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Physical and mechanical properties of pre-bound aggregate composites
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Article history Abstract. New building materials and products in construction and reconstruction,
Received: July 24, 2022 which improve the performance and efficiency characteristics of buildings, reduce
Revised: September 12, 2022 material consumption, cost and labor intensity, are always relevant. A promising
Accepted: September 15, 2022 direction for further development of composite materials is the employment of

pre-bound aggregate materials. Their production is a two-stage process, which
involves at first creating an optimal aggregate mix and gluing the grains to each
other and secondly filling the voids of the obtained aggregate framework with
a high-workability matrix. Presented research is an experimental investigation of
physical and technical properties of pre-bound aggregate composite materials.
Composites with complex binders are also considered in this study. In such cases,

the aggregate framework and the grouting matrix were made of binders of diffe-

For citation rent nature, which are incompatible when the components are mixed ordinarily.
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Physical and mechanical properties of sites in comparison with composites obtained according to conventional techno-
prebound aggregate composites. Struc- logy has been established. These advantages are identified primarily for such
tural Mechanics of Engineering Construc- properties as deformability, impact strength, creep.
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du3nko-MexaHu4YecKHue CBoOicTBA KapKaCHBIX CTPOUTECJIBHBIX KOMIIO3UTOB

B.T. Epogees!”, C.B. Kasnauees!”" , E.B. Ilankparosa(?,
B.A. Cenesnes!”, T.II. Tiopsixuna!
' Hayuonanonwi uccredosamensckuii Mopooeckuii 2ocyoapcmeenmviii ynusepcumem umenu H.IT. Ozapesa, Capanck, Poccutickas @edepayust

2000 «Kepamzump, Yavanosck, Poccuiickas @edepayus
kaznacheevsv@mail.ru

Hcropus ctaTbu AHHoTanus. IIpuMeHenye Ipu CTPOUTENBCTBE U PEKOHCTPYKLUH 34aHUH U CO-
IMoctynuna B pegakuuio: 24 utons 2022 r. OPY’KEHUH pa3IM4YHOrO Ha3HAYEHMS HOBBIX CTPOMTEIbHBIX MaTE€pHAIOB U M3IEIUM,
Jopab6orana: 12 centsiops 2022 1. o0ecTeunBaoNNX YIyqlIeHne X JKCIUTyaTallMOHHBIX MTOKa3aTeNel, MOBBIIICHHE
IMpunsta k myomikarmy: 15 centsiops 2022 r. 3G (QEKTUBHOCTH, CHMXEHHE MATEPUAIIOEMKOCTH, CTOMMOCTH U TPYJOEMKOCTU

W3TOTOBJICHHUS, ABJISIETCS aKTyaJlbHOH 3anaueil. [lepcreKTHBHBIM HarpaBieHHEM
JaJbHEHIIEro pa3BUTHS CTPOUTENILHBIX KOMITIO3UTOB MPEACTABIISACTCS TOTyYeHHE
1 BHEJIPEHUE MaTepUalIOB KAPKACHOH CTPYKTYpbl. T€XHOJIOrH UX U3TOTOBJICHUS
BKJIIOYAeT MPEIBAPUTENBHOE CO3aHHE ONTHUMANBHBIX CMECEH 3amogHuTeNeld u
CKJIEMBaHHE 3€pPEH JIPYT C JPYroM C HOCJIEAYIOUIUM 3all0JHEHUEM IIyCTOT IOJIy-
YEeHHOT'O KapKaca BBICOKOIIOJBIDKHOM Marpuiieid. VccinenoBaHne MOCBSIIEHO JKC-
MIEPUMEHTAIBHOMY M3Y4YEHHIO (PU3MKO-TEXHUYECKUX CBOMCTB KapKaCHBIX KOMIIO-
3UIMOHHBIX MaTepUaoB. B kauecTBe ncciaeqyeMbIX OOBEKTOB pacCMaTPUBAIMCh
KOMIIO3UTBI, COCTaBJICHHbIE HAa PA3JIMUHBIX CBS3YIOLIMX, B TOM YHCJIE HA KOM-
IUIEKCHBIX. B mocnennem ciydae kapkac U IPONUTOYHAS MAaTPHULIA U3TOTaBINBA-
JIUCh Ha CBSA3YIOIIMX Pa3IMYHOM NMPHUPOJbI, TIOPO HECOBMECTHMBIX IPU OOBIY-

HOM CMCIIIMBAaHUH KOMIIOHCHTOB. HpI/I HCCIICIOBAHNH KOMITO3UTOB HCITIOJIB30BAJICA
KOMILICKC (1)I/I3I/IKO-MeXaHI/I‘IeCKI/IX METO/O0B. Y CTaHOBJICHO yay4dlmeHue (1)I/I3I/II(0-
MEXaHHYECKHX CBOMCTB KapKaCHBIX KOMITO3UTOB IIpHU CPaBHCHNUH UX C KOMIIO3U-
TaMy, MOJYYCHHBIMU IO O6I_I_Iel'[pI/IH$ITOI71 TEXHOJIOT'HUH. HaHHLIe MNpenuMyIiecTBa
BBIABJICHBI B IIEPBYIO O4YECPECaAb AJIA TaAKUX CBOﬁCTB, KakK Z[E(l)OpMaLII/II/I, YaapHas
IPOYHOCTH, MOJI3YUECTh.
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Introduction

From the many types of composite materials for aggressive environment, polymer concrete and other
polymer-based composites are considered to be the most effective [1-7]. However, despite the growing use of
polymer concrete, some aspects of its structure formation and mechanical properties are poorly explored [8; 9].
The modern technology of polymer concrete production is based on the conventional method of manufacturing
cement concretes and products, which leads to increased consumption of the expensive synthetic resin. Making
and casting polymer concrete are still substantially labor-intensive operations, which are especially difficult to
perform in case of high-viscosity mixtures [10—12]. In this regard, pre-bound aggregate composites have a lot of
potential. Their production involves two stages: making an optimal mix of coarse aggregate and binding it into
a framework as a first stage and then filling the voids of the aggregate framework with a high-workability
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matrix [11; 13—15]. When using pre-bound aggregate technology for floorings, their manufacturing and casting
is simplified and it is possible to produce other materials with specified properties and products for various pur-
poses on their basis [11].

The fundamental theory of pre-bound aggregate composites, which are effective as floorings in buildings
with aggressive environments, textile industry in particular, is presented in papers [16-20].

This article is devoted to experimental investigation of physical and technical properties of pre-bound ag-
gregate composite materials.

Methods

A great variety of binders and aggregates allows to obtain pre-bound aggregate composites with different
physical and mechanical properties. Binders and aggregates of different nature were used for the manufacturing
of samples. Aggregate size was taken as 5-10 mm. Aggregate was glued into a framework by filler-free binders,
meanwhile its grouting was performed using filled compounds. Quartz powder was used as filler in the grout
matrices. The main studied mechanical characteristics of the materials were strength and elasto-plastic proper-
ties. These properties were determined by testing 4x4x16 cm sample pieces according to the modern techniques.

