  variations. Energy  for  Sustainable
Development. 2014. No. 23. Pp. 115-211.

Gornov V.F., Peskov N.V., Vasilyev G.P., Kolesova M.V.
Assessment of impact of borehole heat exchanger design
on heat extraction/rejection efficiency. MATEC Web of
Conferences. 2016. No. 75. No. 09009. Pp. 1-5.

Zhou J., Wang Q.J., Zhang G.Q. Heat transfer analysis of
vertical underground heat exchanger under different layout
forms of pipe-groups. Fluid Mach. 2012. No. 40(9). Pp. 56—
61.

Chiasson A.D., Rees S.J., Spitler J.D. A preliminary
assessment of the effects of groundwater flow on closed-
loop ground source heat pump systems. Stillwater,
Oklahoma State Univ. 2000.

JiW.J., You T., Bai S.W., et al. Effects of buried pipe design
parameters on performance of ground-source heat pump
systems in cold zone. HV&AC. 2015. No. 45(3). Pp. 113—
118.

Saez Blazquez C., Farfan Martin A., Martin Nieto I.,
Carrasco Garcia P., Sanchez Pérez L.S., Gonzalez-
Aguilera D. Efficiency Analysis of the Main Components of a
Vertical Closed-Loop System in a Borehole Heat
Exchanger. Energies. 2017. No. 10. P. 201.

Erol S., Frangois B. Efficiency of various grouting materials
for borehole heat exchangers. Applied Thermal
Engineering. 2014. No. 70. Pp. 788-799.

Focaccia S., Tinti F. An innovative Borehole Heat
Exchanger configuration with improved heat transfer.
Geothermics. 2013. No. 48. Pp. 93-100.

Platts A.B., Cameron D.A., Ward J. Improving the
performance of Ground Coupled Heat Exchangers in
unsaturated soils. Energy and Buildings. 2015. No. 104.
Pp. 323-335.

Saez Blazquez C., Farfan Martin A., Martin Nieto 1.,
Gonzéalez-Aguilera D. Measuring of thermal conductivities of
soils and rocks to be used in the calculation of a geothermal
installation. Energies. 2017. No. 10(6). P. 795.

Vasiliev G.P. Geotermal'nye teplonasosnye sistemy
otopleniya [Ground source heat pumps heating systems].
Thermal engineering. 2004. No. 6. Pp. 33-41. (rus)

Vasiliev G.P. Rezul'taty naturnyh issledovanij teplovogo
rezhima ehksperimental'nogo ehnergoehffektivnogo doma
[Results of field tests of thermal conditions of an
experimental energy efficient building]. Building materials,
equipment, technologies of the XXI century. 2002. No. 6.
Pp. 3-5. (rus)

Gupta S.C. The classical Stefan problem: basic concepts,
modeling and analysis. The Classical Stefan Problem 2nd
Edition. Elsevier. 2003. 385p.

Chudnovsky A.F. Teplofizicheskie harakteristiki dispersnyh
materialov [Thermophysical characteristics of dispersed
materials]. M.: Fizmatgiz, 1962. 456 p. (rus)

Yang H., Cui P., Fang Z. Vertical borehole ground coupled
heat pumps: A review of models and systems. Applied
Energy. 2010. No. 87. Pp. 16-27.

Lamarche L., Kajl S., Beauchamp B. A review of methods to
evaluate borehole thermal resistances in geothermal heat
pump systems. Geothermics. 2010. No. 39. Pp. 187-200.

Carslaw H.S., Jaeger J.C. Conduction of heat in solids.
Oxford, UK: Claremore Press. 1946.

Vatin N., Gorshkov A., Rymkevich P., Nemova D., Tarasova
D. Nonstationary thermal conduction through the building
envelope. Applied Mechanics and Materials. 2014.
Vol. 670-671. Pp. 356-369.

Gorshkov A., Rymkevich P. A diagram method of describing
the process of non-stationary heat transfer. Magazine of

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Qian H, Wang Y. Modeling the interactions between the
performance of ground source heat pumps and soil tem-
perature variations // Energy for Sustainable Development.
2014. Ne 23. Pp. 115-21.

Gornov V.F., Peskov N.V., Vasilyev G.P., Kolesova M.V.
Assessment of impact of borehole heat exchanger design
on heat extraction/rejection efficiency // MATEC Web of
Conferences. 2016. Ne 75. No. 09009. Pp. 1-5.

Zhou J, Wang QJ, Zhang GQ. Heat transfer analysis of
vertical underground heat exchanger under different layout
forms of pipe-groups // Fluid Mach. 2012. Ne 40(9). Pp. 56—
61

Chiasson A.D., Rees S.J., Spitler J.D. A preliminary as-
sessment of the effects of groundwater flow on closed-loop
ground source heat pump systems. Stillwater, Oklahoma
State Univ. 2000.

JiW.J., YouT., Bai S.\W., et al. Effects of buried pipe design
parameters on performance of ground-source heat pump
systems in cold zone // HV&AC. 2015. Ne 45(3). Pp. 113-
118

Séaez Blazquez C., Farfan Martin A., Martin Nieto I,
Carrasco Garcia P., Sanchez Pérez L.S., Gonzélez-
Aguilera D. Efficiency analysis of the main components of a
vertical closed-loop system in a borehole heat exchanger //
Energies. 2017. Ne 10. Pp. 201.

Erol S., Frangois B. Efficiency of various grouting materials
for borehole heat exchangers // Applied Thermal
Engineering. 2014. Ne 70. Pp. 788-799.

Focaccia S., Tinti F. An innovative Borehole Heat Ex-
changer configuration with improved heat transfer //
Geothermics. 2013. Ne 48. Pp. 93-100.

Platts A.B., Cameron D.A., Ward J. Improving the
performance of Ground Coupled HeatExchangers in
unsaturated soils // Energy and Buildings. 2015. Ne 104. Pp.
323-335.

Séez Blazquez C., Farfan Martin A., Martin Nieto 1.,
Gonzalez-Aguilera D. Measuring of thermal conductivities of
soils and rocks to be used in the calculation of a geothermal
installation // Energies. 2017. Ne 10(6). Pp. 795.

Bacunees I.I1. 'eoTepmanbHble TENNOHACOCHBIE CUCTEMBI
otonnexus // TennosHepretmka. 2004. Ne 6. C. 33-41.

Bacunbes TI.I1. PesynbTaTbl HaTypHbIX WCCNeaoBaHUM
TEennosoro pexvma 3KCMepUMeHTanbLHoro
aHeproaddekTnBHOro goma // CTpoutensHble marepuansi,
obopynoBaHue, TexHonorun XXI Beka. 2002. Ne 6. C. 3-5.

Gupta S.C. The classical Stefan problem: basic con-cepts,
modeling and analysis. The Classical Stefan Problem 2nd
Edition. Elsevier. 2003. 385p.

YyaHosckun  A.®.  Tennodusmveckne xapakTepuUCTUKU
aucnepcHelx matepunanos. M.: ®dusmar nag., 1962. 456 c.

Yang H., Cui P., Fang Z. Vertical borehole ground cou-pled
heat pumps: A review of models and systems // Applied
Energy. 2010. Ne 87. Pp. 16-27.

Lamarche L., Kajl S., Beauchamp B. A review of meth-ods
to evaluate borehole thermal resistances in geothermal heat
pump systems // Geothermics. 2010. Ne 39. Pp. 187-200.

Carslaw H.S., Jaeger J.C. Conduction of heat in solids.
Oxford, UK: Claremore Press, 1946.

Vatin N., Gorshkov A., Rymkevich P., Nemova D., Tarasova
D. Nonstationary thermal conduction through the building
envelope // Applied Mechanics and Materials. 2014.
Vol. 670-671. Pp. 356-369.

Fopwkoe A.C., PobimkeBudy T1.I. [uarpammHbli meToa
OonucaHusl npolecca HecTaumoHapHou Tennonepedaun //

MHxeHepHo-cTpouTenbHbin  xypHan. 2015. Ne  8(60).
C. 68-82.
[opLukoB A.C., PbimkeBuY mn.nrn., BaTuH H.N.

MogenvpoBsaHve MpOLEecCoB HeCcTauMoHapHOro nepeHoca

Bacunees I'.I1., 'opaoB B.®., ITeckoB H.B., ITomos M.U., Komecora M.B., FOpuerko B.A. ®a3oBble mepexoss
BJIATH B TPYHTE. YUET MPH MPOSKTHPOBAHIH TPYHTOBBIX TEIIOOOMEHHUKOB // IH)KEHEPHO-CTPOUTENBHEIN KypHAII.
2017. Ne 6(74). C. 102-117.

116



Magazine of Civil Engineering, No. 6, 2017

Civil Engineering. 2015. No. 8(60). Pp. 68-82.

27. Gorshkov A., Rymkevich P., Vatin N. Simulation of non-
stationary heat transfer processes in autoclaved aerated
concrete-walls. Magazine of Civil Engineering. 2014.
No. 8(52). Pp. 38-48.

28. E.R.G. Eckert. Heat and mass transfer. 1959.

29. Pekhovich A.l., Zhidkikh V.M. Raschety teplovogo rezhima
tverdyh tel [Calculations of the thermal regime of solids].
Ehnergiya. 1976. Pp. 117. (rus)

30. Russian Building Norms and Rules SNiP 2.02.04-88.
Basements and foundations on permafrost soils. (rus)

31. Anbergen H., Rihaak W., Frank J., Muller L., Sass |.
Numerical Simulation of Freezing-Thawing-Cycles in the
Grout of Borehole Heat Exchangers. Proceedings World
Geothermal Congress. Melbourne, Australia, 2015.

Gregory Vasilyev,
+7(499)1440667; gpvassiliev@mail.ru

Victor Gornov,
+7(499)1440667; insolar-invest@yandex.ru

Nikolay Peskov,
+7(499)1440667; peskovnick@gmail.com

Mikhail Popov,
+7(926)6097760; m.popov78@gmail.com

Marina Kolesova,
+7(499)1440667; eco-insolar@mail.ru

Victoria Yurchenko,
+7(499)1440667; vikayurch@gmail.com

Tenna B CTEHOBbIX KOHCTPYKLUMAX U3 ra3obeToHHbIX 610KoB
/I NhxeHepHo-cTpouTenbHbi xypHan. 2014. Ne 8(52). C.
38-48.

28. E.R.G. Eckert. Heat and mass transfer. 1959.

29. NexoBny AMN., XKugknux B.M. Pacuyetbl Tennosoro pexvma
TBepAbIx Ten. QHeprus. 1976. C. 117.

30. CHull  2.02.04-88 OcHoBaHus 1
BEYHOMEP3NbIX rPyHTax.

31. Anbergen H., Rihaak W., Frank J., Miller L., Sass |I.
Numerical Simulation of Freezing-Thawing-Cycles in the
Grout of Borehole Heat Exchangers // Proceedings World
Geothermal Congress. Melbourne, Australia, 2015.

dyHOAaMeHTbl  Ha

Ipueoputi Nemposuy Bacurnbes,
+7(499)1440667; an. noyma: gpvassiliev@mail.ru

Bukmop ®edoposud 0pHos,
+7(499)1440667;
a71. noyma: insolar-invest@yandex.ru

Hukonat Brnadumuposud lNeckos,
+7(499)1440667;
an. noyma: peskovnick@gmail.com

Muxaun WeaHosuu lMoros,
+7(926)6097760;
a/1. nodma: m.popov78@gmail.com

Mapu+Ha BnadumuposHa Konecosa,
+7(499)1440667; a5n. nouma: eco-insolar@mail.ru

Bukmopus AnekcaHOposHa FOp4eHKo,
+7(499)1440667;
as1. noyma: vikayurch@gmail.com

© Vasilyev G.P.,Gornov V.F.,Peskov N.V.,Popov Mik.P.,Kolesova M.V.,Yurchenko V.A., 2017

Vasilyev G.P., Gornov V.F., Peskov N.V., Popov M.P., Kolesova M.V., Yurchenko V.A. Ground moisture phase

transitions: Accounting in BHE’S design. Magazine of Civil

doi: 10.18720/MCE.74.9.

Engineering. 2017. No. 6. Pp.102-117.

117



NuxeHepHO-CTPOUTENBHBII KypHaJ, Ne 6, 2017

doi: 10.18720/MCE.74.10

The forming cyclic loads on the offshore structures
during ice field edge fracture

dopmMUpoBaHNE LMKITMYECKNX HArpy30K Ha wenbdoBble
COOPY>XEHUS MPU paspyLLUEHUN Nbaa

V.G. Tsuprik, o ' KaHd. mexH. Hayk, npogpeccop B.I". Llynpuk,
Far Eastern Federal University, Vladivostok, [JanbHesocmoyHbIll ®edeparbHabili
Russia YHuesepcumem, 2. Bnadusocmok, Poccusi

Key words: offshore structures; sea ice; cyclic Knro4yeBble crnoBa: LWenbdoBblE COOPYKEHNS;
load; vibration; destruction of ice MOPCKOW Nnepn; UMKNn4eckne Harpysku; Bnbpauus
KOHCTPYKUMIA; paspylleHmne nbga

Abstract. The non-stationary process of ice breaking at the contact of the edge of a drifting ice
field (IF) and the sea ice-resistant platform (IRP) can lead to dangerous vibrations and potentially
dangerous dynamic loads on this offshore structure. Extreme resonant oscillations of the platform base
can cause not only violations of the regular functioning of the object, but also significantly reduce the
reliability of the structure and its durability, causing fatigue fracture in the structure of the IRP or its
equipment, also such process can change the bearing capacity of the soil under the platform foundation.
Dynamic ice destruction is a complex process, and the development of models of this phenomenon
requires a well defined methodology and research procedure. The dynamic reaction of the structure on
impact of the ice field depends on a combination of many factors: the size and flexibility of the impacted
leg of the platform; the ice loading velocity, temperature and physical-mechanical parameters of ice, and
others. The object of this research is the physical processes involved in the real system "IF-IRP” - the
energy transfer from the moving ice fields to the control volume of ice in the contact area, accumulates
the elastic energy received to its critical level in this volume and causes its destruction with a certain
frequency. The most important property of the object of study, i.e. the subject of the research, is the
mechanism of ice fracture in the zone of interaction of two basic elements of the system: the ice field and
IRP. The aim of the study is to identify and describe the regularities of formation of cyclic ice loads on the
structureand describe the process, taking into account the phenomenological features of sea ice fracture
as a mechanism for converting the kinetic energy of the ice field into the elastic energy spent on to
deviations leg of the platform and the energy spent on destructing the ice.

AHHOTauuMA. HecTtauMoHapHbI NPoLEecC paspyLUEHUS fbAa Ha KOHTAKTE KPOMKU OperdyioLLero
neposoro nonsa (JTM) u mopckoro negoctonkoro ocHoBaHvus (MJ1O) moxeT npuBecTM K onacHbIM
BMOpaUMsiM M NOTEHUMANbHO OMACHBbIM AMHAMUYECKUM Harpyskam Ha LenbdoBble CoopyeHusi. Takue
ABMNEHNSA 3HAYUTENIBHO CHMXKAIOT HAL4EXHOCTb COOPYXXEHUSA U ero JONTOBEYHOCTb, MOTOMY YTO Bbi3biBaOT
YCTanoCTHbIE pa3pyLUeHUs B 9IEMEHTAX KOHCTPYKLMU N U3MEHEHMWS HECYLLEN CNOCOOHOCTU FpyHTa noja
dyHOAameHTOM nnaTgopMbl. YunTbiBas akTyanbHOCTb NPO6neMbl, AaHHas CTaTbs MOCBSLLEHa npoueccy
DOYHKLUMOHMPOBAHUS CUCTEMbI «Apendytollee negoBoe Mnone — MOPCKoe Ie[OoCTOMKOe OCHOBaHUEe».
Llenbio uccnegoBaHus ABMsSieTCS BbIIBNIEHWE M ONUCAHWE MPUYMHBI 1 3aKOHOMEPHOCTEN (hOPMMPOBaHNS
UMKITMYECKOW  NeJoBOW  Harpy3kM  Ha  COOPYXEHVe,  OMNWCbIBAKOLWMX  MNpoUecc C  y4eToMm
(beHOMEHONMOrMYeckux OCOBEHHOCTEN  paspylleHnss Mopckoro nbga. MeTtog — uvccriegoBaHus,
NMPMMEHEHHbI B [AaHHOW paboTe - u3y4eHWe pes3ynbTaToB MOSHOMACLWTAOHbIX M nabopaTopHbIX
3KCMEPUMEHTOB, a Takke TEOPETUYECKMX Hay4YHO-UCCIeAoBaTENbCKMX paboT, CBA3aHHbIX C npoLleccaMmu
B3ammogenicteusa JIM-MINO, Bkntovas n paboTtbl aBTopa. O6bLEKTOM NCCNeAoBaHUSA SIBNSIETCA MEXaHU3M
npeobpa3oBaHUs KUHETUYECKON SHEPTUM NEAOBOrO MO B SHEPIUIO YPYrMX OTKIIOHEHWUIA COOPYXXEHMUS U
3HEPruIo, 3aTpayeHHYH Ha paspyLueHns nbaa. NokasaHo, YTO NepMOaUYHOCTL LUKIOB paspyLUleHUs fnbaa
perynupyeTcsi OOCTWXKEHUEM MpenenbHOro 3Ha4YeHWUst YOENbHOW SHEepruu paspylleHus fbga B €ero
CKaToM OObeEME Ha KOHTaKTe C COOpYyXeHueMm. PekoMeHOyeTcd 3Ty XapakTepuUCTUKY MPUMEHSTb B
KayeCTBe KpuTepus paspylleHus nbga W MpoJoknTb uccnegoBaTb €€ CTabunbHOCTb M
BOCNPOM3BOAVMMOCTb B 9KCNEPMMEHTaXx ANnsl OnpeAereHns ee napameTpoB.
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Introduction

Significant attention from the researchers in the field of investigation of ice formation interaction
with shelf structures during the development of the problem was directed upon the analysis of calculation
methods for the maximum ice load. So, periodical updating of standards and norms for the procedures for
defining the parameters of the ice load calculation formula was obtained as a result of such
investigations. Several years ago, such update was made for the Russian Code SP 38.13330.2012 [1]
and the International Normative Document ISO/DIS 19906 [2]. The Russian norms provide no
recommendations for the calculation of the dynamic impact of ice; the international norms provide the
directions to consider this case.

The process of ice load formation began to be seriously investigated after the discovery of
significant and hazardous vibrations for structures and personnel, including dangerous oscillations for
drilling equipment located on operating platforms within the Cook Inlet, lighthouses in the Gulf of Bothnia,
drilling platforms at Caspian, Asov Sea and Bohai Gulf, and ice-resistant platform structures within the
Sakhalin region.

The first experimental works for the investigation of the vibration of marine structures were made in
natural conditions for the real marine drilling platform in the Cook Inlet. The first scientists investigating
this problem were Peyton [3] and Blenkarn [4].