Results and discussion

Compression tests of the samples indicate high strength of pre-bound aggregate composites (Figure 1).
This parameter varies widely depending on the strength, shape and surface roughness of the coarse aggregate.
Higher compressive strength corresponds to composites based on epoxy binders and granite aggregate. Pre-
bound aggregate composites exhibit high flexural strength. In the tests of beams by a single concentrated force,
the values of 18.0, 15.0 and 7.2 MPa were obtained for composites based on epoxy, polyester and cement bin-
ders. The prototypes of pre-bound aggregate composites — composite materials (CM) of regular structure —
showed 10% lower flexural strength. Higher strength values of pre-bound aggregate composites relative to regu-
lar composites are also observed in tensile tests. The strength of standard briquettes based on polyester binders
with granite and expanded clay aggregates amounted to 9.0 and 5.9 MPa for the pre-bound aggregate composites
and 5.2 and 4.54 MPa for the regular composites respectively. Increased strength of pre-bound aggregate compo-
sites is explained by higher adhesion of the grout to the aggregate.

When comparing the properties of polymer concrete with epoxy and polyester framework and polymer
concrete obtained with regular mixing of components, the former is apparently at advantage. The polymer con-
crete test-pieces were made according to the procedure in', but injected with Portland cement instead of quartz
fine-dispersion filler.
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Figure 1. Compressive strength of pre-bound aggregate composites versus filler and binder type:
1 — gypsum; 2 — portland cement; 3 — polymer cement; 4 — urea-formaldehyde resin;
5 — multipurpose polyester resin (grade PN-1); 6 — epoxy-diane resin (grade ED-20); 7 — EPILOK epoxy resin

Pre-bound aggregate concrete strength may be increased by using complex binders and reinforced frame-
works. Concrete with a complex binder is obtained when the aggregate framework and the matrix are made with

! Instructions on the technology of preparation of polymer concrete and products made from them. CH 525-80. Moscow: Stroyizdat
Publ.; 1981.
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different binder types. For example, gypsym matrix and cement or polymer framework, cement matrix and po-
lymer cement framework, etc. These kinds of combinations allow to increase the strength and other characteris-
tics of the composites. Thus, the flexural strength of the gypsym and cement concretes with polymer framework
and granite aggregate rises from 4.0 to 5.2 MPa and from 6.7 to 7.8 MPa respectively. Moreover, the best effect
is achieved by using polymer compounds, which harden in wet environments, for gluing the framework simulta-
neously with the cement matrix [11].

The main parameter that characterizes elasto-plastic properties of materials under external load is the
modulus of elasticity. Elastic modulus of pre-bound aggregate composites depends on the strength and deforma-
bility of the matrix, framework glue and aggregate. The tests of concrete samples with crushed brick aggregate
and various binders show higher elastic modulus values for cement materials (Figure 2). Polymer concrete based
on epoxy resin demonstrates a twice larger value of the elastic modulus relative to the one based on polyester
resin. Pre-bound aggregate bitumen concrete is characterized by high deformability and has the lowest elastic
modulus values.
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Figure 2. Elastic modulus of pre-bound aggregate composites based on crushed brick versus binder type
and of epoxy polymer concretes versus filler type:
1 — cement; 2 — epoxy-diane resin (grade ED-20); 3 — multipurpose polyester resin (grade PN-1);
4 — bitumen; 5 — granite framework; 6 — thermolith framework; 7 — expanded clay framework
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Figure 3. Elastic modulus of pre-bound aggregate composites versus aggregate, glue and matrix type:
I — cement framework glue, grade ED-20 epoxy-diane resin matrix; 2 — grade PN-1 multipurpose polyester resin framework glue, epoxy-diane resin matrix;
3 — bitumen framework glue, epoxy-diane resin matrix; 4 — granite aggregate and carbon fiber framework; 5 — granite aggregate and plasticizing binder framework;
6 — granite aggregate and quartz filled binder framework; 7 — granite aggregate framework, quartz powder filled matrix

Pre-bound aggregate composite is a highly filled concrete. This allows to obtain concretes with different
modulus of elasticity by controlling the aggregate stiffness. Figure 3 illustrates that the modulus of elasticity de-
creases by more than twice when using expanded clay as coarse aggregate instead of crushed granite aggregate.
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Deformability is also controlled by the matrix and the glue layer of the framework (Figure 3). Stiff glue al-
lows to obtain composites with increased elastic modulus; viscoelastic glue allows to produce materials with
a lower modulus of elasticity. This can be observed from the data of epoxy concretes based on cement and bitu-
men frameworks respectively. The stiffness of pre-bound aggregate composites may be increased by introducing
fiber reinforcement and silica sand into the framework compound and also by adding quartz filler into the ma-
trix. In such case, the best effect is achieved by introducing stiff carbon fiber in the amount of 2.5% from the
filler mass. By adding plasticizing agents into the framework or matrix, the modulus of elasticity becomes lower.

The coefficient of lateral deformation has a great practical value in regards to CM. This parameter, similar
to the modulus of elasticity, describes the material elastic properties. Given the value of the coefficient of lateral
deformation, one may calculate the change in volume when the material is loaded. Studies of pre-bound aggre-
gate composites showed the relationship between this coefficient and the type of coarse aggregate and binder.
The coefficients of lateral deformation of the composites based on epoxy binder and granite, thermolith and ex-
panded clay aggregates were 0.32, 0.28 and 0.2 respectively.

Building materials and products are subjected to dynamic loads when in service, which may lead to,
for example, early failure of metalworking machine frames, road and fly ground pavements, floors of heavy-duty
industrial buildings, etc. The conducted tests demonstrate high resistance of pre-bound aggregate composites to
impact load (Table 1).

Table 1
Composite impact resistance, kJ/m?

Impact toughness of pre-bound aggregate composite L.
Agoresate ; Relative impact toughness
ggreg Epoxy Polyester Cement Bitumen of regular polymer concrete
framework framework framework framework
Crushed granite 4.2 2.10 1.90 2.00 1.30
Expanded clay 4.73 2.31 2.15 2.20 1.45

Impact toughness was taken as the criteria of pre-bound aggregate concrete resistance to impact, which
was determined by testing 4x4x16 cm sample blocks using a Charpy machine. Impact toughness of pre-bound
aggregate polymer concrete appeared to be a lot higher than of regular polymer concrete. The best results were
achieved in the case of expanded clay filler due to its high adhesion with the binder. Increased impact toughness
of pre-bound aggregate composites arises possibly from the following: polymer concrete framework creates
an interlinked arrangement of the bound aggregate grains, which redistribute the applied load between each
other; the structural stress at the filler-binder interface, which leads to microfracturing, decreases. A substantial
increase of impact toughness is achieved by introducing reinforcement fiber, which improves the combined ac-
tion of the framework and the matrix.
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Figure 4. Damping ability of pre-bound aggregate composite versus compound:

1 — grade ED-20 epoxy-diane resin and crushed brick; 2 — grade PN-1 multipurpose polyester resin and crushed brick; 3 — cement and crushed brick;
4 — bitumen and crushed brick; 5 — cement framework glue, crushed brick aggregate, epoxy-diane resin matrix; 6 — multipurpose polyester resin
framework glue, crushed brick aggregate, epoxy-diane resin matrix; 7 — bitumen framework glue, crushed brick aggregate, epoxy-diane resin matrix;
&8 — granite aggregate and epoxy-diane resin; 9 — expanded clay and epoxy-diane resin; /0 — thermolith and epoxy-diane resin
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Another dynamic resistance parameter of a building material is damping — the ability to absorb cyclic defor-
mation energy. Materials with high damping ability reduce the vibration amplitude, soften the impact and, hence,
lead to the decrease of stress in structures [21]. Pre-bound aggregate technology is advantageous in this regard:
the damping properties are controlled at the micro- and macrostructure levels. The tests of pre-bound aggregate
concretes based on various binders and fillers were conducted. The damping ability was evaluated by the logarith-
mic decrement, which was calculated based on the resonance peak width of 4x4x16 cm cantilever samples accord-
ing to the common procedure [21]. The concrete compounds and the test results are presented in Figure 4.

Concrete damping ability depends on the nature and the properties of the matrix and the aggregate; be-
sides, the logarithmic decrement value is mostly affected by the properties of the matrix, which fills framework
voids, framework glue characteristics, and also the interaction of the aggregate with the glue and the glue with
the matrix.

The most optimal filler in terms of damping is thermolith, the next are crushed granite and expanded clay.
Test results show low ability of cement concrete in absorbing vibration. For this reason, it has little utility for
making road pavements, which are subjected to impact load. For example, according to the service background
of roadways, vibration in cement concrete pavements leads to the displacement of the unbound components of
the road bed, deterioration of pavement slab smoothness and its early failure. Damping efficiency of epoxy po-
lymer concrete is also poor. Cement concrete and epoxy concrete are brittle materials. Special treatment in terms
of improving the viscoelastic characteristics needs to be provided for advancing their damping properties [21].

Introduction of fillers into polymer compounds led to the decrease of their damping ability. For example,
by introducing graphite and Portland cement powders into multipurpose polyester resin (grade PN-1), the loga-
rithmic decrement reduced by factors of 1.9 and 1.7 respectively relative to the unfilled compound. Meanwhile,
EPILOK epoxy resin decreased the damping properties by factors of 1.3 and 1.6 when filled with cement and
silica sand respectively.

The tests established that by using polyester and bitumen binders instead of cement and epoxy ones,
the logarithmic decrement increases by factors of 3.8 and 14.4 respectively. Dynamic properties of pre-bound
aggregate concrete improve by binding the framework grains with elastic and viscoelastic glues. Thus, by using
polyester and bitumen glues instead of cement for binding the framework, the damping properties increase by
factors of 3.6 and 5.3 respectively (Figure 4).
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Figure 5. Ultrasonic velocity difference in pre-bound aggregate composite versus applied stress:
1 — polymer concrete; 2 — cement concrete; 3 — bitumen concrete
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Crack resistance is also an important characteristic of composite materials. The reference data for evalua-
ting crack resistance of CM are the experiments, which demonstrate the change in volume in the loading process.
This parameter may be used to establish microfracture boundaries. In this regard, tests of pre-bound aggregate
concrete samples with polymer, cement and bitumen binders and crushed brick were conducted. Ultrasonic
transmission time was measured in the process of loading the samples (Figure 5).

The results of the investigation give an idea of compaction and decompaction processes during the loading
of test samples. Compaction takes place at the load values of 0.3, 0.7 and 0.5 of the failure load for the polymer,
cement and bitumen composites respectively. By loading to the specified values the ultrasonic velocity increases.
Higher loads decrease the velocity, which indicates the beginning of the decompaction process, and therefore
provides evidence of the formation of the first microfailures. This point is referred to by Berg as the first para-
metric point, which defines the lower microfracture boundary (R3). Further load increase causes the ultrasonic
velocity to decrease to the original value (second parametric point). This point indicates the beginning of volume
increase and defines the upper microfracture boundary (Ry). According to Berg, stress Ry establishes the transi-
tion from linear to the non-linear creep. It corresponds to the absolute fatigue limit of concrete subjected to repe-
titive load [22].

Material resistance to crack formation and propagation is evaluated with the help of the stress intensity
factor (K1), the surface energy coefficient (y) and also the crack width in its blunt end part (3). These quantities
are related by the following expressions:

_K K
y2E’ oF

The stress intensity factor depends on the sample size and the initial crack length and it was determined
according to [18] by the formula

P 240

lb\/Z’

where P — the failure load; / — the crack width; b — the width of the sample; /# — the height of the sample.
Function V{; that relates the crack length to the height of the sample has the following form:

/ 1% G 1\ 1V )
Viy=3— 1,93(— —3,07(— +14,53(— —25,11[— +25,8 —j .
b h h h h h

The stress intensity factor, the surface energy coefficient and the crack width in its blunt end were deter-
mined experimentally for epoxy composites with crushed granite, thermolith and expanded clay aggregates.
These composites have the following ultimate strength and elastic modulus values in MPa: 11.5 and 8120 for
crushed granite, 9.5 and 4750 for thermolith, 9.0 and 4050 for expanded clay respectively. Crack resistance cha-
racteristics of pre-bound aggregate composites with different coarse aggregates are presented in Table 2.

Table 2
Crack resistance of pre-bound aggregate composites

Crack resistance parameters
Aggregate type Crack length, mm

K1, MPa:cm®? v, MPa-cm ¥, cm
. 10 54.7 0.184 0.032

Crushed granite
20 52.1 0.167 0.029
i 10 329 0.114 0.024

Thermolith gravel

20 324 0.110 0.023
10 38.3 0.181 0.040

Expanded clay
20 32.6 0.131 0.029

Analysis of the results indicates that coefficients K;, y and 6 depend significantly on the aggregate type
and the crack length.
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Conclusion

The benefits of manufacturing pre-bound aggregate composite building materials are demonstrated.

The results of the investigation of elastoplastic properties and strength of composites based on various
binders and aggregates are presented.

High performance of materials based on polymer binders with crushed granite and expanded clay aggre-
gates was established.
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Abstract. Steel-reinforced concrete spans in road bridges have been widely used
since the late 1950s, in the configuration of large-span bridges built across sig-
nificant water barriers. To date, the issue of the need to reconstruct such span
structures, including those designed and built according to the project “43282 km”

developed by TsNIIPSK, is becoming increasingly relevant. The authors analyze
the stages of the production of works of a particular object, developed for
the implementation of the entire complex of works on its reconstruction using
the method of force regulation. The presented order of work was successfully
implemented during construction of the bridge over Kabarga River in Primorsky
Krai. This made it possible to preserve the existing structure of the span (main
beams and braces), replacing the worn-out reinforced concrete slab with a new —
metal orthotropic one, while ensuring that the conditions of strength and stability
of the flexural-torsional shape of solid-walled beams are met, in the process of
dismantling the existing roadway slab and constructing a new one. Considering
that steel-reinforced concrete bridges are built across large water barriers and

have a very significant cost due to their large length, reconstruction using existing
supports can significantly reduce the cost of construction, so, the possibility of
upgrading the existing steel-reinforced concrete span structure is, undoubtedly,
relevant. Based on the structural and technological measures presented by the authors,
it is possible to carry out and effectively implement work on the reconstruction
of the existing steel-reinforced concrete bridges that do not fully meet modern
requirements for load capacity and throughput.
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Ob0ocHOBaHMe MapaMeTPOB PeryJupoBaHNs YCHJINI CTajIexKe1e300eTOHHBIX
npoJieTHbIX cTpoeHuii paspadorku IHUUIICK «43282 km»

N.I0. Beayuxnii' Y, C.A. Kyapsisues?'”, U.B. Jlazapes!