In this period, the records on saw-tooth ice load upon supports of railway/road bridges [5, 6] and
water dams [7] were obtained and also investigations were actively conducted on the vibration of the
lighthouses within the Gulf of Bothnia [8, 9]. The reason for beginning these investigations was due to the
fact that in this area in 1966, drifting ice fields budged and destroyed the lighthouse Tainio (Finland) [10].
The caisson of the lighthouse was set at a depth on 14 m on to sand bottom and overturned due to
contact with a rocky ledge. In 1969, the Nygran Lighthouse was destroyed due to drifting ice fields
(Sweden) [10]. The 2.5meter diameter lighthouse tower was damaged at 1-meter deep under the sea
level; however, there was no displacement of the foundation. In 1974, the Kemi Lighthouse (Finland) was
fractured at the upper section due to strong vibration [11]. In 1977-79 the reinforced concrete foundation
of a drilling platform that has a shape of a polyhedron with 8 m diameter was damaged on the Azov Sea
shelf [12]. There are many other cases of marine lighthouse foundation destruction in shallow waters.
Serious damages exhibited by steel truss-type drilling platforms under the influence of single year ice
fields within the Bohai Gulf and the destruction of one of such platforms disposited here have forced
scientists in China and engineers from other countries to begin investigating this problem carefully.
Specific analysis of the dynamic influence of ice fields acting upon the truss type platforms has shown
that as a result of the tensile fatigue that occurs as a cyclical ice load, steel struts and bracings on
platforms were destroyed. These events provided the conditions for increasing the values of oscillation
and flexible deviation of the platform, therefore personnel were not able to operate subject to such
conditions [13, 14, 15].

It shall be noted that the dynamic interaction of ice and marine structures is usual not only for
flexible structures with small transversal supports. In winter 1985-1986, the Molikpaq Platform, with a 54
000-ton caisson and a 111-m2 foundation, located within the Beaufort Sea, was influenced by 1 x 2 km
drifting multi-year ice field [15, 16]. In compliance with the analysis, it was defined [17] that as a result of
a 0.5 - 3 Hz vibration caused by 30 minutes of ice destruction at a contact zone, the platform was put into
critical condition close to shear stability loss over the foundation soil surface. Pore pressure in sandy soil
core foundation increased and this led to its liquefaction. In this regard, the bearing capacity of the
foundation under the caisson reached its critical minimum value. At the time such results were
unexpected for specialists. So, it can be supposed that there is a serious probability of shear of reinforced
concrete caissons of lighthouses’ foundations located within the Gulf of Bothnia subject to the same
conditions as the Molikpaq Platform. The destruction of tower structures can occur due to fatigue as a
result of a long-term cycle load, the same as the destruction of steel elements of lattice structures of
drilling platforms within the Bohai Gulf. In recent years, the problem of the influence of cyclical loads on
the strength of foundations has been present in oil platforms in the Sakhalin Shelf. [18].

The investigation of formation and development of vibration caused by ice impact shall be continue
because the inevitable transition to deep waters on the one hand, and the necessity to increase the
dimensions (and weight) of the underwater section of structure (in order to eliminate wave impact on the
drilling equipment) on the other hand. This will lead to the flexibility of the structure as a whole (subject to
provision of required strength of the structure) which will increase the negative impact of cyclic loads on
the overall structural strength, and this requires that designers use materials with higher fatigue strength,
ensuring its service life. In the last years, designers of marine wind generators have been faced with this
problem when developing foundations for Baltic Sea areas [19,20].
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However, as it was noted by some authors at the end of the last century and at the beginning of
the new century [21,22,23], no details of structure and ice interaction process providing the vibration were
developed up to the designing practice application level. Modern scientists have noted that no basic
mechanism for the process is clear up to the present time, so the investigation shall be continued [24, 25,
26].

Thus, cyclical action of ice is an important factor in determining the reliability and durability of the
IRS and the relevance of this problem remains topical due to two reasons. Firstly, due to the prospects of
development of industrial shelf areas. Secondly, due to the absence of normative documents to ensure
solutions provide safety and a longer service life of designed structures shelf ice-covered seas.

Given the relevance of the problem, presently it is necessary to achieve a deeper understanding of
all the physical phenomena that jointly provide the vibration process of the structure during its interaction
with an ice field. The aim of the study is to identify and describe the reasons and regularities for the
formation of the cyclic ice loads on the structure, and to describe the process taking into account the
phenomenological fracture characteristics of sea ice. Given that the load of ice on the structure reaches
its maximum value at the moment of rupture of the ice , search the solution of the task about the
frequency of occurrence of the peaks of the contact forces, which cause periodic oscillation of structure
should be by studies and analyzed of the mechanism of destruction of ice. So any idea about the
formation of ice loads shall be based on a mathematical description of the process of destruction of the
edge of the ice field, taking into account the phenomenological characteristics of ice. In this regard, the
main objective of this research should be the task of studying the mechanism of destruction of ice, as the
environment, which exerts a forcical pressure on marine structures.

Research methods of interoperability issues ice fields and structures on the
shelf

On the basis of the aforementioned aims and objectives of the work, the method of research
applied in this work is to study the results of full scale and laboratory experiments and also the results of
the theoretical scientific-research works related with the processes of the IF-IRP interaction, including the
works of the author. The object of study is the mechanism of the conversion of the kinetic energy of the
ice floes into elastic energy deviations of structures and the energy spent on the destruction of ice.

The phenomenon of vibration of marine structures during their interaction with a moving ice field,
as was shown in the introduction to this work, in the first time was fixed while conducting experiments
with full-scale platform in Cook Bay [3.4]. The aim of the first full-scale experiments held by Payton [3] in
1966-68, was to obtain the maximum pressure of ice on the support platform. Here during the study of
the force action of ice moving at speeds from 0.5 to 2.1 m/s on cylindrical legs of the platform, 91 cm in
diameter, H.R. Peyton found a strong vibration of the structure, which was caused by the destruction of
ice. And during the process of interaction of the edge of the Ice field with the platform leg surface, the ice
destructed from compression in the contact zone and the ice load on the leg was a "serrated" line with
different frequency peaks depending on several factors. Peyton has defined that due to an increase of
the ice field velocity, the frequency of ice destruction increased, but the ice load value range decreased.

The phenomenon of the vibration of structures caused by the movement of ice fields showed that it
is necessary to take into account the fatigue in the calculations of structural elements, and to very
carefully research the factors influencing the forming of vibrations and its development.

Experimental methods of researches regularities of occurrence oscillations of platforms

Blenkarn [4] also has performed investigations within the Cook Inlet in Alaska. Comparing the
frequency of self-oscillation of the structure and the ice destruction frequency, he proposed that the "ice
field - structure" system can provide the resonance of ice destruction frequency and self-oscillation
frequency of the structure.

Thus, the findings were obtained, which give reason to assume the possibility of the emergence of
platform resonant oscillations with the fluctuations of the force causing the edge ice field fracture. The
nature of these phenomena requires special investigation due to a hazardous decrease of reliability and
service life of expensive structures. These experiments can be considered as an accelerator for the
development of investigations in the field of cyclic contact destruction of ice.

Given, that very difficult to control the structure and texture of ice in field measurements of ice
forces on real constructions, the cutting process of the ice cover by supports have been extensively
investigated on models of supports, these impactting on the full-scale ice cover. Simultaneously, the
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technology of model ice preparation was developed; ice basins were constructed; and technical means
for registration of the quickly processes were developed subject tofor application in these areas.

The researche of fracture mechanisms of the edge of natural ice cover during its interaction with
the structure models

This type of experimental works was developed by a group of scientists from the beginning of 60th;
however, such works are continued in the present time. Natural ice provides the possibility for elimination
of serious problems related to physical-mechanical ice modeling, becourse the results can be directly
applied for analysis. For several years, starting in 1969, experiments with natural ice performed by
J. Schwartz [27], and K.P. Croasdale and others [28-30] was made. During the interaction If-IRS
provided the entry multiprocess processes destroying the edge of the ice field, occurring in the contact
zone of the front surface of the model. These authors note that in addition to the initial radial vertical
cracks and horizontal cracks in the array of ice plates, ice on the contact surfaces are completely
crushed. Also, before the support appeared limited volume of highly compressed ice. The ice inside this
volume has a lot of cracks, which are directed randomly.Also, before front surface of support occurs
forming wedge-shaped volumes of ice, which are extruding by the surface of the support during moving
ice field and are sliding in the direction of the upper and lower surfaces of the ice field.

These phenomena were completely approved by Tryde [31], Hirayama and others [32], Vershinin
and others [33], Kivisild and lyer [34], Nevel and others [35], Michel and Toussaint [36], Khrapaty and
Tsuprik [37], Kry [38], Taylor [39], Ojima and others [40], Saeki and others [41, 42], Yamashita and others
[43], Bekker [44], Karulin [45] and a lot of other scientists. For these experiments subject to detailed
investigation of local ice pressure acting upon support and analysis of ice-structure interaction and
vibration of structure, special strain gage panels were used, for example, by Sodhi and others [46]. The
typical schemes of ice fields edges destruction due its interaction with a cylinder support is shown in
Figure 1.

Figure 1. Photo of the natural ice fracture (experiment by the author 1978; Japan Sea)
after dynamic introduction a cylindrical model of supportin ice edge:
a) decrease of effective thickness h” by spalls (1, 2, 3) the sides of the ice plate and crushing of
the middle section wedge (4) with model speed V= 3.2 m/sec;
b) — also with model speed V= 2.5 m/sec.

From analysis of the pictures of destruction it can be approved that the mechanism of ice
destruction has the most complex character. The part of ice field movement energy at a contact zone of
edge ice field and structure support surface is used for ice destruction, i.e. for horizontal and vertical
cracks development, shear cracks, crushing of ice and displacement of products of ice fracture out of the
contact zone. Energytransferried into the structure provides the deflection from equilibrium and creates
the local forces onto its structural elements. The sizes, number and orientation of long vertical/horizontal
cracks and shear cracks define the volume of compressed area in front of the support at the middle
section of the field inclusive of its depth and height h”. However, these parameters directly depend on the
ice strength o, ice field velocity Vit and ice thickness h. But moreover, due to close contact in front of the
support, the limited volume of strongly compressed ice (prism area) has appeared in front of the support.
Ice within this area is crushing [50].

Tsuprik V.G. The forming cyclic loads on the offshore structures during ice field edge fracture. Magazine of Civil
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Laboratory investigation of the cyclical destruction of ice in the interaction process with the
structure models

The high price of full-scale measurement of ice forces upon real structures, natural ice and model
supports subject to the impossibility of operational updating of the structure and ice field interaction
conditions, provides the wide application of laboratory investigations. The first experiments for
investigation of ice cover and hydrotechnical structure support surface interaction performed for
laboratory model ice were developed by Afanasyev and others [51] at the ice basin of AANII. Two types
of ice destruction in front of the support were revealed as a result of these experiments: destruction due
to penetration and ice field stability loss. Contact force due to ice penetration is usually greater than in the
case of ice field stability loss, so the calculating issue shall be referred to as ice penetration by the
support. Besides, it shall be considered that contact pressure is decreased due to an increase of support
width; ice destruction type shall be defined by its stability and ice velocity. Generally, a lot of works were
devoted to investigation of these factors’ influence against the mechanics of ice destruction, including ice
pressure distribution laws subject to contact area of different supports. The completeness of physical-
mechanical processes subject to contact ice destruction shall be provided by indenters with pressure
sensors. It was used in works of Kamesaki, and others [52], Sodhi and others [53], Frederking and others
[54], Takeuchi and others [55], Kryzhevich and others [56]. An integral configuration of the tensile contact
field was obtained by applying a plastic strain gage film on the support model as it was described by
Hoderath and others], and tactile film with different colors depending on the pressure value per each
section — Takeuchi and others. [58].

However, in spite of performed investigations, no applicable explanation of resonance phenomena,
self or forced vibration subject to dynamic impact due to the interaction between ice and structure were
revealed. The reasons for such phenomena can be subdivided into two categories: negative damping
(Blenkarn, [4]; Maattanen [8]) and resonance (Sodhi [59]). Ice pressure force due to resonance frequency
of structure vibration is described for both cases when the frequency of ice pressure force change due to
ice destruction has increased the self-vibration of structure (Yue & Guo [23]; Maattanen [11]; L. Wang,
J. Xu [61]; Huang & Liu [62]). Both types of structure vibration are usually considered as self-energizing;
the mechanism of forced vibration shall be considered as an alternative. During 50 years, the group of
scientists (inclusive of Maattdnen and Sodhi respectively) has investigated the nature of structure
vibration phenomena in order to define resonance or self-energizing or forced vibrations occurring in front
of the structure subject to ice destruction load.

The first approach of scientists for justification of a concept explaining the formation of resonance
vibration of the structure was based upon the investigation of the critical combination of parameters
subject to ice destruction: i.e. its stability, support diameter, ice cover thickness and drifting velocity. ice
strength was always considered as a maximum stability value defined by experiments with small samples
for uniaxial compression go. Most scientists have considered the dependency of this parameter from ice
volume deformation velocity € (Ler) in front of the support due to ice field movement as a main feature.
However in a series of experiments by some authors, this hypothesis has not found a definite
confirmation.

The other approach for the ice destruction model in contact with a support was submitted by Sodhi
[59]. His conclusions are based upon the results of full scale laboratory experiments with model ice
subject to testing of 50-500 mm model piles against an ice load from a 50-80 mm ice field and a drifting
velocity from 10 up to 210 mm/sec. Based upon testing results, Sodhi [59] has suggested to consider the
resonance vibrations of flexible structures as a result of ice field action with ice destruction frequency, i.e.
forced vibrations.

An idealized diagram of ice destruction due to shear was suggested by Sodhi and Morris [60] for
description of the ice destruction as a single peak subject to law velocity of the indenter movement. It
shall be noted that almost all ice thickness shall be wasted for chipping of the two prisms. Moreover, the
length of the chipped section is equal to one third from the total thickness of ice.

The investigation the destruction of ice by mechanism chipping prior Sodhi and Morris [60] and
further was performed by very much scientists [26-47], where the strength features of ice due to shear
also were studed [60—62]. Chip is one of the dissipation mechanisms (release) of elastic energy of a
compressed material by forming the free surface of new cracks. The chip is formed due to the realization
the crack of lateral shear and developed within the compressed volume of ice subject to displacement of
crack edges located at a definite angle to direction of compressing force. Usually different authors have
explained the parameters of contact force of saw-tooth type during the time of interaction as a
manifestation of this mechanism (or as per the length of destructed ice area).
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The chips are featured with an unstable character that provides local destruction and loss of
contact area. As per some works [42], for example, it provides the decrease of real thickness of ice h up
to effective thickness h’. Moreover, these autors associate such decrease is referred with ice
deformation velocity of ice field.

Figure 2. The fracture modes of ice on contact with a leg of structure as per Tsuprik V.G., 1984,
[63, 64] a) crushing of ice and extrusion of products breaking the ice from contact area (a); the
primary spalls (1) and alternation spalls with crushing of ice in the central part of the ice
sheet (2-3). Formation of spall crack within the compressed area of a contact (a) and the diagram
of edge leveling due to local spalls and crushing of compressed ice (d) at the central point of
wedge as per Taylor and Jordaan, 2012 [65]

The Fig. 2-a shows the types of fracture of the contact edge ice field with the leg of the structure,
proposed in 1984 by V.G. Tsuprik [63, 64] based on known results of the few research works done at the
time, including studies of the author (Fig. 1). Depending on the strength and speed of THE ice field and
the rigidity the legs of the structure, different modes of ice destruction may be experienced: beginning
from a continuous soft crushing and extrusion of acrumpled mass of ice to the pure brittle mechanism of
spalls of the blocks of ice or alternation spalls with crushing and extrusion of products breaking the ice in
the contact area.

Considering the results of different investigations, Taylor and Jordaan [65] have suggested the
probabilistic model of ice field edge fracture mechanism (PFM model - probabilistic fracture mechanics).
It consists of a probabilistic approach for the initial process of ice field destruction associated with
different defects of ice providing chipping of areas within the contact zone of the structure surface (see
Fig. 2-b).

The results of all the above-mentioned investigations provides the possible explanation of the
relationship between processes of spalling and crushing, when following one after another chipping,
which creates a wedge in the ice field edge, where process develops of compressing and crushing i.e.
leveling process of the edge line and formation of new large spalls (see Fig. 1; 2-c). Thus the process of
crushing is a sequence of small spalls formed within the middle part of the contact area, with their release
on the free surface or it occurs in the middle of the contact area in the high pressure zones. All these
striped and mutually complementary processes represent the full process fracture of ice in contact with a
structure.

Investigation of the parameters of cyclical ice load for real structures in natural conditions

The direct measurement of ice pressure forces using panels provides important initial information
for the development of theoretical models for structure design. The first scientists applying such methods
were Peyton [3] and Blenkarn [4], who in 1966-1970 obtained the records of ice loads acting upon
structures located within the Cook Inlet in Alaska. Maattanen [8,11] has investigated ice forces providing
the vibration of lighthouses within the Gulf of Bothnia. Engelbrektson [9, 67] has performed full scale
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measurements of ice pressure against the Norstromsgrund lighthouse located within the Gulf of Bothnia.
He noted that the ice pressure against the support depends on the ice destruction character, i.e. the ice
field drifting velocity. Karnd and Turunen (1990) have suggested the four types of models for an
identification of the ice pressure force; they provide different types of structural measures.

Figure 3. Record of ice loads on legs and vibration of structure subject to cycle destruction of ice:
a) - as per Yue et al. [69], b) - as per Vershinin et al. [48], c) - as per Nord et al. [25]

In order to develop this idea D.S. Sodhi [68] in 2000 at the Bohai Gulf and Yue and others [69]
have performed the investigation of ice thickness and temperature influence against the upper conversion
velocity (V2). These investigations were purposed in qualitative and quantitative analysis of conversion
between continuous crushing (CC) and interrupted crushing (IC) on the basis of the model’s reaction
measurement. These authors have performed full-scale investigations of ice field and structure
interaction. These investigations were featured with a simultaneous recording of the ice impact time, its
velocity and structure movement. The authors of this investigation [69] have concluded that the contact
force shall represent the function of relative shear of structure and relative velocity between structure and
ice field edge; moreover, time shall be constant.

Besides the special strain gage panels, in order to perform the investigation of structure vibration,
acceleration indicators, tilt indicators, seismographs, etc. were used. They provide the possibility to
record the detailed distribution of contact pressure of ice in the contact area, to investigate the functional
dependency of peak values of ice force and frequency subject to conditions of ice field and structure
interaction. Among these factors area ice field velocity, ice thickness and ice strength. Such methods
were used for structures at the Gulf of Bothnia and the Bohai Gulf, as well as the Molikpag Platform.
Some results are given on Figure 3.