'Tuxookeanckuii 2ocyoapcmeennwiii ynueepcumem, Xabapoeck, Poccutickas Pedepayus
2 [lanvnesocmounbiii 20cyoapcmeenviil ynusepcumem nymeii coobwenus, Xabapoeck, Poccutickas Pedepayus
lazarev_igor_v(@mail.ru

Hcropus cratbn AnHoTanus. Cranexene300eTOHHBIE TPOJIETHBIE CTPOSHHS B aBTOJOPOKHBIX
[loctynuna B pepakuuto: 7 aBrycra 2022 r. MOCTax CTalM IIMPOKO MPUMEHAThCS ¢ KOHHA 1950-X IT. B KOMIIOHOBKE CXEM
Jlopaborana: 13 okts0pst 2022 r. GOJIBIICTIPOIIETHBIX MOCTOB, COOPY’KAEMBIX Uepe3 3HAUUTEIIbHBIC BOJHBIC ITPErPaibl.
[punsTa k myOmukamuu: 14 okraopst 2022 r. Ha ceronusinizmii ieHb Bee OOJBIIYIO aKTyalbHOCTh 00peTaeT BOIPOC HEOOXOAUMO-

CTU PEKOHCTPYKLUH OTMEUYECHHBIX MPOJIETHBIX CTPOCHHUH, B TOM YHUCIIE 3allpOeK-
THPOBaHHBIX U MOcTpoeHHbIX 1o npoekty [IHUUIICK «43282 km». B uccneno-
BaHUM pa300paHbl ATarlbl POM3BOICTBA PabOT KOHKPETHOTO 00BEKTa, pa3paboTaHHbIe
IUTSL peau3aliii BCEro KOMIUIEKCa paboT IO ero peKOHCTPYKIUH ¢ IPHMEHECHUEM
METOJIa peryaupoBaHus ycuinid. [IpencTaBieHHbli MOPAA0K BHIOIHEHUS padoT
YCIICIIHO PEAIM30BaH Ha CTPOMTENLCTBE MocTa uyepe3 p. Kabapry B IIpumop-
CKOM Kpae, 4TO MO3BOJIMJIO COXPAaHHUTh CYIIECTBYIOIIYIO CTPYKTYpPY HPOJIETHOTO
cTpoeHus (TJaBHbIC OAlKH M CBSI3W), 3aMEHUB H3HOIICHHYKO KeJIe300€TOHHYIO
IUIUTY HA HOBYIO — METAJUIMYECKYIO OPTOTPOITHYIO, IPH 00ECTIeYeHUH BBITOITHEHUS
YCIIOBHH MPOYHOCTH M YCTOWYMBOCTH HM3THOHO-KPYTHIBHOW (POPMBI CILIOLIHO-
CTEHUYaThIX OaJlOK B IPOLIECCE JEMOHTaKa CYIIECTBYIOIIEH IIMTHI HpPOE3Kei
YacTH U YCTPOMCTBA HOBOW. YUMTBIBAS, UTO CTAJICKEIE300€TOHHBIC MOCTBI BO3-
BOJIATCS 4epe3 OOJIbIINE BOIHBIE MPErpaibl U B TOM YHCIIE M3-3a OOJIBbIION JITHHBI
HAMEIOT 3HAYUTEIbHYI0 CTOMMOCTh, @ PEKOHCTPYKIHUS C MCIONB30BaHHEM CYIIe-

CTBYIOLIMX OIOP MO3BOJISIET CYIECTBEHHO COKPATUTh CTOMMOCTb CTPOUTENbCTBA,
aKTyaJIbHOCTh MOJCPHH3AINH CYIIECTBYIOMNX CTANEKETe300eTOHHBIX MPOIETHBIX
CTPOEHUH! sBIIAETCSA, HECOMHEHHO, aKTyalbHONH. Ha OCHOBaHMH IpeaIOAKEHHBIX
KOHCTPYKTHBHO-TEXHOJIOTHUECKHX MEPOIPHATHI BO3MOXKHO IpoBeAeHHE U 3¢-
(bexTuBHAs peanuzanys paboT MO PEKOHCTPYKIUHU ACHCTBYIOIIUX CTalIeKeIe30-
OCTOHHBIX MOCTOB, HE B ITOJHOI Mepe yIOBICTBOPSIONINX COBPEMEHHBIM TPeOO-
BaHUAM M0 TPY30IO0ABEMHOCTU U IPOIMYCKHOM CIIOCOOHOCTH.
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benyyxuti U.1O., Kyopaeyes C.A., Jlasa-
pes U.B. OGocHOBaHUE MTapaMETPOB pery-
JMPOBAHUS YCUIIUN CTanexene3006TOHHbIX
MPOJIETHBIX cTpoeHui pazpadotki [THUMUTICK
«43282 xm» // CtpouTenbHas MeXaHUKa
HWHKEHEPHBIX KOHCTPYKIHH M CoOopyKe-

mui. 2022. T. 18. Ne 5. C. 407-416. KiroueBble ¢j10Ba: CTaIeKeIe300€TOHHBIE IIPOJIETHBIE CTPOCHHUS, PETYIMPOBa-
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18-5-407-416 BpPEMEHHBIE OTIOPbI

Introduction

Span structures developed by TsNIIPSK according to the project “43282 km” with an estimated span of
42.5 m are widely used in the construction of large and medium-sized bridges on the roads of the post-Soviet
space. On the highways of the Far East, the total length of existing bridges, in the layout of which the spans of
this project or similar are used, is 2325 meters. This fact emphasizes the need to work out the technology for the
reconstruction of the designated spans for their restoration and modernization.

It is a well-known fact that the regulation of efforts in the construction of large-span steel-reinforced con-
crete bridges is an advantageous technique from a technical and economic point of view, because this makes it
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possible to reduce the consumption of steel and to use better the strength properties of the materials of the sup-
porting elements of the span structures. The classification of these methods, the experience of their application in
the construction of new bridges is also covered in [1-5].

Basic preconditions

The experience gained by the department “Bridges, Grounds and Foundations” (now the department “Au-
tomobile Roads™) of PNU shows the possibility of successfully implementing the restoration of consumer prop-
erties of span structures of steel-reinforced concrete bridges with the extension of their service life using the op-
tion of regulating forces and creating on the basis of the existing structure a new span structure, which will meet
the modern requirements for throughput and carrying capacity [6; 7].

Based on the above, the choice of the object of study is predetermined by the following:

1) the wide distribution of span structures according to the TsNIIPSK project “43282 km” which was is-
sued in 1959;

2) real opportunities for their renovation in order to adapt to the loads Al4, H14 in accordance with
GOST 32960' (State Standard of Russian Federation) while providing the required dimensions in accordance
with the requirements of CR 35.13330.2011% (Russian Code of Rules);

3) the embodiment of specific constructive and technological proposals implemented on the real objects of
the existing transport infrastructure, according to the suggestions of the PNU [6; 7];

4) the prospect of integrating the proposed force regulating scheme with a low-cost and safe technology
for performing work on replacing the passage slab on the spans of steel-reinforced concrete bridges.

The authors of [8] noted a characteristic detail of the projects for the reconstruction of steel-reinforced
concrete bridges, presented in the developments of the department “Bridges, Grounds and Foundations” of
the TOGU, in which the key condition is the installation of temporary supports [8] under the last assembly joints
in the span structures developed by TsNIIPSK “43282 km” project. This position of temporary supports divides
the span into three parts of almost equal length.
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Figure 1. Plan of the upper and lower chords, and facade of the main beam

In each of the spans of the newly formed scheme (after the installation of temporary supports), the geome-
try of the cross sections of the beams ensures the fulfillment of the conditions for the strength and stability of
the bending-torsional form of solid-walled beams. Thus, favorable conditions are created for the relative freedom
of maneuver of load-lifting mechanisms and vehicles necessary for the disassembling of sidewalk blocks, rail-

I GOST 32960-2014. Automobile roads of general use. Traffic load models, application of the load models. Moscow: TSNIIS
Publ.; 2014.
2 SP 35.13330.2011. Bridges and culverts. Moscow: TSNIIS Publ.; 2011.
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ings, dismantling and removal of bridge deck clothes, dismantling of concrete of monolithic “windows”, trans-
verse and longitudinal seams of blocks of the passage slab and, accordingly, dismantling of existing road slab
blocks. In connection with the peculiarity of the formation of the supporting structure of steel-reinforced con-
crete span structures, it is necessary to prevent the loss of stability of the bending-torsional form by solid-walled
beams and to minimize the risks of this situation [8].

Stages of force regulation

Further, the operations of regulation of efforts are given on the example of the real construction object
“Bridge across the Kabarga River” (Figure 2). These operations have been developed by the Department of
Highways of the PNU and were subsequently implemented at the construction site. The order of work with the
characteristics of technological operations and work of span structures, that satisfy the conditions of strength and
stability of the flexural-torsional form and create the basis for regulating efforts in order to form a reserve of
bearing capacity necessary to create a greater load capacity and a developed dimension of the carriageway and
sidewalks, is presented. This, in turn, also makes the issue of developing a low-cost, efficient and safe technolo-
gy for changing the passage slab on spans of steel-reinforced concrete bridges relevant [8].

a b

Figure 2. Side view of the span structure of the bridge across the Kabarga river:
a — before overhaul; b — after overhaul, 2020

For a substantive solution of the problem on the designated issue with reference to the stiffness character-
istics of a particular span, the development of TsNIIPSK “43282 km” project was carried out (Figure 1). Within
the framework of solving the problem, the assessment of the deformed state of the span structure from the loads
accompanying the formation of the supporting structure of the span structure and reflecting, in the general case,
the multi-stage nature of its operation was carried out. These loads determine the composition of the calculated
section of the beam: its own steel section works on the action of loads from its own weight and the weight of
a reinforced concrete slab; and the combined steel-reinforced concrete section works on the action of the weight
of clothing and elements of the bridge deck.

Thus, taking into account the scope of work carried out in the sequence accompanying the formation of
the bearing structure of the steel-reinforced concrete span structure, the deflection of the beam with a span of
/' =42.12 m was assessed under the action of: the weight of metal structures, the weight of the reinforced con-
crete slab [9]. The composition of the loads, indications of the nature of the work of the section of the span beam
are given in Table 1.

In the technological part of the production of a complex of works aimed at dismantling the existing road-
way slab and installing a new one, three main stages can be distinguished.

First stage. As part of the first stage, it is planned to jack out the span structure with a reference from
the existing position to compensate for the action of the second part of the constant loads, which include: the weight
of clothing, bridge deck elements; weight of barrier and railings. After the installation of temporary supports lo-
cated in the extreme thirds of the span (at the location of the assembly joints), the span is jacked up on temporary
supports by a value of 3.11 cm, counting from the existing high-rise position of the span. The section in the mid-
dle of the span will move in this case by 3.44 cm (Table 1).
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Table 1
Name of work, scheme of the span’s operation (the 1st stage)
Step Description of works Span’s loading scheme, support reactions, displacements, cm
1 Jacking up the beams of the existing qn
steel-reinforced concrete span structure
to compensate for the load g from qplate
clothing and elements of the bridge deck qown weight
_ﬁ& R=94,79 R=9479
Jremp. sp. = 311em - f=344em fi o, =3.11cm
| {
| qn
T qplate
~ 4q ight
Reomp g~ 436 \ Renp mp~ 436 ) o el
ftmp_sﬂpé 3.11 cm jtemp_sup_ =3.1lam
R=5119 f=344cm R=5119
2 Dismantling of barrier fences, railings, A
disaseembling of the bridge deck ovar Prettttreeeteteeeetyiqeetttyadn
the transverse and longitudinal seams ¢ ¢
of the slab blocks ‘ - —
Rtemp. sup. 5’25 Rtemp. sup. 5’25
R=2,08 R=2,08
The sum of support reactions and loads upon *_
finishing the works of the Ist and 2nd steps of qu =9 AqH
the first stage ®
gul qn
‘l qplate
— 3 — qown weight
? / Rigmp. sup. = 38,36 / Riemp. sup. = 38,36
f =3,11|cm Al
femp. Sup- f=3,44 cm ftemp. sup. 3, l‘cm
R=4911 R=4911
14,93 12,26 14,93
7 7
42,12

Notes:

— weight of steel structures qown weight = 0,694 tf/m (normative), gown weight = 0,763 tf/m (calculated);

— weight of reinforced concrete gpjare = 2,171 tf/m (normative), gpiace = 2,388 tf/m (calculated);

— weight of the bridge deck q;; = 1,636 tf/m (normative), q;; = 2,188 tf/m (calculated);

—1in the second step of the first stage Aqp, a decrease in the constant load is indicated as Agy = 0,348 tf/m (normative),
Agy; = 0,411 tf/m (calculated).

The vertical displacements (deflections) of the beam in the sections of setting temporary supports were
found from loads indicated in the Table. 1. These displacements amounted to 3.11 cm. Thus, if efforts are ap-
plied on temporary supports, which are directed upwards, and the span structure on temporary supports is raised
by a value of A =3.11 cm, then the beams of the span structure are released from the action of loads, from which
a deflection of 3.11 cm was found. So, the probability that solid-walled beams will lose of stability of the bend-
ing-torsional form will be minimized. The value of the support reaction on temporary supports was found from
the solution of the inverse problem with the known bending stiffness of the beams and the given displacement
value A=3.11 cm.

Solutions for determining vertical displacements from the given loads and for the inverse problem which
is determining forces (support reactions) for given displacements are made using the Mohr — Maxwell formula,
taking into account the variable bending stiffness of beams along the length of the span (formulas 1, 2).
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For a section in the middle of the span:

L MMy
fost=2%iZ1), 15 L, O (D

In a section with a temporary support:

i=3 13

ftemp.sup = f f q dx +
Egl;

i=171=0 I3 i=1gq

2)

A diagram reflecting the main steps of calculations which are necessary to determine the displacements of
the span are shown in Figure 3.