This figure shows a static impact of ice and the corresponding vibrations of the platform foundation
structure within the Bohai Gulf (Fig. 3-a) as per Yue and others [70], Fig. 3-b shows the typical
destruction of an ice field for the Molikpaq platform [48]. Fig.3-c shows the records of ice load acting upon
strain gage panels located at the foundation of a lighthouse subject to different angles of ice field drifting
and the diagram of ice destruction frequency distribution within the Gulf of Bothnia (see Fig. 3-c) as per
[25].

Based upon the brief investigation of ice load cycle parameters for real structures in natural
conditions it can be noted that structure vibrations occur as its reaction to ice destruction until a certain
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depth. In the case of small velocity ice field movement, the transfer of kinetic energy from the ice field to
the structure happens as a separate impulse (see Fig. 3-a) that causes the deviation of the structure from
equilibrium state and accumulation of elastic potential energy in the contact zone of ice. Ice destruction in
this volume release support of structure from ice pressure and construction reconstitutes the statically
equilibrium due to elastic potential energy in material of structure support. In the time reconstitutes of
happens extruding of ice destruction products from the contact area. Until to new contact can to pass the
time depends from ice field velocity and the ice destruction depth. In the case of high velocity of ice field,
depending on structure rigidity and strength of ice, the transfer of kinetic energy into potential energy of
ice compression with further destruction can provide an increase in structure deviation (see Fig. 3-b), i.e.
vibration. In this period of IF-IRS interaction, free fluctuations of the structure are possible. If the
frequency of ice destruction with the same parameters is will close to one of the self-vibration frequency
of the structure, resonance phenomena can occur (see Fig. 3-¢c) and such situation can cause loss of
stability and destruction. Practically, such phenomena can occur for structures with different rigidity as
reaction structure to different combination of main parameters, such as ice field thickness, its velocity and
ice strength (Fig. 4).

Figure 4 The classification scheme of possible types of destruction of ice with different
combinations of factors that determine the fracture properties of ice in the process of
interaction of IL-IRS: a) By on studies of Tsuprik.G., 1984 [63,64];

b) —by D. Sodhi, 2000, [68]; c) —by Bjerkas M. and Skiple A., 2005, [66]

Thus, the analysis of the results of the studies of all the phenomena occurring in the process of
interaction between IF and IRS both in natural and experimental conditions showed that it can be proven
that, depending on the speed of the IF, the rigidity design of IPC and the stiffness (strength) of ice, all
possible modes of IF-IRS interaction can be divided into three types. An integrated approach to the
classification of all the phenomena described here was submitted in 1984 in the works of V.G. Tsuprik
[63, 64]. This provision was later recognized by the majority of researchers, except at very low speed
mode when there is creep (fluidity) of ice, and adequate schemes were presented in the works Sodhi [68]
(Fig. 4-b) and Bjerkas and Skiple [66] (Fig. 4).

The methods of theoretical modeling of the ice-structure interaction process

The first model of ice fracture in contact with the ice field is the "classic" model, created back in the
first half of the 20th century and is currently represented in normative instruments [1, 2] in the form of the
“ K.T. Korzhavin formula”. This model represents the most elemental method of calculation of the
maximum value of the contact force of rigid motionless structures with the edge of a drifting ice field.

Tsuprik V.G. The forming cyclic loads on the offshore structures during ice field edge fracture. Magazine of Civil
Engineering. 2017. No. 6. Pp. 118-139. doi: 10.18720/MCE.74.10.

125



NuxeHepHO-CTPOUTENBHBII KypHaJ, Ne 6, 2017

But, as shown above in this paper, the interaction of ice field and structure can develop according
to different scenarios, which are determined by the peculiarities of the fracture of ice depending on its
hardness (strength) and loading conditions in each particular case, given the flexibility of the legs of the
structure. In terms of methodology and organization, the IRS design should be elaborated by algorithms
for ice load calculations, understandable and adequate to all the scenarios of development process of
interaction of IF-IRS. Such algorithms should be at least three and they should be based on models that
describe the process of interaction between the IF-IRS on three completely different scenarios. For quasi-
static processes, peak ice force occurs when the limit is reached, the plasticity of ice and this ice strength
criterion is necessary for use in the calculation method of ice load, which should be based on the model
of continuous ice fracture and extrusion of the products of ice destruction from the contact area. In other
cases, the models of elastic-brittle fracture of ice should apply, or models combining several types of ice
fracture. There are possible cases of the emergence of phenomena of autooscillations in the IF-IRS
system, caused by the cyclical destruction of ice. To calculate the force of the impact of ice on the
structure and its period of oscillation, dynamic equations should be obtained where the limit value of ice
strength parameter necessarily should be taken into account, which regulates the transition to the
beginning crushing of ice in a stress volume in edge ice field and load-shedding on the structure in case
of an excess of the limit value for this parameter.

Data from many experimental observations becomes the basis for the development of an analytical
description of the oscillation processes and the structure vibration during its interaction with a drifting ice
field. Presently, there are a lot of theoretical models describing the dynamic interaction of ice and
structure. Now many models are known: Interaction model subject to insignificant displacement; brittle
fracture model; model of continuous crushing and displacement of ice; deformation’s models, for example
those with deactivating ligaments; elastic-brittle models based upon Hooke's Law; Mohr-Coulomb model
of bulk material; hydrodynamic and spectrum models; negative friction models and relative displacement;
model of vortex-induced vibration (VIV); et al. [4, 10-12, 20-26, 31, 48, 49, 74, 80].

For a full and adequate representation of all the possible variants of the mechanical processes
occurring during interaction of a drifting ice field with structure, it is probably enough to explore the three
"benchmark" types of theoretical models proposed by different authors as a basis for using algorithms of
ice load calculations. These three classes of models are very briefly discussed below.

Model of periodical crushing with spalls

Ice fracture by periodic crushing mode is characterized by the formation spalls on the ice field edge
and a reduction of the ice thickness up to the effective — h’ (as opposed to actual h, Figs. 1, 2), which
depends on the ice deformation speed. As the speed of the ice field Vii increases, the value h’
decreases, as the size of the spalls grows in the zone of ice fracture in contact with the surface of the leg.
During alternation of processes of spalls-crushing are occurring recession and increase of the ice load
and it has a saw-tooth type because the contact area is changing. Such models have been developed
since the late 1960's and the complex interaction process of between IF-IRS was effectively described by
the model of a system with one degree of freedom. At the base of such models lies the unified concept of
periodic fragmentation of ice at the leg of structure, proposed by H.R. Peyton [3] in the years 1968 and
1969. Matlok and co-authors [69] had used Peyton’s concept and proposed a revolutionary idea that "the
fracture of ice occurrs at a certain size” and they presented a model that can describe the reaction of the
structure upon impact of an ice field acting at low and high speeds.

In order to demonstrate their hypothesis, many authors apply the Matlock model [69], which
describes well enough the fluctuations of the structure close to the relaxation oscillations. A mechanical
analogy of this well-known model is shown in Figure 5-a. In this model, moving ice field is presented in
the form of a simple beam with many elastic cantilever teeths, that moving with a speed Vi in the
direction of a single-mass model of the structure (M) with elements of elasticity (K) and damping (C).The
teeths are in contact with a cantilevered elastic-pliable model of support rigidly fixed at its base.This
model has the ability to receive "sawtooth" loads on the structure (fig. 5-b), because the destruction of the
teeth occurs only for the critical deformation of Scr. The Scr value can depend on the speed of the ice
field, and the thickness and height of the teeth (fig. 5-a) allows to simulate the strength and elastic
properties of ice. Changing the distance between the tines can simulate the length of the breaking ice
zone L¢r before thecontact surface of the leg of the structure. The length L¢r determines the frequency of
the ice fracture and, consequently, the period of oscillation structures T in the models of some authors,
such as Yue et al. [70] and some others.

Variations of these parameters on this model, a different character (type) of fracture the ice can be
obtained, which can vary from visco-plastic to brittle (fig. 5-b) and mainly depends on the speed of the ice
Lynpuk B.I'. ®opmupoBaHHe LUKIMYECKHX HArPY30K Ha MIETb(OBBIE COOPYKEHHS NpH pa3pylueHuu Jibna //
WmkenepHo-crpoutenbubii xypHair. 2017. Ne 6(74). C. 118-139.

126



Magazine of Civil Engineering, No. 6, 2017

field Ve and the stiffness of the ice. The equation of this mechanical process, implemented this model in
[69] is written in the form:

Mx + Cx + Kx = F(t), 1)

This non-inertial model of elastic-brittle type ice fracture simulates the relaxational oscillations of
the structure and allows to obtain the ice load by numerical methods in the form of a sawtooth curve,
where each peak starts to grow from zero load. This effect is achieved by the fact that the limit value of
the deformation of each tooth S¢r must be entered in advance in the calculation. The model of Matlok et
al. [73], does not allow to "grab" the resonant frequency of the structures because in its mathematical
interpretation, the periodicity of the forces as a function of time is not entered.

Significant development of the theory of ice self-induced vibrations in the process of interaction
between IF and IRS was achieved by the research of K.A. Blenkarn [4], who in 1970 stated that the
structure and ice field must be seen as a system of related elements. Additionally, this researcher, based
on the results of the experiments of Peyton [3], who researched the reduction of ice strength by
increasing its loading rate (Puc. 5-d), proposed to "consider the ice forces to be a function of the relative
velocity between the far-field ice Vir and the structure X“. Using these three hypotheses, K.A. Blenkarn [4]
proposed to describe the oscillation process in the IF-IRS system under the influence of the force F(v) to
apply the known theory of oscillations that uses the equation of motion of the body with "negative
damping " [71], which is a function of the relative velocity V. = (Vi — x) of the two interacting system
elements LP-IPC. His model is described mathematically as follows:

(M/g)/% + Cx+Kx=F(V;y —x), )

Fig. 5 Models of interaction for IF - IRS system: a, b) —Matlock et al. [69]; ¢) —Yue et al. [70];
d) -Dependence of strength of ice loading speed as per Peyton [3] and Maattanen [11];
e) —Sodhi model [72]

Next, given the low values of displacements of structures and deformations of ice,
K.A. Blenkarn [4] rewrote the force function F as the formula (3), which then was subsituted in formula (2)
and formula (4) was obtained:

F(Viy—%)=FWV)—x % 3)
Mx+(c+ g-i)x + Kx = F(v) 4)

Tsuprik V.G. The forming cyclic loads on the offshore structures during ice field edge fracture. Magazine of Civil
Engineering. 2017. No. 6. Pp. 118-139. doi: 10.18720/MCE.74.10.

127



NuxeHepHO-CTPOUTENBHBII KypHaJ, Ne 6, 2017

Thus, the "negative damping” concept entered by K.A. Blenkarn [4] for the system IF-IRS based on
the use of the dependencies of ice strength and its download speeds, proposed by H.R. Peyton [3]
(Fig. 5-c), explains the emergence of autooscillations in the IF-IRS system. The ice self-excited
oscillations in the system occur if the friction coefficient dF/dv becomes negative and is numerically
greater than the structure damping factor C. Then the equation 4 will be the equation for "negative net
damping”, and the preponderance of negative friction (dF/dv) over positive (C) over time will lead to an
increase in amplitude of the structure. In addition, K.A. Blenkarn [4] experimentally determined that the
frequency of ice load peaks corresponding to the points of ice fracture, is governed by the ice field speed
Vi, the structure flexibility K and the rigidity Kice, depending on the relative velocity of the structure and
the ice fields Vr (download speed of ice). Blenkarn K.A. [4] also confirmed that a simple case of
"intermittent” interaction can be described by the model presented by Matlock et al. [69].

The concept of "negative damping” is received quite widespread among researchers. M. Maattanen
in 1977 [11] proposed a mathematical model for the description of autooscillations in the IF-IRS system, which
has many degrees of freedom. Here, the model has also been obtained by combining the equation of
structure motion and ice load as the relative velocity function F(Vr) in the form of the external friction
characteristic. The load was adopted as on Fig. 5-d, where each point on the curve is the limit strength of one
sample tested on uniaxial compression with a constant loading speed. This model was further developed by
Wang & Xu [61], Vershinin et al. [48] and other researchers. But the concept of "negative damping and self-
excited vibration" was constantly subjected to criticism and disagreement by another researcher of this
problem Sodhi D.S. [59] for many years. This author considers the oscillations, emerging in the process of
IF-IRS interaction and explains its position by the existence of a number of inconsistencies, which
challenges the concept of Blenkarn and his followers. The following discrepancies are noted:

—  The model with "negative damping" describes an idealized physical process in which at each
moment of time is has a place the maximum stress state on the eve of the beginning of the ice crushing
in the contact zone, and the initial contact force cannibalizing is determined by the value V: and the
specified strength sample R¢(d);

— mathematically not permissible, when we are looking for a solution to the time-dependent
interaction between solids, but the strength of ice is taken only as point on the "stress-deformation” curve,
obtained at the time of the ice sample destruction during testing;

—  physically, it means ignoring the real physical-mechanical properties of ice, described by the
curve of tests on strength of ice with respect to time when determining a power function F(t) for the
equation (1) as a similar dependency curve by Peyton R. [3] (fig. 5- d);

— the concept is not a confirmed hypothesis, because it is based on estimates of the negative
damping, rather than specific measurements of key parameters of the process.

Sodhi D.S. [72] offered its interaction model IF-IRS (fig. 5-e). He held very carefully prepared
experiments in the "closed" mechanical system that controlled all the factors and measured changes of
energy and values of all variable parameters that could influence the parameters of the interaction model
IF and the leg of the IRS. The results of these experiments have shown that the process of interaction
between IF-IRS is always a process of dissipation (transfer) of kinetic energy of the IF in ice array and no
transfer of energy from the ice field to the structure. On this basis, Sodhi D.S. [72] excludes any
possibility of oscillations induced by ice as a result of the negative damping, as proposed Blenkarn [4]
and Maattanen M. [11].

Despite the existence of contradictions, considered by the two points of view on a single
phenomenon, offering new models as the type considered here, that are formed using the hypothesis of
negative damping. In every model, the instant ice crushing strength parameter is considered, and
isdefined by tests of small specimens for uniaxial compression and the g, parameter of this strength
depends on the speed of sample loading, as shown in Fig. 5-d.

The "continuous” and layer-by-layer” crushing models

The model identified in the header, made up of a separate group of LF-IRS interaction models, was
formulated at the beginning of the ice fracture modeling, developed during a long period and used at the
present time. First, based onmodels of such type was a "hydrodynamic model" for the fracture of ice by
Kurdumov and Heisin, proposed in 1976 [73], shown in Figure 6-a. These authors’ model was based on
the concept of extruding products of ice fracture from contact zone. Here, a mechanism for breaking the
ice is not considered, and the model is based on the hypothesis of the continuous change of the physical
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state of the ice from the solid phase of the rear sight (intact) of ice to the destructed state in the form of
an ice crumb.

In a work of the author [74], it is also represented a developed model of layer-by-layer fracture of
ice during dynamic interaction between IF and the supports of the IRS (fig. 6-b). Products destruction of
ice occur as the result of the transition of "solid ice“ by in a layer-by-layer mode from a pre-fractured
layer, located before the frontal boundary (front) of destruction in to new state as a layer of crushed ice
(crumb), which extrudes from the contact area. This transformation is occurring in end process increase
of contact pressures in moment reached limit of the volume potential energy deformation accumulated in
the pre-fractured layer.

In models of such type is not direct contact with the intact ice during interaction and at least, most of the
interaction forces transferred through the layer of crushed ice or ice-crumb, as shown on Figure 6-a,b,c.
In the moment where peak pressure will achieved in a compressed layer of damaged ice, occurs
crushing this layer and followed by an instantaneous drop of the contact forces, the crushing phase ends
and occurs change the type of process on to new process - phase of the clearing. In these types of
models the contact force during process interaction variate in accordance with the phase of the crushing
and clearing. The effort, required to extruding the fragmented ice In such models, are increased
synchronously with the approaching to zero thickness layer of ice crumbs.

b) c)

d)

Figure 6. Models continuous crushing: a) — representation of a hydrodynamic model Kheisin et al.
[73]; b) — layer-by-layer model of ice fracture by Tsuprik [74]; d),c) — model continuous crushing
by Karné and Turunen [75]; d)— model destruction of the ice layer by Jordaan and Timco [76]; €)
— different of contact force graphics for model of continuous crushing of ice for one speed ice
field, but different values ice rigid

The authors of the work [76] use the same approach as in [73-75], introducing the body of ice field
in several areas: far from the surface, the ice is in pristine condition (intact ice); closer to the contact
surface, ice has a layer badly damaged by cracking; between this layer and the surface, structures are
formed by a layer of fractured ice (ice crumbs).

The contact force during the process of interaction IF-IRS in models of this type are weakly
changing when the transition fracture process from the phase of crushing to the phase of cleaning, if the
strength of ice is low. But with the increasing strength of ice, such models can describe the periodic
process of the ice fracture and, consequently, periodic change of amplitude (A) and the period (T) of the
peaks of ice load F on the structure (Fig. 6-e). Thus, the layer-by-layer mechanism of breaking the ice
with a relatively high strength can generate a cyclical ice load on the structure, causing it to wobble.
Amplitude and period of oscillation of structure are defined by its rigidity Ko and the rigidity of ice Kice,
which depends from the strength of ice Rc and from the conditions of its contact with the structure.

Experimental-theoretical method for dispensing of energy consumption by the
destruction of ice

Given that the considered system is closed, the most complete processes of element interaction
within this system can be described by using the law of conservation of energy. In such approach, the
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main energetical processes in the phenomena of oscillations of the IRS are processes of moving the
kinetic energy of the ice field into elastic energy deviation of the structure inequilibrium and the elastic
energy of compressed volume ice and potential energy dissipated in this part of the ice. At the same time,
on the basis of conservation laws, it is clear that in the process of the interaction, part of the kinetic
energy of the drifting IF is spent irretrievably on the fracture of ice.

As far as we know, the solutions of task of relaxational oscillations in the IF-IRS system by method
for solving the equation of energy balance has not yet been cited. In paper [48] the scheme of energy
consumption in the "ice-structure" system was viewed, but in the mathematical description of the dry
friction model, the dynamic processes for the ice field and in the structure is described by of two
differential equations of motion, related through a common for these elements of unified system by force
their contact interaction. But the strength of ice in explicitly form in to the equations is not included. At the
same time, in different years a number of researchers have suggested the use of the specific energy of
ice fracture ecr as a parameter of the strength in the calculation of ice load [72, 78-80].

The mechanism of oscillation generation in the system IF-IRS

Consider IF and IRS not as two separate objects, but as a system in which those objects are
interacting among themselves, new phenomena are spawned, which are not characteristic for each of
these objects outside the system. Such phenomena are the process of the ice fracture and the structrure
oscillation process. We assume that the size of the ice field is large, its mass and its velocity change
slightly during interaction and in the calculation of the values of these parameters, the kinetic energy IF
can be considered as unchanged, and its mass and speed as constant values. With these assumptions,
the interaction of the elements in the system IF- IRS can be regarded as a function of the active,
autonomous, conservative self-excited autooscillation and self-adjusting system of the relaxational type
(fig. 7). Usually, the mechanical behavior of this system is described by linear differential equations. But this
approach does not take into account the cause of the hesitation, i.e. the nature or source of the emergence
of a periodical force.