15,12 m (temporary support) 15,12 m (temporary support)
I I, I 1 I3 I, I
gh 5
53m 525m | 438m [ [6,13m 6,13 ml 438m |, 525m 5.3m
L2 =42,12/2=21,06 m| !L/2 =42,12/2=21,06 m
| I
| ¢ P=1 | diagram M,
| |
| | 0,5
a | _
X P=1 | diagram M,
A I B
N = M, =Rax- (x - .
M, = Rax g 1 =R (x=g) diagram Mg
Add i it i ti it it i it ittt i i i iiiid B
Ra=ql/2 2 Rb = ql/2
= - .4
L=s2om MI=Rax-(g/) I
] A

Figure 3. Scheme for determining bending moments from a distributed load and concentrated unit forces for implementation (1, 2)

The superstructure at this (first) stage step works with the reduced moment of inertia, while the concrete
part is endowed with the value of the initial modulus of elasticity E;, considering the assumption that during
a relatively short time of jacking out, the unloading of concrete will most likely be accompanied by predomi-
nantly instantaneous deformations without development deformations of elastic consequences. Thus, the values
of bending stiffnesses of steel-reinforced concrete sections, which have been taken for calculation without
the effect of manifestation of concrete creep, predetermine a more unfavorable loading of temporary supports.

The following works are performed at the first stage as can be seen from Table 1:

— dismantling and removal of barrier and railing fences;

— disassembly and removal of the pavement clothing over the transverse and longitudinal seams between
the blocks of the prefabricated slab of the roadway.

The total dismantling of the bridge deck clothing over the entire area of the road slab has not any funda-
mental importance if the regeneration of old asphalt concrete is not provided for and reduction the weight of
the dismantled block of the road slab is not required because of the carrying capacity of cranes and vehicles in-
volved in the process of dismantling and removal of the slabs.

412 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Benyyxkuti M.FO., Kydpsisues C.A., llasapes /.B. CTponTtenbHasi MexaHuka HXeHEPHbIX KOHCTPYKLMA 1 coopyxeHuid. 2022. T. 18. Ne 5. C. 407-416

After the removing the pavement clothing over the slab monolithic seams, the reaction to temporary sup-
ports can be =~38.4 tf.

It is possible to carry out the work on disassembling the clothes of the bridge deck and dismantling the en-
closing structures without jacking up the span structure. But application of jacking forces at this stage contributes
to adaptation of the structure to the action of forces that are opposite in sign to the operational ones, this will
eliminate the impulsive nature of the change in the composition of the cross sections in the future.

For efficient dismantling and removal of the slab from the spans, the second stage provides for the dis-
mantling of the transverse and longitudinal seams of the slab blocks and the performance of technological opera-
tions that would exclude further dynamic impact on the span. The distribution of support reactions between the
main supports and temporary supports is solved by considering a three-span beam under the action of unloading
loads (Table 2).

The second stage included the following works:

—jacking out of the superstructure on temporary supports by 4.00 cm, counting from the height position of
the superstructure at the first stage (Table 2);

— the jacking value of 4.00 cm is derived from the determination of the deflection from the action of
the load from the weight of concrete of the transverse joints of the blocks of the existing roadway slab;

— dismantling of concrete from the transverse seams of roadway slab blocks.

Table 2
Name of work, scheme of the span’s operation (the second stage)
Step Description of works Span’s loading scheme, support reactions, displacements, cm
1 Jacking out of the beams with l
a reference from the height posi- «
tion of the 1st step. ’L l qn
The work of the beam is deter- 1 1 [
mined by the partial participation — — q plate
of the slab and is considered - ~ q
by the reduced moment of inertia - — = own weight
for the section Iigreq = kredliss A?»‘Rtemp_sup__ 33,65 \ ( Rtemp_sup_ = 33,65
with kpoq = 1,2 _ _
re ftemp_sup_ 3,11 +4,00=7,11 cm ftemp.sup.: 711cm R = 5381
R =53381
f=344+443 =787 cm
2 | Disassembling of the transverse Aq =0.08 tonf/m
seams of the roadway slab blocks. plate ?
Reducing the constant load by the
v RS E ERR AR EREEEE R EEREEREEREEE|
calculated — 0.088 tf/m)
Rtemp. sup. - 1’20 Rtemp. sup. - 1’20
R=0,48 R=0,48
The sum of the support reactions and * -A
loads upon completion of works of the Gpiae = Gpiace Gptae
1st and 2nd steps of the second stage *
qu
%
quate
7,87 q
— — own weight
thmp. sup. 32,45 \ / temp. sup. 32,45
¥ = 7,11 em =711 cm
R-5333 ° e icp sup=T: R = 5333

The value of the support reaction on the temporary support can be ~ 33.7 tf immediately after jacking out,
and it can be = 32.5 tf after disassembly of the transverse seams upon completion of the stage.
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When determining the deformation and force factors, it was accepted:

— in the area between the extreme stops of adjacent blocks, separated by a transverse seam, the plate is not
involved in the work;

— the concrete of the slab in the area between the extreme “windows” in each of the blocks is partially
included in the work; at the same time, it is understood that the decrease in the effect of joint work is due to
the greater possibility of mutual displacements of the slab and the upper chord of the beam, which experiences
deformations opposite in sign to the deformations corresponding to the arrangement of the passage slab;

— in the aggregate, the partial participation of the slab in joint work with the beam is taken into account
by the reduced moment of its cross section Jisred = kreatis Where krea = 1,2;

— due to the transformation of the span structure’s rigidity characteristics and redistribution of the forces of
the 1st step, the support reactions at this stage, in accordance with the principle of independence of the action of
forces, are determined from the total displacement of the 1st, 2nd steps and from loads corresponding to the end
of the 1st step considering the dismantling of the concrete of the transverse seams at the end of this stage.

Third stage. In the calculation part of the third stage, when determining the support reactions, the follow-
ing were accepted:

— loads corresponding to the completion of the 2nd step (Table 2);

— assumptions of the Ist stage regarding the value of bending stiffness and taking into account the total
displacements of the 1st, 2nd, 3rd steps, which are equal to the following:

e on a temporary support f;s = 3,11 + 4,00 + 4,27 = 11,38 cm;

e in the middle of the span f = 3,44 + 4,43 + 4,71 = 12,58 cm.

In the technological part, the third stage includes the following:

— jacking out (final move) of the span structure on temporary supports by 4.28 cm, counting from the
height position of the span structures at the previous stage; at the same time, the reaction on temporary supports
is approximately 53.85 tf, due to the fact that the reinforced concrete slab is completely switched off from joint
work with the metal beams, and the support reactions are redistributed with their decrease on temporary supports
(Table 3);

— dismantling of reinforced concrete slab blocks during crane operation according to the “retreating crane”
scheme after dismantling the longitudinal seams of 2—3 rows of slab blocks and disassembling concrete of mono-
lithic windows on them; direct removal of the block should exclude jerks and dynamic impact on the span and
curvature of the upper chords of the main beam and auxiliary run.

The given values of jacking out (Table 3) unload the superstructure from work on the impact of the second
part of the constant loads and the weight of the slab in the process of its dismantling, and they create precondi-
tions for maintaining the strength and stability conditions of the metal structures.

The total displacement of the jacking out at the final stage is taken equal to the sum of the deflections from
the second part of the constant load and the weight of the slab. Thus, after the completion of the dismantling
works, the reaction of the temporary supports will become equal to zero, but at the same time, the contact of
the support devices of the temporary supports with the span structure must be ensured so that such a mode of
operation of the temporary supports endows them with the functions of tracking systems that monitor the height
position of the beams of the span structures. This state can be taken as a control of the provision incorporated
in the calculations that the own weight of the metal structures of the span structures (after the dismantling of
the reinforced concrete slab) when working with a full span is perceived by the cross section of the steel beams.

The accepted order to produce the works includes the phased jacking out of the span with the correspond-
ing work on the dismantling of the existing (old) slab of the roadway and the clothing of the bridge deck. This
procedure determines the following composition of cross sections and loads when determining the forces in the
process and after the installation of a new orthotropic slab of the roadway, in during which the beams of super-
structures perceive these loads:

— own weight when working with a calculated span L =42.12 m;

— the weight of the orthotropic slab when the beam is operating in a continuous pattern (14.93 + 12.26 + 14.93 m),
temporary supports and support reactions, arising from their side and directed upwardly, are necessary to unload
the main beams of the span structures and provide the stability condition of a bending and twisted shape.
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Table 3
Name of work, scheme of the span’s operation (the third stage)
Step Description of works Span’s loading scheme, support reactions, displacements, cm
1 Jacking out by 4.3 cm, which
is the final move of the beams
on temporary supports, count- r q*
ing from the height position 'r qPIkI
of the 2nd stage —
plate
— q .
— — own weight
Rianp. sup, = 5385 ) @mp_ wp. — 3385\
ftemp_ sup. 11,38 cm ftemp_ swp. 11,38 cm
R=3193 f=12,58 cm R=3193
The load composition corresponds to the end of the 2nd stage
D own weight (0,694; 0,763 tonf/m);
- q*plate (2,091; 2,300 tonf/m);
- g% (1,288; 1,747 tonf/m).
When the reinforced concrete slab of
the passage is completely excluded from *
the joint work with steel beams while q
maintaining the height position, cm, =IkI
the distribution of the support reac- q lat
tions is characterized by the follow- f=12,58 qp ate
ing scheme - — own weight
/ Ricanp. sup. — 44-87 R=44.87 'i”
R=4091 flemp. sup. 11,38 cm flemp. sup. 11,38 cm R=4091

In turn, the following loads act on the beams of spans after they were combined with an orthotropic plate:
— support reactions of temporary supports after their unloading;

— the weight of the pavement, the elements of the bridge deck and temporary load;

— the weight of the orthotropic road slab.

Conclusion

Taking into account the fact that steel-reinforced concrete bridges are built across large water barriers and,
due to their large length, they are very expensive, then reconstruction with usage of the existing supports can
reduce the cost of construction by an average of 60%, the modernization of existing steel-reinforced concrete
superstructures is undoubtedly relevant. Based on the presented structural and technological measures, it is pos-
sible to carry out and effectively implement work on the reconstruction of existing steel-reinforced concrete
bridges that do not fully meet modern requirements for carrying capacity and traffic capacity.
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Hcropus ctaTbu AnHoTanus. [lep — ycTaHOB/IEHHE 3aBUCMOCTH MEK]Ty HANPSHKEHHBIM COCTOSHUEM
[Moctynmna B penakuuto: 24 utomnst 2022 r. Kapkaca peOpHCTO-KOJIBIICBOTO KYTIONA U CTENEHBIO OCHAILICHHS €ro CBs3sMU. Mepu-
Jopaborana: 24 cents6ps 2022 r. JUOHAIBbHBIE peOpa U KOJbla KYNOJIbHOIO Kapkaca IPpUHATHL MeTauimueckumu. Ky-
[punsita k myOnukaimu: 25 ceHrsiops 2022 r. TIOJIBHBIN KapKac COCTOMT 13 24 pebep u HacuuThIBaeT 7 kojell. MccienoBanue BhIo-

HEHO JUI1 peOpHCTO-KOMBLEBOro Kynona chepudeckoil dopmel mponeroM 39,3 M u
BbIcOTOM 11,0 M Ha KOMITBIOTEPHBIX MOJIENsX. Pa3paboTaHa MCXoHAsS KOMITBIOTEpHAs
MOJIeNb KapKaca peOpUCTO-KOJIBLEBOrO KyIoia 03 CBsI3el U3 CTalbHbIX ABYTaBPOB.
Ha ocHoBe ncxomIHOM MO CO3aHbl MOZEIHN KapKaca cO CBSI3SIMH MEXITY MEPHIIHO-
HAIbHBIMU peOpaMu B 4EThIPEX, BOCBMU LIMKIMYECKU CUMMETPHYHBIX CEKTOPaX U BO
BceX cekTopax. M st NCXomHOM MOJIeNy, U I BCeX MOJIENel KapKaca KyTiona O CBSI-
3MH BBIIOJHEHB! KOMITBIOTEPHBIE PAcueThl HA JEHCTBHE HArpy3KUd OT COOCTBEHHOIO
Beca HECYIIMX U OTPKIAIONINX KOHCTPYKLHI U IBYyX BapUAHTOB CHETOBOM HAarpy3Ku.
B nporiecce pacueToB ompeeneHs! AedopMaliy, BHTPEHHUE YCIIIHA U HAPSDKEHUS B
MEpHAMOHABHEIX pedpax, BEPXHEM M MPOMEKYTOUHBIX KOJBIAX PasHBIX MOeJeH,
KOTOpbIE CPaBHUBAIMCH MEKIy co0oil. ITomyueHsl rpaduxu u3mMeHeHus fedopMmariuit

Kapkaca, rpaUKi M JMarpaMMbl H3MEHEHHs] BHYTPEHHHX YCWIMH W HANpPsHKCHHUH B
MEpUIMOHATIBHBIX peOpax, B BEPXHEM U IPOMEKYTOUHBIX KOJbLAX KyIola B 3aBUCH-
MOCTH OT CTENEHM OCHAILICHUs Kyrona cBa3siMH. JlaHa OlleHKa BIMSHUS CBf3ed Ha
HaIpsDKEHHOE COCTOSHUE KapKaca peOpUCTO-KOMbBLIEBOro Kyrona. OTMedeHbl 0cOOeH-
HOCTH BIIMSIHUSL Pa3HBIX CXEM CBsI3eH Ha HaPsHKEHHOE COCTOSHUE KYIIOIBHOTO KapKaca.
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was performed for a ribbed-ring dome of spherical shape with a span of 39.3 m
and a height of 11.0 m on computer models. The initial computer model of
the framework of a ribbed-ring dome made of steel I-beams without bracing has
been developed. On the basis of the initial model, additional models were deve-
loped for the frameworks with bracing between meridional edges in four,
eight cyclically symmetric sectors and in all sectors. Both for the initial model
and for all models of the dome framework with bracing, computer calculations
were performed for the effect of the load from the own weight of the load-
bearing and enclosing structures, and two variants of the snow load. During
the calculations, deformations, internal forces and stresses in the meridional ribs,
upper and intermediate rings of different models were determined, which were
compared with each other. Graphs of changes in deformations of the frame, graphs

and diagrams of changes in internal forces and stresses in the meridional ribs, in the
upper and intermediate rings of the dome, depending on the degree of bracing in
the framework, are obtained. An assessment of the influence of bracing on the stress
state of the rib-ring dome frame is performed. The peculiarities of the influence
of different coupling schemes on the stressed state of the dome frame are noted.
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Kymnosna npumeHstoTcs B KaueCTBE MOKPBITHI 31aHUM U COOPYKEHUM, KaK W3-3a BBIPA3UTEIILHOCTH CBOEH reomer-
prdecKoii pOpMBL, Tak 1 BCISICTBHIE HAJIGKHOCTH CBOMX KOHCTPYKTHUBHBIX CHCTeM. briaromapst mpoctpaHCcTBEHHOM KecT-
KOCTH ¥ 3KOHOMUYHOCTH Pacxojia MeTajlila OHM 3aHHMMAlOT BEyIee MECTO CPeIU MPOCTPAHCTBEHHBIX MOKPBITHH [ 1-3].