Previously, the possible scenarios of development of the process of interaction of the elements of
the system IF-IRS were analysed. So, if the speed of movement of the ice field VIF= Vil is small (fig. 5-
b), and ice has high strength RC, the ice load on reliance will have the appearance of individual peaks
with gradual rise of force and abrupt it decline in moment of ice fracture. Breach of contact may occur
after shift wedge-shaped blocks of ice on the bottom and top surfaces of the ice field (fig. 2-b,c). The
structure, freed from the pressure of the ice field will begin to reverse movement towards the ice field,
which continues to move, and then all processes in the system reoccur. The beginning of the next contact
may come through the time interval At (fig. 5-b). When the speed of the ice field (IF) monotonically
increases Vij>.... > Viz>Viz >Vi,load peaks are followed more frequently and at high speed IF and smaller
ice strength, the ice load curve has slightly noticeable extremes (a variant of the curve in Fig. 5-b Vis).

Figure 7 Image and functional scheme of “IF — IRS” system and subsystem “IRS”, in their
emergence the autooscillations
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Namely, such nature of mechanical processes and such alternation in the IF- IRS system
generates a cyclical sequence of increase and decline of ice load on a structure which can lead to a self-
exciting oscillation of IRS when exposed to ice fields. At the same time, as can be seen from the theory of
vibrations [71], the autooscillation in systems is usually occurring due to periodical transfer of energy from
the source to vibrating element of the system, i.e. in our case from IF to IRS.

Therefore, hesitation of the structure will be supported by the injections of energy taken from the
moving ice field and there should be a mechanism for dosing of the output kinetic energy of the ice field
and its transfer to the structure. Perhaps the authors of work [76] Jordaan 1.J. and Timco G.W.
speculated in the same manner in their model of ice destruction and therefore they designated the
location of the process of transfer of kinetic energy from the ice fields to the structure between the images
of these two elements of system IF-IRS. (Fig. 6-d).

Dosing and frequency of transfer of kinetic energy from ice field to structure performed due to the
account of the functioning of the processor of the system— during realizing of the mechanism of fracture of
ice (PR on Fig. 7), which acting as a ratchet mechanism in a watch or pressure regulator valve a in steam
machine — but here as the regulator cycles of hesitation process.

The specific energy of mechanical fracture of ice as a regulator of structure frequency oscillations

Consider the approach to a structure that has the transverse dimension supports (D) and stiffness
Gs, an ice field with certain combinations of Vir speed, thickness h and hardness (strength) of ice Gi
(Fig. 8-a). Description of the energy transfer process in an array of ice from the leg of structure and the
potential energy accumulation mechanism that acting in deformable volume of ice, in this work are taken
according to the concept, described in [77, 78].

Figure 8. lllustrations the occurrence of cyclic ice loads during process interaction of ice field
edge with the surface of leg structure
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We write the equation of balance of the ice field kinetic energy consumption AU in the contact
zone by its transmission into elements of the system IF-IRS, in which it will distributed, in the form of
elastic energy (AUe) during the same interval:

AUpp= AU,. (5)

In the active phase of interaction, the influx of the kinetic energy of the AU from the IF in the
contact area during one loading cycle occurs continuously, the level of potential energy Uwer in the
strained volume of ice field W¢r increases (Fig. 8-a,b) and at the same time, work As is exerted to reject
structures (Fig. 8-b,c). From the conservation laws are known that physical sense have not the full
numerical value the value of the potential energy , but the change of its numerical value during
deformation , only in this case it represents the energy of the elastic deformation. However, considering
the condition of additivity, the dissipation energy AUe of the system equals the sum of energy (of work)
used on the elastic deviation of the structure AUs, including the dissipation energy in the material and in
the constructions of the structure, and the energy AUwcr, stocked within the ice array at its edge area,
including the energy dissipated in ice:

AU, = AUg +AUy .y (6)

In the process of interaction with the IF-IRS at any moment prior to the time of destruction of the
ice in a strained volume, according to Newton’s third law, the balance of the changes in the energies of
elastic deformations of the curved leg structure and the compressed volume of ice will take place.

AUg = AUy,; AU, = 24Uy,,. (7)

Therefore, the balance — equality (5) in the process of interaction between IF and IRS, subject to
(7) may be breached only in 2 cases: due destruction of the structure (stability loss) or due destruction of
the ice. Staging of the considered problem here assumes to take into the calculation the size and
parameters of sustainability or local strength of structures that withstand the possible greatest ice load.
This means that a force that causes the destruction of ice, i.e. ice load on structure, needs to be
determined on the basis of the requirement of destructing the ice. Therefore, it is necessary to examine
the parameters and conditions for the destruction of the ice that must be included in formula for
calculating the boundary conditions for the energety state of the strained ice volume Wer.

A mathematical description condition of the beginning of the destruction of the ice in the final stage
of its deformation, not only has a great theoretical value for this unique material, but also a practical
importance for solving the problem of ice loads, as described in this work. Here, the magnitude & -
specific energy of mechanical fracture of ice was adopted as a criterion of ice destruction. The theoretical
basis of this criterion is the theoretical model of layer-by-layer destruction of ice and methods for
experimental determination of this value are given in the works [74, 79, 80, 83].

Thus, the key parameter governing the cyclicity of the ice destructed is a critical threshold value of
potential energy of deformation €« accumulated in the unit volume. The exceeding of this threshold
energy shall cause the destruction of the ice and breaking of the contact ice-structure for a while. To
achieve critical stress state pre-fracture in the strained volume of ice Wer it is necessary to spend energy
(Fig. 8-a, b):

ﬁWcr = Weg - &y 8)

Changes in the energy state of the interacting elements of LP-MLE system, considering full

synchronization in time of the consideration processes (6), occur is due perform work by force F as on

the deviation of the rs support structure in the direction of movement of the ice field (As - Fig. 8-c), and on
embedding of the support into the edge of the ice field in the opposite direction (A - Fig. 8-f) on & depth.

Us=As=[°F-d(rs) =F7; )

Uyer =A;= [y F-d(8)=F-2, (10)
The maximum ice load on the IRS can be determined from equation (8) and (10) describes the
limiting value of the potential energy of the elastic deformation in ice volume W created by the work of

the contact force, provided to the embedding leg of structure in the ice at a depth &i:

F= &, -f(We/6;) . (11)

The dependence of the volume of ice fracture and the depth of an elastic embedding structure in
the ice is the subject of a separate study.
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Results and Discussion

The important result of all studies should be considered understanding that the phenomenon of
fracture of ice is the cause and source of other phenomenon - vibrations of the IRS. The phenomenon of
the destruction of the ice during IF-IRS interaction has a dynamic periodic nature and the nature
(mechanism) of ice fracture determines the frequency and amplitude of the encountered oscillation in
constructions. It is proposed in the work that the experimental-theoretical method of dispensing the
energy costs for the destruction of the ice revealed that the essence of the phenomenon of cyclical ice
loading is the periodic violations of the energy balance of the two main simultaneous processes of
accumulation of elastic energy in the structure deviating and accumulating elastic deformities in ice
volume. For the flexible structure by the main parameter, governing the processes of elastic deviation of the
IRS and the compression of the limited volume of ice on the front surface of the structure leg is the size of
the dose of kinetic energy of the ice field, which is consumed on the work for deviation of the structure and
for compression of some amount of ice in the array edge of ice field to its critical level stress state.

According to diagram Fig. 8-b,c, the critical value of ice destruction energy Ui in condition of
compression ice volume at a contact zone shall be determined for each calculating event by using the
ice field thickness h and its velocity Vi (parameters of ice field kinetics) and rigidity (strength) of ice Gi,
defined by the parameter specific energy fracture of ice €. A mechanism of regulation of the limiting
number of the spent kinetic energy of the ice field, that is, the conditions of equality (5), is based upon the
interruption of the energy transfer process from the ice field by a gap of contact IF-IRS after the
compressed ice crushed. This mechanism shall be considered as a basic condition for emergence of self-
vibration in IF-IRS system. Figure 8-d shows the graphical interpretation of the results obtained for the
two different cases of strength parameters of ice fields (stiffness) Gi1 and Giz interacting with a structure
leg with rigidity of Gs. Figure 8-e shows graphs for the case of two structures with varying stiffness (Gsu,
Gsz2), interacting with the ice field with constant stiffness ice (Gi). As can be seen in these graphs, the
absorption of flux of ice field energy in interaction process in points (Q) interrupting becourse reached of
the limit of opportunities its absorption Ue in IF-IRS System. Therefore, the amount of absorbed energy of
ice field during the time At, i.e. the power transfer of ice field energy is determined by the speed of its
movement, Vir, the rigidity of ice Gi, and the stiffness of structures Gs.

Depending on the combinations of all the above parameters, the oscillation mode can be transient,
established with constant amplitude and frequency, and random (with random frequency and
amplitude).Several scientists have included in the descriptions of their proposed models of interaction
between IF with IRS, the processes of energy dissipation in a deformed ice volume and in the material of
the leg of the structure [2, 31, 48, 53, 54, et al.], and they considered these processes as independent. They
assumed that the probability of the emergence of the critical cycle, i.e. the stabilizing process of auto-
oscillation, is related to the fact that in the case of monotonically increasing amplitudes of oscillation in the
IF-IRS system, the energy dissipation in the system at the expense of damping is monotonically increased;
and through some period of time, the energy dissipation of the system in one cycle must be equal to the
energy received by the structure in this period of time from the drifting ice field [48]. Thus, if the frequency of
these vibrations match with one of the frequencies of natural oscillations of IRS, the system IF-IRS can
present self-exciting oscillation with constant amplitude, and the energy source for these fluctuations is the
kinetic energy of the IF.

This mode, in terms of reliability construction, is the most dangerous because of the possibility of
resonance phenomena. The combination of the phenomenological events described is a complex cause of
dangerous vibrations in offshore structures, which can lead to accidents, and reduced reliability and
durability of structures. But for this occurrence, the autooscillation regime must be respected by the two
conditions arising from the law of conservation of energy.

Condition A: the amount of the “energy swap AU" from the ice field in an oscillating element of the
system per unit time must not be less than the amount of energy AUe dissipating in the system;

Condition B: the transfer of the "doze energy” must occur synchronously with the frequency of
vibrations of IRS, i.e. the power of inertia of IRS in this moment must be zero, or a vector of this force
should have the same direction as movement of the ice field and have a value close to zero.

Therefore, emergensing the autooscillations in the IF-IRS system require serious theoretical and
experimental evidence, because for their automatic resumption must be require the return of a structure
to its neutral position absolutely synchronous with the frequency of the ice fracture. On the basis
proposed in this paper, the conception of the energetical description of the interaction process in the
system IF-IRS lower an attempt is made to consider the possibility of emergence of autooscillation
processes in this system.

Tsuprik V.G. The forming cyclic loads on the offshore structures during ice field edge fracture. Magazine of Civil
Engineering. 2017. No. 6. Pp. 118-139. doi: 10.18720/MCE.74.10.
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Figure 9 shows the diagram of self-excited oscillations in the IF — IRS system subject to an
increase of ice field velocity Vir and some decrease of the specific energy of ice destruction &.r on account
of an increased velocity of the ice load. The increase of ice movement velocity Vir leads to an increase in
the contribution of “energy swap AU" through a contact area per time ts prior to the destruction of the next
layer of ice. In this regard, the process of cyclical destruction of ice from an area of a single oscillation
(Fig.9-b1) is moving into zone of the intermediate mode (Fig.9-b) and further into an area of stable high
speed V3 (fig.9-b3). Here occurs an almost continuous transformation of the kinetic energy of the field into
potential energy of layer compression at a contact zone, its destruction and a displacement of destructed
fragments out of a contact zone. The structure obtaining increased energy during a shorter period of time,
as per the oscillation theory, shall increase its amplitude.

Implementation of the "Conditions A" is possible for certain combinations of parameters of the ice
field and the structure, including: drift speed Vi, its thickness h and the value of &«, as well as the
stiffness of the IRS Gs and its mass. Given the diversity of the natural environment, this coincidence is
always possible because the ice field, which has a very large kinetic energy, will be destroyed in the
contact area. Such event always precedes a cycle of accumulating potential energy in the ice array.
Energy flux from the ice field will equal to the energy required for fracture of ice because this process is
governed by the critical value of the specific elastic energy in an array of ice (Fig. 9-a), which will cause
its fracture.

A more complex situation can be with the execution of the "Condition B". Execution of the second
condition is possible only if the new contact of the surface structure, after ousting products of ice
destruction from the previous cycle of interaction, will begin with the intact ice in point "x" on the Figures
9-b,c. Only in this case, the vector of force pressure ice on his contact with the structure will not receive
the resistance from structure which prior to this point was moving against the movement of the ice field.
Then the kinetic energy of the ice field will start a smooth segue into the potential energy of the elastic
deflection of the structure or "added" to the remnants of the inertial force of a structure, when it returns to
the resting state, if was had the transition it oscillation through the resting state (“0”). Therefore, only the
execution of events in such order can create conditions for development of the autooscillations in the IF-
IRS system.

Figure 9 Diagrams of changing of self-excited oscillations of IF-IRS system (a-b) due to increase
of velocity movement ice field Vif and view charts of autooscillations process of hard (C1) and
flexible structures (C2) according to the theory of oscillations.

Here tcikl is a full time of contact (full cycle); te — a time of active phase load compressed ice and
structure; t0 — a time when not contact;

This scenario is also theoretically possible, but in this case, the graph of fluctuations must conform
to the type at Fig. 9-c (it can be compared with the schedule of the oscillations of the pendulum in clocks).
But it does not correspond to the views of oscillations on the schedules of "self-excited oscillations”,
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recorded in field and laboratory experiments that are listed in many previously published works [4, 9, 11,
13, 25, 70]. At the same time, all these records, possibly, were obtained in the forced vibration mode, as
stated in several works of D. Sodhi [60, 72].

Conclusion

In this work, first the energetical concept of the process of emergence of a cyclical load from ice
field (IF) to ice resistant structures (IRS) is justified. It is shown that the description of the process of
fracture edges of ice fields in the contact zone shall be based on the consideration of energy balance in
the system containing these two objects. The process of transferring the kinetic energy from the moving
ice field to the structure is presented in this work, in the form of simultaneous development of the two
main processes: accumulation of elastic energy in equal shares in deviating of the structure and in the
volume of ice in the contact area of the edge the ice field. The essence of the phenomenon of cyclical ice
loads on the IRS is shown as periodical interruptions of the monotonous processes of elastic
accumulation of energy and its partial dissipation in two elements of the system IF-IRS, caused by the
destruction of ice in the contact area and a simultaneous breach of contact between IF and IRS.

The results obtained in the investigations provide a basis for offering the followings conclusions.

1. In phenomenon of the cyclic ice loads the exclusive role plays a fracture mechanism of ice.
Presence of such mechanism providing the periodical limitation size (volume) "paging” of energy from ice
field to subsystem “IRS” in compliance with the theory of vibration, doing this mechanism as regulator of
the period and amplitude oscillation of IRS, and it are limiting increase amplitude during autooscillations.
Such mechanism is the main sign of autooscillation system.

2. Periodicity of the ice destruction is defined by the velocity of accumulation of elastic energy
deformations of ice at the contact zone of the ice edge and the structure depending on IF velocity,
structure’s rigidity and friction force between elements of sistem. The fracture, as a spontaneous process
releasing potential energy stored elastically in the strained volume of ice, starts in a local micro-volume,
where is achieved the violation of equality speed of adding of energy and power of its scattering.

3. The basic parameter determining the frequency fracture of ice, i.e. periodicity of resets
accumulated elastic energy in each next elastically compressed volume of ice in a continuous process of
interaction of the elements of the IF-IRS system is threshold of the value of the specific energy of elastic
compression of ice required to launch of the fracture mechanism of ice in the ice array of edge ice field.

4. Application of the specific energy of mechanical fracture of ice e« for calculation of marine ice-
resistant platforms on to cycle ice load, seems completely justified and efficient because the energy has a
concrete physical sense and better of another parameters of strength correspond to essence of notions
about it as about a complex of potential energetical barriers preventing the develop of kinetic processes
in materia. The use of energy as an internal state of the material allows to use mathematical methods of
mechanics, physics, thermodynamics, elasticity theory, and other fundamental sciences.
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Influence of superplasticizers
on the concrete mix properties

BnusHune cynepnnactudukatopos
Ha cBoncTBa BETOHHOM CMecH
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Abstract. The most important technological properties of concrete mix are its workability,
waterproof capacity, immutability of the properties and air-entrainment. The task of increasing the
efficiency and quality of concrete and reinforced concrete is still very relevant and it cannot be
successfully solved without the use of special chemical additives. The purpose of the research is to
obtain workable concrete mix using special additives. The plasticizers based on polycarboxylate esters:
Power Flow PF-2695, Power Flow PF-1130 and Power Flow PF-2237 have been determined as the most
effective. It was found that some additives after the addition cause the creation of defects.

AHHOTauuA. Hanbonee BaXHbIMU TEXHONOrMYECKMMU CBOWCTBAMU GETOHHOW CMECU SIBNAIOTCA
yaoboyknaabiBaemMocTb,  BOLOHENMPOHULAEMOCTb, HEU3MEHHOCTb  CBOWCTB BO  BpEMEHUW U
BO3ayxoBoBrieveHue. Npobnema noBbiweHNss 3PEKTUBHOCTM M KadecTBa GeToHa M xenesobeToHa
OCTaeTCsl aKTyanbHOW, ofHako 6e3 UCMonb30BaHUS XUMWUYECKMX O0OABOK €e HEBO3MOXHO PeLInTb
ycrnewHo. [laHHass paboTa HaueneHa Ha nonydeHue ypoboyknagbiBaemon GEeTOHHOW cMecu MyTem
NpMMEHeHUs cneuunanbHbix AobaBok. NnacTudukaTtopbl Ha OCHOBE 3MPOB NONMKapboKcMaToB Takue,
kak Power Flow PF-2695, Power Flow PF-1130 n Power Flow PF-2237, no pe3synbtatam paboTtbl 6binu
onpegerneHsbl, kak Hanbonee acpdekTBHbIE. Takke ObINO BbISBNEHO, YTO HEKOTOPLIE 0OaBKM CNOCOGHLI
Bbl3BaTb NosiBNeHne AedeKToB.

Introduction

The most important technological properties of concrete mix are its workability, waterproof
capacity, immutability of the properties and air-entrainment.

The possibility of obtaining self-compensating high workability concrete mix allows to lay it down in
hard-to-get, densely reinforced, thin-shell concrete construction, which is especially important in the
construction of unique buildings and structures, such as thermal and nuclear power structures [1-5].
Nowadays additives improving placeability of concrete are widely used. Depending on the effectiveness,
they are called plasticizers and superplasticizers.

The use of these additives allows reducing material costs and avoiding complicated construction
works in severe climate conditions.

The subject of this research is plasticizers — additives that increase plastic properties of the
concrete mixture and cement spreadability at the same water-cement ratio. The use of plasticizers allows
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increasing the workability without any changes in strength of the resulting concrete and
increasing adhesion to the reinforcement. Usually excess water is added to maintain plastic properties of
the concrete mixture, which reduces the strength of the structure. Such situations can be avoided by
using a plasticizer [6].

The most  common plasticizers are polycarboxylates, lignosulphonates and
naphthalenesulfonates [7].

Lignosulphonates are the product of sulfonation of natural polymer lignin, contained in the wood.
Therefore, woodworks waste is a possible source for their production. However, non-treated
lignosulphonate contains wood sugar, which slows down concrete setting, and promotes air entrainment.
Last modified lignosulphonates have similar side effects in less degree, but have a restriction on dosage
and relatively low efficiency. Lignosulphonate relates to strong plasticizers, increase workability of the
concrete mixtures from P1 to P4, reduces water requirement up to 15 %.

Naphthalenesulfonate works well together with the lignosulphonate. It belongs to the
superplasticizers, reduces water requirement up to 25% and it does not slow down the hydration process.
In large doses, it slows the setting and does not work well in low cement consumption.

Currently most effective additives are plasticizers based on polycarboxylate esters. They do not
prevent hydration, but you cannot use them at low cement consumption without stabilizer.

Polycarboxylates have a quite flexible chemical structure that allows to model molecules for
accurate set properties [7, 8].

The same materials are used in the manufacture of self-compacting concrete mixture, but to obtain
stable results tighter control and decrease in the values of limiting deviations are essential [9]. The basic
requirements for self-compensating concrete are high plasticity and concrete disintegration minimizing.
For this purpose superplasticizers based on polycarboxylates are used, and strict quality control is carried
out at all stages — during the selection of materials, in the production process and the process of concrete
casting.

The task of increasing the efficiency and quality of concrete and reinforced concrete is still very
relevant and it cannot be successfully solved without the use of chemical additives [10-12]. Chemical
additives are one of the simplest and accessible ways of improving the properties of concrete, which can
significantly reduce the cost per unit of output. They allow to improve the quality and efficiency of a large
range of reinforced concrete structures and to increase the working life of structures and buildings.
Therefore, enormous attention is paid to the use of chemical additives in concrete technology all over the
world. For example, by the end of 90ths the share of concrete additives for different purposes in Japan
accounted for more than 80%, in the US, Germany, France and Italy - more than 70%. In Russia in the
same period, the share of concrete with chemical additives was about 40%.

The problem of using additives for concrete modification is versatile [13, 14]. In global practice,
there is currently no standard classification for additives for cement and concrete. Different countries
have developed their own classification schemes. In view of the large differences of chemical additives
depending on the material composition and the specific properties, the nature of their impact on the
concrete mix and concrete may differ significantly, and sometimes even be selective [15].

In accordance with the classification of the additives introduced in [16], the term superplasticizer is
applied to additives, which regulate the properties of concrete mixtures, and have gained the leading
position in the group of water reducing admixtures due to extremely high effect of liquefaction of concrete
mixture without reducing concrete strength in all terms of testing. Superplasticizers appeared in the early
70th because of research of Japanese and German scientists. The basic idea of such additives was to
receive concrete mixtures that can be placed into shapes without applying mechanical action, or used
them with respective sharp decrease in the level of intensity of mechanical action impacts [17, 18].

The purpose of the research is to obtain workable concrete mix using special additives.

The most advanced third generation water reducing admixtures, so called superplasticizers, which
are oligomers based on polycarboxylate, are used in order to improve waterproof qualities of concrete.
Polycarboxylates are sensitive to the properties of cement, so the choice of the most effective admixture
was made with account of the chemical and mineralogical composition of the cement [19, 20].
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Research methods

Preliminary selection of the concrete compositions was performed to satisfy specified requirements
for water resistance, strength, class of aggressiveness of environment [21]. In the appointment of
concrete composition ingredients (cement [22], aggregates of different fractional composition [23],
additives [24]) were selected in accordance with the European standards.

Comparing a number of cements was carried out five cements, which satisfy the requirements to
the greatest extent were selected:
Portland cement with mineral additives CEM 1I/B-M(S-LL)-42.5 N, Finnsementi (Finland);
Sulfate-resisting portland cement CEM | 42.5 N-SR3, Finnsementi (Finland);
Sulfate-resisting portland cement CEM | 32.5 N SR-3, Mordovtsement (Russia);
Portland cement CEM | 42.5 N, Belarusian Cement Plant (Belarus);
Sulfate-resisting portland cement CEM 1-42.5 N-SR3, Sukhoy Log (Russia) [25].

These cements were tested as part of the cement-water paste in accordance with European
standards to determine their normal consistency.

S A

The effectiveness of additives in relation to each of the cement determined by Suttard's
viscometer. Paste quality was visually evaluated (the presence of water separation, air bubbles,
spreading of cement-water paste).

The production of cement-water paste normal density was carried out according to EN 196-3 [26].
The density of the cement-water paste is determined using a Vicat apparatus and various accessories to
it.

A comparative tests were carried out to select a new additive to assess the effectiveness of various
modifiers with the use of Suttard's viscometer:

1. The glass with marked concentric circles and polished cylinder 100 mm height and 50 mm in
diameter were moistened with water;

2. The cement-water paste was prepared in a spherical bowl. The desired dosage was measured
in advance;

3. The resulting mixture had been stirring for 30 seconds, then it was left at rest for 1 minute;

4. The resulting substance was stirred using two quick circular motions and poured into the
cylinder pressed to the glass in the center of the circles. The excess paste was cut with a knife
and the paste was aligned with the surface of the cylinder;

5. The cylinder was raised in a strictly vertical direction, and the paste was poured in a cone-
shaped pat;

6. The lower base cake reached a certain diameter, marked on the glass. That was the result of
the first part of the experiment;

7. The same actions were carried out with a paste, but with a plasticizer in it;

8. The result of the experiment depended on the difference between the diameters of the base of
the resulting pats.

Test results
The results of tests of additives with various cements are shown in Figures 1-5.

Our research was aimed to design workable concrete mix. To achieve the required results it is
necessary to identify the plasticizers, which will be used to further concrete design and recommended for
use in concrete mixture. As you can see from our study, plasticizing agents works very selectively with
each kind of cement, which confirms the idea of the effect of the chemical and mineralogical composition
of cement on water-reducing action of additives [11].

The results of the study also showed that superplasticizers based on polycarboxylate are more
effective, which is expressed in comparatively low optimal doses and low sensitivity to the type and
composition of cement [14].
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Figure 1. The results of tests of additives with CEM |1 42.5 N, Belarusian Cement Plant

Figure 2. The results of tests of additives with CEM | 42.5 N-SR3, Finnsementi

Figure 3. The results of tests of additives with CEM | 32.5 N SR-3, Mordovtsement
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Figure 4. The results of tests of additives with CEM 1-42.5 N-SR3, Sukhoy Log

Figure 5. The results of tests of additives with CEM 1I/B-M(S-LL)-42.5N, Finnsementi

Conclusions
As a result of the experiment the following conclusions were made:

1. All tested additives showed the expected effect: an increase of cement-water paste spread after
the addition of the plasticizer;

2. The same plasticizer showed different results with different cements;

3. A number of additives after the addition cause the creation of defects, such as oily stains,
blistering, water gain;

4. One of the additives (TF 76) showed a negative effect when it was added at the same time with
the silica fume — the concrete structure changed, gaining curdled consistency;

5. Some additives showed the desired effect when added up to 3% — cement-water paste spread
achieved more than 30 cm with no defects.

According to test results, the following additives were selected as the most effective: PF 2695,
PF 1130, and PF 2237.
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The stress-strain state of ribbed shell structures
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Abstract. The paper presents an analysis of the stress-strain state of shallow shell structures of
double curvature, reinforced from the concave side by a various number of stiffeners. Mindlin—Reissner
shell deformation theory is used, which accounts for geometrical nonlinearity and transverse shears, as
well as for discrete introduction of stiffeners with contact between the stiffener and the shell along the
strip. The mathematical model is written in the form of a functional of full potential deformation energy.
The algorithm of the analysis is based on the application of the Ritz method to the functional, which is
used for reducing the problem to a system of nonlinear algebraic equations. The resulting system is
solved by the parameter continuation method. Structural variations that are considered in the paper are
fastened with fixed-pin joints along the contour and are subject to external uniformly distributed
transverse loading. The values of stresses, forces, and moments in the stiffeners and in the shell skin are
obtained and analyzed. Specific features of their distribution are revealed. All values are given in
dimensionless parameters. It is shown that accounting for the contact of the stiffener with the shell skin
along the strip allows one to investigate the stress-strain state in the stiffeners, which are not possible
using delta functions with the introduction of stiffeners along the line.

AHHoTauumsA. B paboTte npoBoanTCca aHanM3 HanpsXKeHHO-AePOPMUPOBAHHOIO COCTOSIHUSA MOSIOrNX
060M0YEeYHbIX KOHCTPYKUMIA ABOSIKOW KPUBM3HbLI, MOAKPEMSIEHHBIX CO CTOPOHbI BOTHYTOCTU PasfnyyHbIM
yncnom pebep. Mcnonb3yetcs Teopus  gedopmupoBaHusi  obonoyek  MuHanuHa—PelicHepa,
yunTblBaLLass reoMeTpu4eckylo HenMMHEMHOCTb, NomnepeyvHble COBUMM, a Takke OUCKPEeTHOe BBedeHue
pebep XKeCTKOCTU C KOHTaKTOM pebpa n 06wmrBKKM No nonoce. Matematuyeckas Mogernb 3anncaHa B Buge
dyHKUMOHaNa MoMnHOMW MOoTeHumManbHOW 3Heprun pedopmaunn. ARropuTM pacyeTa OCHOBaH Ha
NpMMEHeHMn K dyHKUMoHany wmetoga Putua gna cBegeHus 3adadn K CUCTEME  HENUHEMNHbIX
anrebpaunyeckux ypasHeHun. lMonyyeHHas cucTemMa pellaeTcss MEeTOAOM MPOOOIMKEHUS peLueHus no
napametpy. PaccmaTtpuBaemble BapuaHTbl KOHCTPYKLUMW LUAPHUPHO HEMOABWXHO 3aKkpensieHbl no
KOHTYPY M Haxoadtcda nof AeCTBMEM BHELUHEW paBHOMEPHO pacnpefeneHHOr nornepeyHon Harpysku.
AHanM3NpyTCa MNOSMyYeHHble AaHHble O 3HAYEHUAX HaNpPsKEHWW, YCUIMMA U MOMEHTOB B pebpax
XKEeCTKOCTM U B 0oOLlMBKe. BbisiBNeHbl 0COOEHHOCTU WX pacnpefeneHuns. 3HavyeHWss NpuBeLeHbl B
6e3pa3mepHbIX NapameTtpax. MokasaHo, YTo y4yeT KOHTakTa pebpa ¢ OOLWMBKOM NO NoOfioce No3BonsieT
nccrnenoBaTh HanpsKeHHO-4eOPMUPOBAHHOE COCTOsIHWME B pebpax, YTO HEBO3MOXHO NpW BBEOEHUU
pebep Mo NMHUM C NOMOLLbIO AenbTa-yHKUUNA.
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Introduction
The study of the behavior of shell structures is essential for different sectors of industry [1-4],
including Civil Engineering [5—6]. For thin-walled shells, it is important to account for the reinforcement
with stiffeners [7—35], which make it possible to significantly increase the critical load value, redistribute
hazardous stresses, and thus increase the robustness of the structure.
Most of the stability studies of reinforced shells were carried out for closed cylindrical shells [10,
11, 17, 20, 21, 29-31], because such structures are the most widely used in practice. In addition, due to
their symmetry, they can be analyzed using simplified models (as an axisymmetric problem).
According to the type of external action, structures under axial compression are more frequently
investigated [11-22, 27-29, 32], whereas structures under uniformly distributed transverse loading are

studied less often [15-18, 26, 27].
Stability of shells under static loading is considered in [16-24], and the vibrations of such
structures in [7, 8, 13-15, 32]. Optimization issues of reinforced shells for solving specific practical

problems were discussed in [26—30].
In most cases the stiffeners are located on the side of the concavity of the shell, but the cases

where the stiffeners are located on the external side of the shell are also of interest [17, 18, 28, 31].
The finite element method for calculating reinforced thin-walled shells was used in [4, 7, 8, 11, 17,

20, 25, 26, 34, 35].

In most studies it is assumed that stiffeners interact with the shell skin along the line: thus, for
example, A.l. Lurie [36] and V.Z. Vlasov [37] considered the stiffeners as Kirchhoff—Klebsch bars, where
the locations of stiffeners were defined with the aid of delta functions. With this approach, it is assumed
[38] that the effect of shell-reinforcing stiffeners on the shear and torsion of the median surface of the
shell skin can be neglected, and deformation of reinforcements is described by the relations of a linear

stress state without accounting for their interaction.
The most accurate approach is when the contact between the stiffener and the shell skin occurs

along the strip [39]. Also, for reinforced shells, it is essential to account for transverse shears [40].
The purpose of this paper is to analyze the stress-strain state of stiffened shell structures and to

identify the features of their deformation process.
The objective of the study is to perform a computational experiment to determine the stress-strain
state of shallow shells of rectangular base with a varying number of shell-reinforcing stiffeners.

Methods
Let us consider shallow isotropic shell structures of double curvature, of square base (Figure 1),

with fixed-pin joints along the contour and subjected to external uniformly distributed transverse loading
g. The load is oriented along the normal to the median surface. The shell is reinforced from the concave

side by an orthogonal grid of stiffeners, parallel to the coordinate lines.
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Figure 1. Schematic representation of a shallow shell structure of double curvature, of square base
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Mathematical model

The mathematical model of deformation of such structures is constructed from three groups of
relations: geometric (associating displacements and strains), physical (associating stresses and strains),
and the functional of the total potential deformation energy.

Let us consider a geometrically nonlinear version of the model, which also takes into account
transverse shears (the Mindlin—Reissner model), and the possibility of discrete introduction of stiffeners,
taking into account the contact of the stiffener and the shell skin along the strip and accounting for the
shear and torsional rigidity of the stiffeners. In this case, the unknown functions are three displacement

functions U :U(X, y), \Y :V(X, y), and W :W(X, y) and two functions of the angles of rotation of
the normal, ¥, =P, (x,y), and Y, =Y, (X, y); and the geometric relations will have the form:

oU 1 9 oV 1 - oV ouU
&x=——KW+26°" &, =—-kW+=6,°, =+ +60,,
Tk X b Ay Ty TR TR My T g gy T2 "
¥, oY, ov, ¥
= v Y= 2Ypp =+,
4 o 22 oy 212 x oy

where &y,&y are axial strains along the X and y coordinates of the median surface; 7y, is the shear

strain in the XOYplane; 41, X2, Y12 are functions of change of curvatures and torsion;
kx =1/Ry,ky =1/R; are primary curvatures of the shell along the X and Yy axes; Rj,R, are the
principal radii of curvature; and

W W

91: 2 = ay . (2)

o
The physical relations for linearly elastic deformation of an isotropic material under a plane stress
state will have the form

E E
Oy =— gx—l-ﬂé‘y—i-Z()(l-l-ﬂ){z) , Uy =3 5y+ﬂ‘9x+z(){2+ﬂ;{1) :
1-u 1-p 3)

Ty = Gl{?’xy +22)(12}

where E is the elastic modulus of an isotropic material; 4 is the Poisson’s ratio; and Gy, is the shear
modulus.

Expressions for forces and moments are separated into components acting in the shell skin
(index 0), and in the stiffeners (index R). Consequently, we have

_nO R _nNO R _NO R _NO R
N, =Ny +N,, Ny—Ny+Ny, ny—nyJfoy’ Nyx—Nyx"'Nyx’
_ a0 R _ a0 R _ a0 R _np 0 R 4
My =M +M, My =My+My, My =My +Mg, M, =My +Mg, “)
0 R 0 R
QX:QX+QX' Qy:Qy"'Qy-
If the stiffeners are introduced discretely, then in the expressions (4) one should take [35]

NS =Gyhle, +pe, ) NS =Ghle, +pey ) NS, = NS =Gy,
0 h® 0 h® 0 0 h®
My :Glﬁ(X1+“X2)’ MyzGlﬁ(Xz +HX1)’ MxszyX=2G12EX12’

QY = Gyzkh(¥, — &), QS = G23kh(‘1’y ) )v
NE =G, [F(gx +ﬂ8y)+ S(Zl"',u)&)]- N)I/? =G, [F(‘gy +/J8x)+ S(ﬂ(z +ﬂ7(1)]’
ny - N?X :Glz[':ny +2§){12].

(5)
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R R

MR =Gy [Sle + ey )+ I+ 1r2)) MG =Gy [Sley + e )+ 3o + 101}
R R
ME =M =Gy, Sy +23712)

E

1- ,uz .
Here h is the thickness of the shell skin; F, S, and J are the area of the cross-sectional or

longitudinal section of the stiffener per unit length of the cross-section; the static moment of the area; and
the moment of inertia of this cross-section. In the discrete approach, it is taken into account that the

contact of the stiffener with the shell skin occurs along the strip, the shear and torsional rigidity of the
stiffeners are taken into account, and then these characteristics are calculated as follows [41]:

QX =G kF (P —a) Q) = stk':(‘{'y -6, ) G, =

F= ZFJg(x X; )+ ZF'Ey V) iipijg(x_xj)g(y_yi);
5 = ZSJS(X x)+i8'5y i)- iiS”E(x X By - i) ©)
J= Z_:Jjg(x x)+Zi:J'5y yi)- ii\l”g(x xJ)Sy Vi)

where
Fi=n', Fl=h), F1 =nl, s"=h'(+h' )2, 7 =hi(h+ni )2, 7 =hi(h+nl )2
) =0asnn’ +osnf'f + ('], -
21 =02sh?hi+oshfhi f+(nif, 39 ~02snni+oshln f+ ],
Here h' hJ are the height of the stiffener; indices i and j indicate the order number of the

stiffener located parallel to the Xand Yy axes, respectively; N,Mm are the number of stiffeners;

h' = min {hi,hj }; and 5(X— Xj), S(y— yj) are unit bar graph functions equal to 1 in places where
stiffeners are connected, which are equal to the difference of two unit functions:

Sx—x;FU(x-a;)-Ulx-b;) &(y-y)=U(y-c)-U(y-d;) (8)

Moreover, aj =X;—rj/2, bj=x;+rj/2, ¢=Yy;—-/2, dj=y;+r/2, where Ij,Ij are

the width of the sﬂffener, and indices 1 and j indicate the order number of the stiffeners located parallel
tothe Xand y axes, respectively.

The total potential deformation energy of a shallow shell of double curvature can be written with the
aid of a functional Ep that represents the difference of the potential deformation energy of the system
and the work of external forces:

ab
=;_([E[{ngx+Ny€y+;(ny+Nyx)7xy+Mle+MyZZ+(Mxy+Myx)le+ o

+Qu (¥, —6)+Q, (¥, -, )-2qW jdxdy.
Representing this functional as the sum of two functionals, individually corresponding to the shell
skin and the stiffeners, we obtain

0 R 10
E,=Ep+Ej,, (10)
where [41]
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An expression for EE is obtained analogously:

ol u

:;T?{Nfgx+ N55y+;(N§, ANB o +MB MRy (MB MR L, +

+Qx (¥, —‘91)+Q5 (‘Py — 0, )}dxdy:
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ab
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00
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Algorithm

In this paper, it is proposed to use an algorithm based on the Ritz method and the method of
parameter continuation for the study of shell structures.

According to this algorithm, the Ritz method is applied to the functional in order to reduce the
variational problem to a system of nonlinear algebraic equations. For this, the required functions are
represented in the form

U(x,y)= ZU(I)Zl(I) V(xy)= ZV(I)ZZ(I) W(x,y)= ZW(I)ZS(I)
1=1 1=1

(13)
v, ( ZPS(I)Z4(I) ¥, (x,y)= ZPN(I)ZS(I)
1=

and the system of nonlinear algebra|c equations is obtalned relat|ve to the unknown numerical
parameters U (1), V(I), W(l), PS(l), and PN(I).

The convergence of the Ritz method in solving the problems of stability of thin-walled reinforced
shells was shown in [40], where for problems with symmetric shells the difference in the critical load

values for N =9 and N =16 was minimal. In this paper, all the results were obtained with N =9.

Various numerical methods can be used to solve this system [40, 42, 43]. In this paper we use the
parameter continuation method [40].

Approximation functions in (13) are selected depending on the method of fixing the shell contour,
and must satisfy the boundary conditions. With the fixed-pin joint along the contour, we obtain the
following boundary conditions:

for x=0,x=a
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U=V=W=0, M, =0, ¥, =0;

fory=0,y=b:
Uu=v=w=0 M, =0, ¥, =0.

Taking into account the fact that shallow shells of double curvature of square base have symmetry,
the approximation functions for this type of fastening can be taken in the form:

U(x,y)= ggu 1 Sin (an stin ((ZI ~1)n Zj

k=11=1 a

V(x,y)= ggvk, sin ((Zk ~1)n :j sin (gmg}

k=11=1

N +/N

W(xy)= ggwkl sin ((Zk ~1)n Xj sin ((ZI ~1n ?)/j

k=1 1=1 a

Il
Mz
LMz

PSy, cos((Zk ~1)n X]sin ((ZI ~1n E)lj

¥, (xy) A

5
5

A

¥y (%, y)

PN, sin ((Zk ~1n :) cos((ZI ~1)n ZJ

=

I
" M
g

22N

1 1=

Results and Discussion
Calculations are carried out for shallow shells of double curvature of square base with a = b, and
Rlz R2 , with fixed-pin joint along the contour and subjected to uniformly distributed transverse loading.

Let us introduce the dimensionless parameters

X y au bV w a2k b2k a¥
=— n=>-U=" V=" W=— k.= Xk :7)/’?: x’
4 a n b h2 h2 h' ¢ h n h X h ”
2 2 2
g 2y poata @y o aNy o aMy
y h ' Ent’ 7 En2 7T ER T ER*

We will investigate the nature of stress distribution on the outer surface of the shells for different
numbers of shell-reinforcing stiffeners with height 3h and width 2h for a=60h and
R, =R, =225h (k: =k, =16).

Figure 2 shows the stress diagrams oy for P =150, reinforced with four stiffeners (Figure 2, a)
and two stiffeners (Figure 2, b). The curve with number 1 corresponds to the cross-section £ =0.1,
curve 2 to the cross-section £=0.2, curve 3 to the cross-section & = 0.3, curve 4 to the cross-section
& =0.4, and curve 5 to the cross-section & = 0.5.

As can be seen from Figure 2, the stresses on the stiffener decrease substantially, but closer to the
central cross-section (¢ = 0.5), the character of the stress becomes smoother.

For shells reinforced with two wide stiffeners (width 12h), the stress pattern remains the same
(Figure 2, c).

Now let us investigate the nature of the distribution of forces and moments in the stiffeners and in
the shell skin.

Karpov V.V, Ignat’ev O.V., Semenov A.A. The stress-strain state of ribbed shell structures. Magazine of Civil
Engineering. 2017. No. 6. Pp. 147-160. doi: 10.18720/MCE.74.12.

152



NuxeHepHO-CTPOUTENBHBII KypHaJ, Ne 6, 2017

(5]

Figure 2. Diagram of stresses oy of a shallow shell with various cross-sections

Figure 3 shows diagrams of forces N; and moments M,? acting in the stiffener (Figure 3, a) and

along the stiffener (Figure 3, b); and N,? and Mf; (Figures 3, ¢ and 3, d) in the shell skin along the

stiffener (for the shell reinforced by two stiffeners intersecting in the center with height 3h and various
widths for P=150, £=0.5).

Curve 1 corresponds to the width of the stiffener 2h, curve 2 to width 12h, and curve 3 to width

24h . As can be seen from Figure 3, the forces and moments in the cross-section of the stiffener are
much larger than in the shell skin. Moreover, the fibers in the shell skin are compressed, and the fibers in

the stiffener are elongated, because N,? and N,? have opposite signs.

Figures 3,e and 3,f show the diagrams of moments M,? and forces N,? in the cross-section of a

shell skin 77 = 0.1 (between the stiffeners). All values presented in Figure 3 are related to the unit length
of the cross-section.
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Figure 3. Diagrams of forces N,7 and moments M,7 of a shallow shell in the cross-section
£=05
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As can be seen from Figure 3, as the width of the stiffener decreases, the forces and moments in
the stiffeners increase. Let us consider shells reinforced with two and four intersecting stiffeners of height

3h and width h. In Figures 4 and 5, the curve number indicates the number of shell-reinforcing
stiffeners.

Figure 4 shows the "load P - deflection W' in the center of the shell" dependencies and diagrams
of the angles of rotation of the normal ¥, along the axis & for P =150 and 7 = 0.1. As can be seen

from this figure, at the point where the stiffener is attached to the shell skin, the angles of rotation ‘ITX
become practically equal to zero.

Figure 5 shows the diagrams of forces N,7R (Figure 5, a) and N,? (Figure 5, b), and moments

M,? (Figure 5, ¢) and I\/I,? (Figure 5, d) per unit length of the cross-section, for P =150 along the
stiffener (parallel to the y axis).

Since the force and moment diagrams are given along the stiffener, then for the shells reinforced
with two stiffeners, the stiffener is located at & = 0.5, and for the shells reinforced with four stiffeners at

£=0.35.

As can be seen from Figure 5, in the cross section of the stiffener, significant forces and moments
appear along the stiffener, while these values are much smaller in the shell skin. Near the edge, the
stiffener is subject to compression, and further from the edge, to elongation. At the place of intersection of
the stiffeners, the forces are reduced. A smooth change in the forces is observed in the shell skin.

Since the model of the stiffened shell, taking into account the transverse shears, permits the out-of-
plane bending of the stiffener, let us analyze this point.

Figure 6 shows the diagrams of bending moments M,7R (in the direction of the axis 77) in the

cross-section of the stiffener (£ = 0.5) and the longitudinal section of the stiffener (77 = 0.5) which are
mutually orthogonal, for the shells reinforced with a different number of stiffeners: 2 stiffeners (curve 2)
and 6 stiffeners (curve 6), with height 3h and width h. The index “1” in Figure 6 designates that the height
of the stiffeners is 6h and the width is h. A shallow shell of square base with parameters

a=120h, k; =32 is subject to uniformly distributed transverse loading, P =300.

As can be seen from Figure 6, the bending of a stiffener in cross-section is somewhat larger than
in longitudinal section, but is of the same order. As the height of the stiffener increases, bending
moments also increase. At the intersections of the stiffeners, their bending (out-of-plane) decreases. The
direction of bending of the stiffener out of its plane differs for a shell that has only one stiffener in the
direction being examined and a shell that has several stiffeners in the direction being examined.

Next, let us study the character of the normal stress distribution along the stiffener in different
layers of the stiffened shell along the thickness of the stiffener.

7 P=150 p=01 Ny

300+ 7 0

5 02 | 4 =

2004 04 Z
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Figure 4. "Load-deflection" graphs for a shallow shell reinforced with two and four stiffeners,
and diagrams of the angles of rotation of the normal ‘PX
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Figure 5. Diagrams of forces and moments in the shell skin and in the stiffeners of a shallow shell
reinforced with two and four stiffeners
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Figure 6. Diagrams of moments M,;{ in different cross-sections for a shallow shell reinforced with
a different number of stiffeners

Let us examine the stress distribution in the shell skin and in the stiffener under critical load. Figure
7 shows the stress diagrams o, for £=0.5 along the 77 axis for the shell with a =60h,k; =16 curve

1for Z=—h/2, curve 2 for Z=0, curve 3 for Z=h/2, curve 4 for Z=h/2+3h (at the center of the
stiffener), and curve 5 for Z=h/2+6h (bottom part of the stiffener). Figure 8 shows similar results for
shells with parameters K: =32, a =120h (index “1”), and a= 240h (index “2”) near the critical load
value (for the shell with a=120h, B, =1860, and for the shell with a =240h, B, =1580). The

shells are reinforced with six stiffeners with height 3h and width 2h.
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Figure 7. Diagram of stresses o, in different cross-sections of the stiffener for a = 60h, k; =16
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Figure 8. Diagram of stresses o, in different cross-sections of the stiffener for a =120h, k§ =32

n

As can be seen from Figures 7 and 8, stresses occurring in the stiffener significantly exceed
stresses in the shell skin. These stresses increase with the height of the stiffener. Therefore, plastic
deformations will appear in the stiffener first, and only afterwards in the shell skin. When plastic
deformations occur in the stiffener, the moment of stability loss may occur earlier.

Therefore, it is necessary to analyze the maximum stresses in the shell and stiffeners for
comparison with the maximum allowable values in order to remain in the elastic zone.

To confirm the reliability of this approach to the introduction of stiffeners, let us consider the results
of an experimental study of the stability of stiffened shells, performed at the Ural Scientific Center of the
USSR Academy of Sciences and described in the work of V. I. Klimanov and S. A. Timashev [43]. Tests
were carried out on 18 samples of shallow shells of square base from plexiglass, the parameters of which

are a=b=0.6 m, R, =R, =1.51 m, h=0.001 m, reinforced by an orthogonal grid of stiffeners with a
cross-sectional area 0.0033x0.0092 m?2 (3.3hx9.2h) and step size for stiffener arrangement 0.075 m ( 9x9
stiffeners). The dimensionless parameters of the curvature of such shells are ké‘: = kn =238. The load
was assumed to be uniformly distributed over the area of the shell.

As a result of the experiment, the authors of Ref. [43] obtained critical load values that ranged from
0.411-102 MPa to 0.703-10 MPa. According to the method of calculation of reinforced shells
proposed by us, a study of similar structure was conducted: when reinforced with stiffeners (3.3hx9.2h

), the critical load value is 0.72-1072 MPa (the difference in values is explained by the fact that during
calculations, the ideal structure is considered, as well as the possibility of plastic deformations and other

factors), and when reinforced with stiffeners (2hx3h) the critical load value is 0.3-1072 MPa.

Karpov V.V, Ignat’ev O.V., Semenov A.A. The stress-strain state of ribbed shell structures. Magazine of Civil
Engineering. 2017. No. 6. Pp. 147-160. doi: 10.18720/MCE.74.12.
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It is also noted in [43] that the shells were initially exposed to cavities, which, under further loading,
developed to a depth of 0.55h . On average, under load ¢ =0.195-10"% MPa, deflections of the model

centers are 2.5h. For a load q =0.389-107% MPa, they were equal to 7h [43]. Similar qualitative
results of the process of stability loss of the shell were obtained in this work.

Conclusions

As a result of the calculations and analysis of the data obtained, the following features of the
stress-strain state of stiffened shallow shell structures of double curvature can be outlined:

— when the shell is reinforced with a small number of stiffeners, stresses in the area of their
connection to the shell skin decrease quickly, and their redistribution occurs in comparison with
the smooth shell, but closer to the central cross-section (£ = 0.5) the character of stresses

becomes smoother. Moreover, as the width of the stiffeners increases, the nature of the
stresses remains the same;

— as the number of stiffeners increases, the distribution of stresses on the outer surface of the
shell skin becomes smoother;

— as the width of the stiffener decreases, the forces and moments in the stiffeners increase;

— at the places where the stiffeners are connected to the shell skin, the angles of rotation of the
normal Wy become close to zero, but in the other part of the shell they increase, so that, in

comparison with smooth shells, accounting for transverse shears significantly affects the stress-
strain state of the stiffened shell;

— in the cross-section of the stiffener there are significant forces and moments, whereas in the
shell skin these values are much less than in the stiffener itself. Near the contour of the shell,
the stiffener is subject to compression, and closer to the center it is under tension.

— as the height of the stiffener increases, bending moments in the stiffener increase;

— at the intersection of the stiffeners, their bending (out of the plane of the stiffener) decreases,
which proves the necessity to take into account the joint action of the stiffeners at their
intersection. With the introduction of stiffeners along the line, this effect is not taken into
account;

— stresses occurring in the stiffener significantly exceed stresses in the shell skin. These stresses
increase with the height of the stiffener. Therefore, plastic deformations will occur first in the
stiffener, and then in the shell skin. When plastic deformations develop in the stiffener, the
moment of stability loss may occur earlier.

Thus, taking into account the contact of the stiffener with the shell skin along the strip makes it
possible to investigate the stress-strain state in the stiffeners, which is not possible using delta functions
with the introduction of stiffeners along the line.
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Abstract. One of the most topical issues (in construction) has become providing fire protection
facilities for reinforced concrete. The Eurocode-4 and other recommendations have been applied for
more than 10 years in European countries. In Russia we have only one method of analysis - STO
36554501-006-2006. This work is devoted to comparise all these algorithms. 3 methods of analysis of
composite reinforced concrete slab elements under fire activity are described. 3 analytical models of
structures with different calculation perameters are consedered for determination of corresponding
dependences and creating the algorithm of calculation. Partial coefficients were identified for analysis of
composite reinforced concrete slab elements according European Standarts for application in Russian
Federation.

AxHoTauuma. OgHumM 13 Hanbonee akTyanbHbIX BONPOCOB sABNSeTCA obecnevyeHne orHeCTONKOCTU
N OrHecoxpaHHOCTU ene3obeTOHHbIX KOHCTpykuun. B Poccuiickon ®epepauun pans pacdeta
cTanexene3obeTOHHOW KOHCTPYKLMKN Ha orHeBoe Bo3aencTeue cywectsyeT CTO 36554501-006-2006. B
€BpOMNenckux CcTpaHax Yyxe MHOro neT [AeWCTBYeT TexHuyeckuin koaekc Eurocode-4; WHCTUTYTHI,
3aHMMaloLMeECss KOHCTPYKUMAMW, U3JalT psg pekomeHpaumi no pacyety. B pabote onucaHbl 3
MEeTOOMKN pacyeTa cTarnexene3o0eTOHHOro NepeKkpbIiTUS Ha OrHECTOMKOCTb, NPOBEAEHO UX CPaBHEHUE.
PaccmoTpeHbl 3 Mogenu nepekpbiTUn ¢ pasnuyHbIMU NapameTpaMn Ans BbiiIBNEHUA COOTBETCTBYHOLLNX
3aBMCUMOCTEN U CO3daHWNS anroputma pacyeTta. BbisiBneHbl YacTHble KOI(hULUMEHTbl 1S pacdeTa Ha
OrHeBOE BO3JeNCTBME NO eBPONEncKkMM Hopmam Ha TeppuTopumn Poccuickon ®egepauun.
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Introduction

Fire is one of the most horrible disasters, which brings enormous losses and destruction, claiming
many lives. [1-4] In the history of mankind, there have been fires that destroyed entire cities (Rome
(70, B.C.), London (1666), Moscow (1812), Hamburg (1842), San Francisco (1906)). And these days as
indicated by statistics, the number of fires not only does not decrease despite the technical progress but
sometimes increases because of them. [5-11]

People since ancient times have searched for solutions to the fires buildings preservation
problems, whereas many building materials were highly flammable. The search was crowned with
success, when it was discovered

Reinforced concrete was launched by Joseph Monier (1861). In 1938, a progressive method of
reinforced concrete strength analysis on destruction stages was obtained by scientists such as
A.A. Gvozdev, Y.V. Stolyarov, V.I. Murashev and others. Since 1979, the use of profiled sheet as a
retained formwork for construction of monolithic reinforced concrete floor slabs on steel beams started.

Authors R.l. Rabinovich, A.A. Bogdanov, M.G. Karpovskiy, in their researches performed in
Promzdaniy Central Research Institute of USSR’s Gosstroy and the Donetsk Promstroyniiproekt together
with the Concrete and Reinforced Concrete Research Institute, experimentally studied the behaviour of
composite slabs in an integrated manner, taking into account reinforced concrete and steel beams of
floors.

Any structures must be protected against fire exposure. Therefore, there are requirements about
the observance of fire safety. [12—14]

Fire-resistance is a global fire-technical characteristics, regulated with the construction codes and
rules such as in Russia (the Federal law of the Russian Federation of 22 July 2008 N 123-FZ "Technical
regulations on fire safety requirements”), and in the European Union (Directive 89/106/EC,
EN 1991-1-2:2002. Eurocode 1. Impact on Structures. Part 1-2. The General Impact. Exposure to
Determine fire Resistance, EN 13501-2:2007+A1:2009. Part 2. Classification Using Test Data on the
Combustion Reaction When the Fire Resistance Test, Excluding Ventilation). [15-18, 20-22].

Calculation of steel-concrete composite slabs on profiled sheet as a whole is difficult because it
does not have fully-fledged techniques regulated with building codes

In Russia, there is only one method of reinforced concrete structures calculation according to the
Guidance to STO 36554501-006-2006 by Milovanov [15].

In European countries, Eurocode 4 “Design of Composite Steel and Concrete Structures. Part 1-2.
General Rules. Structural Fire Designs” is used for analyses of fire resistance. [24] There are as well
various recommendations, including “The Fire Resistance of Composite Floors with Steel Decking” [25],
issued by The Steel Construction Institute.

There is a problem of harmonization of European and Russian standarts establishing General
requirements for methods of test for fire resistance of building structures. There is a necessity for a global
systematization of computational and experimental methods for fire resistance assessing of building
structures and harmonize them with the current regulatory framework in Russian Federation in the fire
safety field. [19, 23]

When using the three selected methods were considered their advantages and disadvantages. In
the Manual by Milovanov the advantage is presence isofields and isolines, but there are disadvantages
that the methodology considered a limited number of beams and narrow examples. There are difficulties
in extrapolating the solution of problems. In other codes this is not a problem, but they are not applicable
in Russia.

In the paper to determine the possibility of European codes harmonization on the territory of
Russia three above-mentioned methods were used: according to the Guidance [15] and two European
Standards [24, 25]. These techniques are applicable on the territory of the corresponding countries and
therefore can be applied in solving design and construction problems.

The aim of this research was to assess the possibility of using European norms for the analysis of
fire resistance of composite reinforced concrete floors and their adaptation in the Russian Federation.

The following objectives were set and addressed in order to achieve the goals:
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1. Analysis of the ultimate equilibrium of three fragments of composite reinforced concrete joist
floors of differing range of parameters, as described; selection of geometrical and physical characteristics
of the structure under a specified load;

2. Analysis of the ultimate equilibrium of the above fragments of floors as described in methods
proposed in Eurocode-4 [24]; selection of partial coefficients to maximize the correspondence of methods
to each other;

3. Analysis of the ultimate equilibrium of the above fragments of floors as described in the

methods proposed in the recommendations of the “The Fire Resistance of Composite Floors with Steel
Decking” [25], issued by The Steel Construction Institute.

Methods

For ultimate equilibrium analysis of reinforced concrete slabs according to different design
standards there were taken 3 different buildings with different load, the class of functional fire hazard and
type of premises.

The limits of fire resistance were taken in accordance with the technical regulations based on the
fire resistance of the building:

1. Residential 5-storey building, height — 18m, floor area — 1150 m2. It can be concluded from
the tables that the grade of fire resistance — I, structural fire hazard class — C1. It follows that the limit of
fire resistance of floors for such a building should not be less than REI60.

2. Public office building — 6-storey building, height — 20.5 m, floor area — 2950 m?2. It can be
concluded from the tables that the grade of fire resistance — | and limit of fire resistance of intermediate
floors for such a building should not be than REI60.

3. Industrial building — 2-storey building, height — 9.6m, fire danger rating — B, grade of fire
resistance — I. Limit of fire resistance of floors for such a building should not be less than REI60.

According to Russian Set of Rules SP 20.13330.2016 (Loads and Impacts), which outlines the
normative values of evenly distributed loads depending on the type of room, and loads from floor and
equipment, we can say that usually the load on the floor may be the minimum of 1.96 kN/m? (if we are not
dealing with industrial buildings). In industrial buildings sometimes we have to deal with even more load
of 19.6 kN/m?, but in this work for the range of loads was taken from 3.63 m (load in corridors, staircases
and hallways of residential and public buildings) to 17.75 kN/m?2 (conditional load for industrial buildings in
the case when there is no data about the hardware).

One of the important parameters for composite reinforced concrete floor is the profiled sheet,
adopted from Russian State Standard GOST 24045-94. [26—30]. Selected profiled sheets are shown in
table 1.

Concrete of classes B15 to B30 are usually used when designing slabs. Since the class of
concrete has little effect on the method for calculating the structure, class B25 is adopted for each model.

The following frequently used rebar diameters were taken for this research:
e  bottom reinforcement (bars) — with a diameter of 8 to 12 mm.

e upper reinforcement (mesh) — reinforcement bar class — Br-1 (3 mm in diameter) and A400
(from 6 to 10 mm in diameter). Mesh spacing respectively: 3 x 50 x 50, 6 x 100 x 100, 10 x 200 x 200.

Continuous reinforcement is laid, as a more technologically advanced option. In the same way the
rebar continuity provides continuity for the structure. [31-34].
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Thus, the summary table for all three studied models can provided as follows:

Table 1. Summary table of the models

Model 1 Model 2 Model 3
Support and
moment
diagram
Functional Residential Administrative Industrial
purpose
Tvoe of room arret m Hydromechanical transmission
yp 9 9y repair workshop
Limit of fire REI60 REI60 REI60
resistance
Acting load 3.63 kN/m? 8.04 kN/m? 17.75 kN/m?
N57-750-0.9 N57-750-0.9 N114-600-0.9
Profiled sheet
Concrete B25 B25 B25
grade
Method of Upper: BP-1, 3mm mesh, Upper: A-Ill, 6mm mesh, Upper: A-1ll, 10mm mesh,

reinforcement
s and rebars

spacing 50x50
Lower: A-lll 8mm

spacing 100x100
Lower: A-lll 10mm

spacing 200x200
Lower: A-lll 12mm

Total floor
thickness

107mm

150mm

214mm

Analysis of fire resistance according to STO 36554501-006-2006

The behaviour of reinforced concrete structures under and after standard fire were considered in
the “Manual...” of STO, the stress-strain state of structures when briefly exposed to fire before the onset
of ultimate fire resistance to loss of carrying capacity were analysed.

The order of analysis of the floors is as follows:

1. Evaluation of fire resistance of the building
. Evaluation of the bake-out temperature of the section

2
3. Evaluation of the service factors of the rebars
4. Static analysis of the structure

M, =R,,-A -(h, —0.5%)+R, - A',(0.5x—a") (1)

where a’— compressive reinforcement cover, m;
Rsnt - tensile strength of the reinforcing steel bars under heating, MPa;
Rsct— compressive strength of the longitudinal reinforcing steel bars under heating, Mpa;

5. Conclusion of bearing capacity of the section: comparison of the external and ultimate
moments.

M, <M @)

u
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Thus, as a result of the analysis on all models the following data were gotten:

Table 2. Summary results of the calculation according to STO

N57-750-0.9 N57-750-0.9 N114-600-0.9
@ upper reinforcement 3 mm, 50x50 6 mm, 100x100 10 mm, 200x200
@ lower reinforcement 8 mm 10 mm 12 mm
h
prof (prof. height) 57 mm 75 mm 114 mm
€ (comp. zone height) =0 mm 75 mm 100 mm
h..
given (given height) 85.9 mm 120.9 mm 169.6 mm
q (distributed load) 3.7 KN/m? 8.2 KN/m? 18.1KN/m?
Mo(bending moment) 4.1 KN-m 9.2 KN-m 20.4 KN-m
AS (cross-section area of the 5 5 )
tensile zone) 50.3 mm 78.5 mm 113.1 mm
$ (cross-section area of 21.3 mm? 56.6 mm? 78.5 mm?
the comp. zone)
b.
”b(rib width) 118.25 mm 114.75 mm 122 mm
h .
0 (eff. depth of section) 77 mm 120 mm 179 mm
h .
t (eff. height under 71.1mm 113mm 179mm
heating)
X .
com (height of comp. zone 4.3Mm 5.7vm 9.8mMm
of concrete)
U (ultimate bending 4.2 KN-m 9.6 KN -m 29.8KN-m
moment)
M, <M, 4.1KN-m<4.2KN-m 9.2KN-m<9.6KN-m 20.4KN-m<29.8KN-m

Based on the data from the table, the following conclusions were made:

1. Compressive zone of concrete increases with increasing thickness of the slab in a nonlinear
relationship.

Figure 1. Height of the compressive zone of concrete to slab thickness graph
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2. Effective height under heating increases as well with increasing slab thickness.

Figure 2. Effective height under heating to slab thickness graph

Fire resistance analysis according to Eurocode-4 “Design of Composite Steel and
Concrete Structures — Part 1-2: General Rules — Structural Fire Design”

Fire prevention section of Eurocodes (part 2) determines the characteristics of fire resistance when
designing structures that must implement the required functions (bearing and/or enclosure) during the set

duration of the regulated impact of the fire at the specified load.
The order of analysis of the floor is as follows:
1. The choice of the design characteristics of materials.

2. Analysis of the structure with a choice of coefficients

7. = G +¥ Qs
! 7sGy + 7Q,1Qk,1
where yc— partial factor of variable impact;

vo.1 — partial factor of variable impact 1.

3. Evaluation of the ultimate temperature

r
where 0iim — limiting temperature [°C];

Ns— axial force in the upper reinforcement [N];

di — coefficients, shown in table D.4;

@ — projection coefficient of top flange.

4. The analysis of bending moments

M=z-N,
where z - rib-position indicator [mm—05];

N, - tensile force, [kN].

3

4
Hﬁmzdo+d1-NS+d2-I_A+d3-d)+d4-|1 @

3

®)

5. Conclusion of bearing capacity of the section: comparison of the external and ultimate

moments.

M, <M

u

(6)
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Thus, as a result of the analysis on all models, the following data were gotten:

Table 3. Summary results of the analysis according to Eurocode-4

N57-750-0.9 N57-750-0.9 N114-600-0.9
@ upper reinforcement 3 mm, 50x50 6 mm, 100x100 10 mm, 200x200
@ lower reinforcement 8 mm 10 mm 12 mm
h
prof. (pI’Of. hEIght) 57 mm 75 mm 114 mm
2 2 2
d (calc. impact) 5.1 KN/m 11.67 KN/m 26.24 KN/m
Neg (eff. height) 85.9 mm 120.9 mm 169.6 mm
2 2 2
¢ (stand. value of const. impact) 3.0 KN/m 4.2 KN/m 6.1 KN/m
2 2 2
Q. (stand. value of main impact) 0.7 KN/m 4.0 KN/m 12.0 KN/m
0 (bending moment) 3.97 KN:m 8.89 KN-m 19.01 KN:m
AS (cross-section area of the tensile 50.3 mm? 78.5 mm?2 113.1 mm?
zone)
S (cross-section area of the comp. 21.3 mm? 56.6 mm? 78.5 mm?
zone)
Tsi (coeff. of .reduction) 0.66 0.6 0.64
v (combination factor) 0.5 0.7 0.9
A
t (given rib thickness) 30.96 mm 34.5 mm 41.6 mm
0,
top (top flange temp.) 635.8 C 598.3C 5141 C
mid (mid flange temp.) 748.7 C 726.8 C 677.3C
bot (bottom flange temp.) 8475C 850.8 C 845.3C
o
rod (rod temp.) 368.7C 3809C 3424 C
X .
om0 (height of comp. zone of 4.53 mm 7.1 mm 10.2 mm
concrete)
u 4,13 KN-m 9,24 KN-m 24.85 KN-m
(ult. moment)
M, <M 3.97KN-m<4.13KN-m | 8.89KN-m<9.24KkN.m | L201KN:m<24.8
0 u 5KN-m
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Based on the data from the table, the following graphs were plotted:

1. Compressive zone of concrete increases with increasing slab thickness in a curvilinear
relationship, the numerical values are close to the values obtained in the analysis according to STO

Figure 3. Height of the compressive zone of concrete to slab thickness graph

Fire resistance analysis according to the recommendations of “The Fire Resistance of
Composite Floors with Steel Decking”, issued by The Steel Construction Institute

The order of analysis of the floor is as follows:
1. The choice of the design characteristics of materials.

2. Analysis of the bending moments for continuous structures,
2 7
_|— (g Wy +74 W) ™
8

M,

where L — span, [m];
vid, Vi — load safety factor;

3. Conclusion of the compliance of limit of fire resistance and the need for additional
reinforcement.

Thus, as a result of the analysis on all models, the following data were gotten:

Table 4. Summary results of the analysis according to Eurocode-4

N57-750-0.9 N57-750-0.9 N114-600-0.9
@ upper reinforcement 3 mm, 50x50 6 mm, 100x100 10 mm,200x200
@ lower reinforcement 8 mm 10 mm 12 mm
h
pRop(prof. height) 57 mm 75 mm 114 mm
Wd (floor load) 3.0 KN/m2 4.2 KN /m2 6.1 KN /m2
i (live load) 0.7 KN /m2 4.0 KN /m2 12.0 KN/m2
0 ( bending moment) 4.1 KN-m 9.2 KN-m 20.1 KN-m
COMP ( comp. zone of 4.9 mm 7.8 mm 11.2 mm
concrete)
U ( ultimate bending 4.2 KN -m 10.4 KN-m 25.5 KN'm
moment)
M0 < |\/|U 4.1KN-m<4.2KN-m 9.2KN-m<10.4KN-m 20.1KN-m<25.5KN-m
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Based on the data from all models, the following conclusions can be made:

1. The curve of the compressive zone height to the thickness of the floor is a straight-line, when
the thickness of the slab increases, the thickness of the compressive zone of the slab increases
respectively

Figure 4. Height of compressive zone of concrete to slab thickness graph

Results and Discussion

To prove the reliability of the results obtained in the calculation for the three above-mentioned
methods, the model was calculated by the finite element method (FEM)

The calculation was carried out in the SCAD Office software (version 11.3). For calculation, the
third model of the slab with the profiled sheet H114-600-0,9 for the industrial building was adopted. The
thickness of this slab is 214 mm.

When calculating by the FEM, the profiled sheet was not modeled. It was taken into account that
the stresses of the profiled sheet reach the yield point of steel in conditions of fire action.

Model:

Number of nodes: 252 630;

Number of elements: 224 800;

The size of grid is 15mm;

Boundary conditions - fixing by the X, Y, Z-axes at the beginning, middle and end of the slab.

Figure 5. Model of the slab fragment for calculation according to FEM
3 types of elements:

* bars;
* 6-node isoparametric finite elements;
+ 8-node isoparametric finite elements.
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Figure 6. The partitioning into finite elements in cross section of the slab

Fire is a consequence of designed emergency case, according to 1.5.2.5 EN 1990. Possibility of
deformational analysis according to Russian and foreign normative documents is considered.

Value of variable force for designed emergency case must be installed pursuant to EN 1990,
according to appendix 4.2.1 of EN 1991-1-2. However, as it is stated in A.1.4. appendix, limit state is
normed by second group of limit states that does not include any emergency cases such as fire.
Emergency load is considered only in bearing capacity calculation (appendix A.1.3). Thus, structural
normative documents do not regulate analysis of deformations in fire case. Also, Russian Set of Rule
SP.20.13330.2011 and [15] do not consider fire impact deformation analysis.

However, limit state takes place if deformation value reaches 5% of span value, according to
Russian State Standard GOST 30247.1.

8
L - (®)
20 20
foap =1.03mm ©)
foan < o (10)

where, fiqax — Ultimate slab information [mm]
fsiab — slab deformation, [mm];

| — length of plate, [mm];

Figure 7. The displacements isofields results by Z-axis of the half-plate (mm)

As all the deflections of the slab are much less than the ultimate, it can be concluded that the steel-
reinforced concrete slab should be calculated according to the first group of ultimate fire resistance states
only (in strength), because in the calculation of the second group of limiting states the rigidity conditions
are satisfied automatically.

The condition for the strength of the slab can be expressed as follows:

Grmx < Rbnt (11)
where Omax — maximum normal stress [MPal];

Runt — characteristic concrete resistance to compression under fire activity, [MPa]

Rybakov V.A., Ananeva I.A., Rodicheva A.O., Ogidan O.T. Stress-strain state of composite reinforced concrete
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doi: 10.18720/MCE.74.13.

170



NuxeHepHO-CTPOUTENBHBII KypHaJ, Ne 6, 2017

Figure 8. The cross-section normal stresses isofields of the middle span cross-section
of the plate (10-2 MPa)

According to this strength calculation, it is possible to draw the conclusions:

» When finite elements method calculating in the elastic stage, the neutral line is sharply shifted;
» The elasto-plastic stage of the concrete operation in the fire activity occurs much earlier than

under normal use conditions;
« It is not advisable to calculate the steel reinforced concrete slab for the fire action in the elastic

stage.
Also the following strength calculating condition must be satisfied:

Orx = N /A <R, =R, * 7 (12)
where Nmax— maximum tensile force in the reinforcement bar, [kg];
As — reinforcement bar area, [mm?];
Rsnt — characteristic tensile resistance of the reinforcement bar under fire activity, [MPa];
Rsn — characteristic tensile resistance of the reinforcement bar, [MIa];
»st — condition load effect factor of the reinforcement bar
Thus, the strength calculation results are shown in Table 5.

Table 5. Results of strength calculating of the slab

inf ¢ Nmax, As, Rsn, ¢ Rsnt, conclusi
reinforcemen daN mma omax MPa ¥s MPa onclusion
to 20 28.3 7.1 1.0 400
p O-I'THX < Rsnt
bott 271 78.5 345 400 0.63 252
ottom : . )
JFTHX < Rsnt

When calculating, the upper and lower reinforcement were considered for compliance with the
strength condition.

Figure 9. Top reinforcement bar axial force isofields (daN)
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Figure 10. Bottom reinforcement bar axial force isofields (daN)

As can be seen from figures 8, 9, 10 and table 5 stresses in concrete and reinforcement within the
allowable. Thus, the slab retains its bearing capacity during fire exposure for 60 minutes.

Conclusions
In the course of this work, the following conclusions were made:

1. Itwas shown that the compressive zone of concrete is located above the rebars, which means
that the floor is a heavily reinforced structure at the time of fire;

2. It was shown that the analysis according to Eurocode-4 corresponds with the analysis
according to Milovanov’'s manual to STO which is confirmed by close results of analysis of external and
ultimate moments when exposed to fire;

3. It was shown that the recommendations of the Steel Construction Institute are identical to the
fire prevention section of the Eurocode-4 which is confirmed by the same approach of analysis of the
positive bending moments and the same results when analyzing the negative moments;

4. Itis suggested to use the following partial coefficients of variable impact for the analysis of fire
resistance according to Eurocode in the Russian Federation: for dead loads — 1.35, for live loads — 1.5;

5. Reliability of the calculation results for the three methods (Manual for STO, Eurocode,
“Recommendations...”) is confirmed by the results obtained by the finite element method.
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Stress-strain state of precast and cast-in place buildings

HanpsixkéHHO-aedopMUpoOBaHHOE COCTOSIHME CHOOPHO-
MOHOJIUTHOIO 3aHUS

A.A. Koyankin, _ KaHd. mexH. Hayk, douyeHm A.A. KOSIHKUH,
Siberian Federal University, Krasnoyarsk, Russia Cubupckuli ghedepanbHbili yHUSepcumem,
V.M. Mitasov, o _ 2. KpacHosipck, Poccust

Novosibirsk State University of Architecture and 0-p mexH. Hayk, npogheccop B.M. Mumacoe,
Construction, Novosibirsk-8, Russia Hosocubupckuti 20cydapcmeeHHbIL

apxumeKmypHO-CmMpoumersibHbIU
yHusepcumem, e. Hosocubupck-8, Poccusi

Key words: Ilife cycle; reinforced concrete Knro4yeBble croBa: XXU3HEHHbIN LMK,
structures; precast with cast-in place construction; >xenes3o6eToHHbIe KOHCTPYKLMK; COOPHO-
genetic nonlinearity; phasing approach of MOHOMWUTHbIE KOHCTPYKLUWK; reHeTu4ecKas
assembling; phasing of the force application HENMMHENHOCTb; NO3TANHOCTb MOHTaXa;
NO3TANHOCTb NPUNOXEHNA HArpy3Kun

Abstract. Based on the stages of the construction period of the life cycle of the building, the
authors examined the influence of gradual inclusion in the work, including the editing process, its
individual building elements on the stress-strain state of a building and its individual design. Determined
the nuances of the existence of the building (a separate structure), which should be taken into account at
the design stage. These nuances are present in the real structure, but cannot be determined for
calculations in the classical way (without changing the stress-strain state in process of erection and
loading). Conducted numerical studies of the stress-strain state of a flat frame made from collapsible-
monolithic reinforced concrete with account of the phased construction. Also fulfilled a comparative
analysis of the obtained results with data of calculation of the same frame, but not taking into account
phasing of construction of the structure.

AHHOTauusA. ABTOpamKn CTaTbW, UCXOAA M3 3TaroB rnepuoga CTPOMTENbCTBA XXU3HEHHOIO LMKNa
3[aHNs, PAaCCMOTPEHO BINSIHWE MOITANHOCTU BKIIOYEHUS B paboTy, B TOM YMCE B MPOLLECCe MOHTaxa,
OTAENbHBIX €ro 9fIEMEHTOB Ha HanpshkEHHO-4ehOpMMPOBaAHHOE COCTOSIHWE, KaK 34aHusl, Tak W
OTAENbHOW €ro KOHCTPyKumn. OnpegeneHbl HI0aHChl CyLLLECTBOBaHNS 30aHUSA (OTAENbHOM KOHCTPYKLUMK),
KOTOpbIE AOMMKHbI YYUTLIBATLCS HA CTaAMM NPOEKTUPOBAHUS, NPUCYTCTBYIOT B peasibHOM COOPYXXEHWUU, HO
He MoryT OblTb oOnpedeneHbl Mpu BbINOSIHEHMM PACYETOB KIaccuyeckum cnocobom (6e3 yuéta
N3MEHEHNs1 HanpsXKEHHO-AE(OPMUPOBAHHOIO COCTOSHUSI MO Mepe BO3BEOEHMSI U HarpyXeHus).
MpoBeaeHbl YMCNEHHbIE NCCNEA0BAHNS HaNPSHXXEHHO-AePOPMMPOBAHHOIO COCTOSIHUSI MIOCKOro Kapkaca
13 cHOPHO-MOHOMNTHOIO >Kene3obeToHa C YYETOM MNO3TAMNHOCTM BO3BEAEHWS, @ TaKkKe BbINOMHEH
CpaBHUTENbHBIN aHanmM3 Nosfy4YeHHbIX pe3yrnbTaToB C AaHHbIMW pacyéTa aHanorMyYHOro Kapkaca, HO He
YUUTbIBAIOLLENO 3TANHOCTb BO3BEAEHUS.

Introduction

Modern building has reached a high level of development. Engineers are ready to offer to customer
buildings of any form and size, including almost of one kilometer height [1-4]. There is a wide range of
building materials for carcass construction and it's finishing. The choice of these materials is defined by
functional and constructive details of the building being erecting and by geographic and hydrogeological
location of the construction site. The main types of materials used for load-carrying frame erection [5-10,
26], are reinforced concrete, metal, wood and stone. They can be classified basing on a technology of
manufacturing used: cast-in place, precast and precast with cast-in-place reinforced concrete structures;
rolled metal products and light steel thin-walled structures; solid wood and laminated wood structures;
brick, blocks (various types) etc.

Construction design of buildings (foundations, columns, walls, slabs etc.), and also the constructive
system developed from them (carcass, wall, mixed), combined with building materials used for their
erection throughout the life cycle of the building, including the period of construction, experience different
conditions, separated from each other by the appearing of a new factor. This leads to a quality change of

Kosukur A.A., Muracos B.M. Hampspxé€HHo-1e)OpMHpPOBAaHHOE COCTOSIHHE COOPHO-MOHOMHMTHOTO 3xanus //
WmxeHepHo-cTpouTenbHblid xypHan. 2017. Ne 6(74). C. 175-184.
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stress-deformed state, as a separate construction, and the entire building as well. We define these states
as “stage of the life cycle”. To these factors are referred: occurrence of additional, principally different
from other forces; change of the structural design; change of mechanical-and-physical properties etc. We
point out that the definition “stage of the life cycle” can be applied to a separate construction and the
building in general as well.

It should be noted, there are not many works that are devoted to influence of the previous
existence of the stress-deformed state at various “stage of the life cycles” on the stress-deformed state of
building and/or separate structure. However, there is the conclusion about the impact on the stress-
deformed state of construction of the earlier stages of its existence from already carried out works. In
particular, Professor Perel'muter indicated in [11] “Most of the action done during assembly, leads to
changes of the design scheme and/or the stress and deformed state of the system”. This fact was
successfully confirmed in number of other scientific papers. In particular in [12, 13] devoted to the
reinforcement of building structures under load. Within the individual element (beam), the impact of the
stress-deformed state of construction in the previous stage to the stress-deformed state the subsequent
stage has been shown not only numerically, but also experimentally. The authors of the works [14, 15]
present the results of calculations (in linear statement) structures of buildings, qualitative difference
evident between calculations made according to traditional methods. The methods corresponds to
finished state of the object, and calculations carried out taking into account the phasing of construction of
the building. Based on the calculations (flat bar system, a linear formulation of the problem), in [16-18]
shows discrepancies in the efforts of the elements when performing calculations with and without
allowance for the assembly process. On this basis, conclusions were made about the necessity of taking
into account the stage of construction of the building when performing the structural design. Some foreign
scientists [19—-25] also conducted studies, which confirmed the necessity of taking into account the
phased assembly of building structures when performing the calculation of load-bearing structures of the
building.

As an example of time phasing for “the stages of the construction period of the life cycle” of a
separate construction existence we consider a single-bay precast with cast-in-place two-story frame, with
the following stages of construction:

1. Assembling of 1-st floor columns;
2. Assembling by use of a temporary conductors, unit beams of 1-st floor (pinned connection);

3. Post stressed reinforcement fixing on unit beams of the 1-st floor. Laying of high-tensile
reinforcement on according channels of assembled part with its post tensioning “on concrete”.
Unit beam is still pinned on the columns, but with tight clamping its ends by vertical lead-
carrying elements. Additional load — force of clamping at the level of unit beams of 1-st floor;

4. Assembling of 2-nd floor columns;
Assembling by use of temporary conductors of 2-nd floor unit beams (pinned connection);

6. Stressed reinforcement fixing on 2-nd floor unit beams, similarly as in the 1-st floor beam.
Additional load — force of prestressing clamping at the level of 2-nd floor unit beam.

7. Fixing of slab unit elements (slab-casing) and laying of cast-in-place concrete of 1-st and 2-nd
floor. At this phase freshly placed cast-in-place concrete has not yet gained the required
resistibility and, accordingly, as the load-carrying element is not considered. Unit beam pinned
on the columns with tight clamping of the ends. Additional load — weight of built-up construction
and weight of cast-in-place concrete.

8. Gaining of the required strength by the cast-in-place concrete. Cast-in-place concrete has
gained strength, but until the moment additional force application, is unloaded and no tension
occurs from external loads. Structural design of precast with cast-in-place beam does not
change, and it becomes rigidly restrained beam;

9. Additional assembling load application (floor construction weight, dividing walls, load-bearing
walls) and operation load on the slabs of 1-st and 2-nd floors.

Similarly there is a division into stages and other periods (exploitation, reconstruction, repair,
dismantling, etc.) life cycle of the building.

o

Consideration of the existence of the building based on individual stages from different periods of
the life cycle and including them in the design allows:

— to define the real stress deformed state (separate construction) at each stage of its life
considering tension and deformation, occurred earlier. In practice [11] the professor Perelmunter A.V.,
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using the definition “genetic nonlinearity”, clearly demonstrated a significant influence of assembly
staging on stress deformed state of the building frame;

— to estimate the sufficiency of the load carrying ability, strength and crack resistance of a
building ( a separate construction) at each separate cycle considering phase by phase accumulated
tensions and deformations;

— to use effectively the possibility of building constructions and developing from them at the
stage of building systems erection with the purpose of labor and financial expenses minimization for
construction, and also reducing the construction period. This effect is achieved by reducing the quantity
of casing, reinforcement (more effective location considering the assembling), lack of necessity of waiting
for required strength development of cast-in-place concrete of the lower floors for the assembling of the
higher floors (common for hybrid precast/cast-in-place building) etc.;

— to regulate stress deformed state of the building (a separate construction) by means of
assembling phasing, sequence of loading of erected constructions, change of structural design during
strength development etc., that is addition to already known force regulators (reinforcement and its
preliminary tension, prior arranged cracks).

Based on the above arguments and taking into account the earlier research [11-21] of various
foreign and domestic scientists, the authors of this article defined the goal of studying the impact of the
construction period of the life cycle of the building in its stress-deformed state. To achieve this goal have
been formulated the following tasks, including: numerical study of a flat frame precast and cast-in place
structure, carried out with and without taking into account the phased process of construction; analysis
the stress-deformed state precast and cast-in place structure; analysis of phased "viability" of the frame
construction for the possibility of perception of current loads.

Methods

The numerical investigations (taking into account the physical nonlinearity) were carried using the
software package "Lira” out of the model above mentioned plane frame of precast and cast in place
casing including (Figure 1): built-up column of cross-section 100x100 mm (concrete cl. B25) and precast
and cast-in-place beams. Which are consisting from assembled part of cross-section 100x100(h) mm
(concrete cl.B25) and cast-in-place part of cross-section 100x60(h) mm (concrete cl. B15). For allowance
of work nonlinearity of the concrete and reinforcement, bi- and trilinear diagrams of deformation have
been used, put to Russian Set of Rules SP 63.13330.2012. Calculations were performed in the following
variants: with division for phasing of the construction according to above mentioned algorithm (P-1) and
without division for stages of assembling, that is calculation of completely erected construction of the
cross frame was performed. As a result of the subsequent analysis, in addition to the consideration of the
strain state, considerable attention was given to consideration of the stress state in the body of the frame
construction (in the above studies [11-21] analysis of efforts was carried out mostly in rod and flat items).
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Figurel. The drawing of the numerical model
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Results

Let us trace the character of the changes of a stress-deformed state of a precast with cast-in-place
frame during its life at the example of model P-1. In the process of unit beams erection of a building
upcoming framework, first of all floor-by-floor prefabricated frame construction is made, which consists
from columns and leaned on them prefabricated beam parts. The prefabricated beam parts due to
posttensioned reinforcement become pretensioned (Figure.2). Precast beam part initially bows under the
effect of its own weight, and then bows outward in proportion to the preliminary tensioned steel stress. As
the result, in the end of all framework unit beams erection and tensioning of the steel (stage 6), the cross
section of the unit beam of thel-st floor is almost centrally pressed with a small difference in the tension
at the upper and lower border at the bay center (1.98—-2.03 MPa). The cross section of the upper beam is
off-center pressed and bowed upwards with the most pressed lower zone in the center of the bay —
2.2 MPa and the less pressed upward zone — 1.68 MPa.

The stress rate in the frame elements do not exceed the admissible limit value, which is quite
expectable, considering the fact of the construction loading only with the own weight and preliminary
clamping. However, the pulling stress in the column, after the completion of the steel posttensioning have
reached 1 MPa. It indicates the possibility of cracks development on the columns internal border at any
tiny changes of the parameters of structural design (concrete class lowering, change of the steel
posttension, change geometrical parameters of the scheme etc.). Due to that, it is required to pay
attention to forces developing in the construction during the erection process, but unfortunately, the
project designers do not always observe this.

It should be pointed out that at this stage despite not complete readiness of the frame construction,
constructive scheme is already statically indeterminate and geometrically unchangeable system with
rigidly restrained columns and pinned connection of beams with columns. This allows to use it
successfully (frame) for further erection loads without any special holding equipment.

a)

b)
Figure 2. Strain state of the model P-1 at 6-th cycle loading a— Nx; b — Nz
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Applied further (stage 7) erection loads (weight of unit floor slab, weight of newly laid cast-in-place
concrete etc.) lead to new change of strain distribution in the frame construction elements. Unit beams
work already as flexible elements with strained and pressed zones (at the bottom strain reaching up to
0.2 MPa, on the top pressing together reaching 4.9 MPa). Upon that, their connection with the column is
still pinned (Figure 3). The force of thrust and tight pressing by means of column pretension steel to the
beam, force the column to deform from the flat area with development of exposed face strain up to 0.8
MPa and inner face press up to 2.4 MPa. The force in the lower longitudinal reinforcement are 11.6 kH.
As the maximum tension stress in the concrete of the frame elements have not been reached, it can be
concluded that cracks at this stage are not developed. Before additional erection load beams had upward
bend — 0.15 mm, with further bend up to +0.61 mm.

a)

b)
Figure 3. Stress deformed state of model P-1 at 7-th loading cycle: a— Nx; 6 — sags

From the moment of gaining of required resistibility, but without additional loading (stage 8), stress
deformed state at precast parts of columns and beams is still kept. Meanwhile at site concrete tensioning
has not yet developed (shrinkage-related and other primary stress are not taken into consideration). From
this moment, the frame construction is also statically indeterminable system but with more rate of static
indeterminateness by means of rigid connection of precast with cast-in-place beams with column. This
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frame is in full construction readiness can bear additional erection loading (weight of the floor, walls,
carrying wall etc.), and also operational loads as well.

With the more loading (stage 9) stress deformed state again will be different from the previous
stage and this results in complex stressed state of bending precast with cast-in-place element.
Particularly, precast part with compressive stress, developed earlier, bears more stress (beam of the 1-st
floor — 5.45 MPa and beams of the 2-nd floor — 6.6 MPa), than cast-in-place (beam of the 1-st floor —
4.51 MPa and the beam of the2-nd floor — 5.25 MPa). Despite the location of its outer compression area,
inside of cross section (closer to the center) of precast with cast-in-place element. Similarly, basing on
earlier involvement into operation of precast part and post strain availability, more stress is in the lower
longitudinal reinforcement of the precast part (the beam of the 1-st floor — 16.5 kN and the beam of the 2-
nd floor — 18.4 kN). Than in the higher pier support reinforcement of the cast-in-place part (the beam of
the 1-st floor — 5.1 kN and the beam of the 2-nd floor — 1.4 kN).

Tensile stress in the support zone of the precast part of the beam cross section have not exceeded
the limit value 1.05 MPa, that indicates of lack of cracks in this part (Figure 4). At the same time in the
center of the bay of precast element cracks develop. Beams bending at this cycle reach up to 2 mm.

b)
Figure 4. Stress deformed state of model P-1 with full loading : a— Nx; 6 —sags
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Comparing the picture of stress in the models P-1 and P-2, but not analyzing at the level of
numeral value, there is a considerate quality difference at stress deformed state of frame beams. It is
indicated in that maximal strain, considering gradual construction in the concrete, is focused in the
farthest compressed fiber of the precast unit. Meanwhile at standard classic estimation that is without
assembling and with once applied loadings, maximal strain values will be in the farthest fiber of the cast-
in place part (Figure 5). As in the model P-1 and in the model P-2 the strained is the lower edging of the
precast part, where the extreme tension stress are 1.05 MPa. This indicates for the cracks development
under the full loading of construction.

Figure 5. Stress deformed state of the 1-st floor under the full loading: a—P-1; b — P-2

In the model P-2 the maximal stress, developed on the surface of the upper edging of the cast-in
place part, has reached the value of 0.6 MPa, meanwhile in the precast part the stress reach 4.53 MPa.
In the case of dividing the construction existence for the individual stages of the life cycle the extreme
values in the precast part of the beam reach 6.6 MPa, while in the cast-in place concrete the stress is
lower and are 4.2 MPa. This fact is caused by that the precast concrete is involved into the process
earlier, rather than cast-in place and by the time of gaining of the required strength by the cast-in place
concrete and the beginning of the load bearing, in the precast concrete strong stress have already
developed. Further, in the course of loading of the precast with cast-in place element, the strain in the
precast part is increasing, although with the lower intensity. Thus the precast part is more stressed, that
is demanding the proper engineering, and that forces in the cast-in place concrete are of the lower value
considering the construction period, indicates the possibility of use of the concrete of the lower strength,
including light concrete.

On the supporting structure the stretching forces in the upper zone, using the classic type of
calculation and considering “life cycles” are approximately 0.7—-0.8 MPa. Compressing stress in the beam
concrete of the columns in the model P-1 are 8.7 MPa, and in the model P-2—7.27 MPa.

The real bendings in the construction while making estimations considering stages of the
construction period are larger, than bendings, which were calculated at simultaneous readiness of the
whole building and simultaneousness of the whole loading application. Particularly, considering the
gradual assembling the extreme bendings have reached 1.98 mm, while without “life cycles” — 1.73 mm.
This difference is explained by the earlier involvement into the process of the precast part, which has the
lesser strength, than precast with cast-in place edging that leads to the accumulation of more size of the
bendings until the moment of gaining the strength by the cast-in place concrete (this value in the example
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is 0.61 mm). Hereafter after the gaining of the required strength by the cast-in place concrete, the
increase of the bending is not so significant, as the bending stiffness of the cross section has become
higher (bending gain is 1.12 mm).

Comparing the results obtained by the authors of this article in the course of the study with the
results obtained by other scientists [11-21], it is possible to note the generality of the conclusion about
the execution of the calculation according to the classical technology. When the object is in a ready state,
it introduces significant distortion in the stress and deformed state of the design scheme as the building
as a whole and its individual structural elements. In particular, the pilot studies carried out in the
framework of [12], showed a similar pattern of distribution of deformations along the height of the section,
as the numerical study presented in this article. Namely, the later inclusion of the cast-in place concrete
leads to the difference of deformations at the interface concretes. In this case, compressive stresses in
the precast part is greater than in the monolithic part bending precast and cast-in place element.

Conclusions

1. In the calculations of bearing structures of buildings and subsequent design must take into
account the prehistory of the work of the structure at an earlier stage, i.e. to develop the project of the
building (a separate structure) taking into account the period of its life cycle. Otherwise, there is a
significant distortion of the actual stress-deformed state of the building as a whole and its separate
structures.

2. By analogy with requirements to precast concrete structures to make calculations at all stages
(production, clamping, transportation, construction etc.) at precast with cast-in place frame erection, it is
required to make checkup tests at each stage of the life cycle of the construction.

3. Considering the phasing of constructions erection will allow to avoid initial mistakes at
estimation of stress calculation in the body, separate elements and the whole building as well.

4. The real picture of the stress state of precast with cast-in place (especially bending) element,
received taking into account the prehistory of the existence of structure in the earlier stages, differs from
the pattern of stress distribution. Moreover, these differences are not only quantitative but also qualitative
(the maximum compression in the precast with cast-in place girders at the account stages of the life cycle
is observed in precast part of the element, while in the traditional calculation — in cast-in place part).
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