I'eomerpuueckue cxeMbl KapKacOB METAUIMYECKUX KyIIOJIOB MHOTOOOpAa3HBI, 3aBUCAT OT NEPEKPHIBAEMBIX
MPOJICTOB M Ha3HAUYCHUS coopykeHust [4; 5]. Jlake B peOpPHCTO-KONBIEBBIX KYIOJIaX BO3MOXHBI Pa3INIHbIC Te€OMET-
pHYECKHE CXEMBI KapKacoB, HApUMep, 00yCIIOBICHHBIE YHCIOM CEKTOPOB MM SPYyCcOB B Kapkace. [Ipyrum 3Ha4u-
MBIM IPH3HAKOM TaKOT'O PA3INyMsl B peOPUCTO-KONBLEBBIX KYIOJIaxX SBISETCS HAMUYNE CBA3CH M MX KOJIMYECTBO.

CBs3M yCTpauBarOTCS Ul IOBBILICHUS NIPOCTPAHCTBECHHOM >KECTKOCTH HECYIUX KapKacoB pPeOpHUCTO-
KOJIBLIEBBIX KYTOJIOB. MIX OOBIYHO yCTaHABJIMBAIOT B YETHIPEX CEKTOpaxX KyIoja HUKINYECKH CHMMETPHYHO OT-
HOCHUTEJIBHO IPYT APYra MEXKAy COCEOHHMH MEPHUIMOHAIBHBIMHU PeOpaMH B Ka)KIOH YETHIPEXYroJbHOH sdeiike
1o Bcel BbIcoTe Kymnouia. JlobaBieHue cBsizeil B KapKac KyIoJia YCJIOXKHSET €ro pacueTHYI0 CXEMY, HalpaBJICHO
Ha MPEJOTBPALICHUEe U3THOHO-KPYTHIIBHBIX SIBICHUA W MPUBOAMUT K M3MECHEHHIO pabOThl MEPUINOHANBHBIX pe-
Oep u BepxHero koibua. Clie1oBaTeIbHO, OTCYTCTBHE MM HAIWYHME CBS3€H B KYIMOJBHOM KapKace OTpakaeTcs
Ha HanpsDKEHHO-1e(hOPMUPOBAHHOM COCTOSIHUM €TO OCHOBHBIX KOHCTPYKTHUBHBIX 3JIEMEHTOB.

Haunbonpiee ysiHuE Ha HapsHKEHHO-1€(OPMUPOBAHHOE COCTOSIHIE KapKacoB MPOCTPAHCTBEHHBIX COOPY>KEHUN
OKa3bIBacT HECUMMETpHUYHas Harpy3ka. K Takoil Harpyske OTHOCUTCSI BTOPOH BapHUaHT CHETOBOM Harpy3KH Ha KyTOJIbHOE
nokpbiTie' . IMeHHO OHa onpesiensieT HeoOXOIMMBbIE CEYeH s OCHOBHBIX HECYIITHX SIIEMEHTOB KYTIOMbHBIX KAPKACOB.

MeTtoabl

C 1enbIo BBISICHEHHSI 3aBUCHMOCTH HaIIPSKEHHOTO COCTOSIHUSL Kapkaca peOpHCTO-KOJBIIEBOTO KYIIONA OT CTEIICHH
OCHAIIIEHVISI €70 CBSA3SIMH BBITIONHSUTHCH KOMITHEOTEPHBIE MCCIIEIOBAaHMS HA PA3HBIX MOJIEIsIX. [Ipr 3ToM co3naBanmich KOM-
MIBIOTEPHBIE MOJIEITH, COOTBETCTBYIOIINE PA3HON CTETIeHH OCHAIIIEHHUS CBS3AMU. VccrieoBaHysl BBITONHSIINCH Ha KOMITb-
FOTEPHBIX MOJIETIIX KYTIOJBHBIX KapKacoB B Tiporpamme SCAD kak mpoCcTpaHCTBEHHBIX CTEPKHEBBIX cucteM [6; 7]. Kpu-
TEpUSIMU HCCIIEOBAHMI CIyXUIH JeopMarii f y37I0B KyIOJIBHOTO KapKaca M HalpsDKeHHS! G B AJIEMEHTaX MEPUIIHO-
HaJIBHBIX pedep, BEPXHETO U IMPOMEKYTOUHBIX KOJIEIl, KOTOPBIE OTPEAeIsUIUCH 10 BHYTPEHHUM Yermisim N, My, M.

AHAJIOTHYHBIC CCIIEIOBAHNS CTEP)KHEBBIX CUCTEM KYIOJILHOTO TUIA B Pa3IMYHBIX KOMITBIOTEPHBIX TIPOrpaMMax
BBITIOJHSJICS. MHOTMIMH y4deHbIMH. Hampumep, aHaIM3HpoBajioch HANPSHKEHHOE COCTOSHUE KYIOJIBHBIX KapKacoB MPH
W3MEHEHHH TTapaMeTPOB €TO JIEMEHTOB [§], TIpH pa3HbIX OTHOIICHHUSX BBICOTHI KyTIONA K TUaMETPy TS Pa3HbIX MpOJIe-
TOB [9], mpH pa3HBIX pa3zMepax sSIeeK Kapkaca peOpPHCTO-KOJBIIEBOrO KYIoa W BKIIFOYCHUH B Pa0OTy OTPaXICHUS B
HuX [10], mpu pa3HBIX OTHOIIEHUSX BBICOTHI KyTIOJa K THaMeTpy M Pa3HbIX cedeHusx a1emMeHToB [11]. Panee aBropom
BBIONHSHCH UccienoBanusi HC peOprcTo-KombLeBbIX KYHOJIOB MPH Pa3IMYHBIX crocobax MoHTaxa [12] n npu pas-

! CIT 20.13330.2016. Harpysku u Bo3aeiicteus. Axryannsuposannas pegakuus CHull 2.01.07-85*. M.: MUHHCTEPCTBO CTpPOH-
TENbCTBA U KUIUIIHO-KOMMYHAIBHOTO X03siicTBa PD, 2016. 102 c.
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HBIX BBICOTax ero kapkaca [13]. IIpencraBieHHBIH 31eCh MaTeprall aBTOPOM TTOTyYeH B ITOJTHOM COOTBETCTBUH C OOIIIe-
MIPUHSATHIMY TPHHIUIIAMA UCCIICIIOBAHNM aHAIOTMYIHBIX COCTOSTHHUI MTPOCTPAHCTBEHHBIX CTEPYKHEBBIX CHCTEM.

OOBEKTOM HCCIIEIOBAHFS CITYKIIT KapKac peOPHUCTO-KOIBIIEBOTO KyToJia Chepruaeckoil (JOPMBI C paiitycoM KpH-
BU3HEI 23 M, cocTosmid u3 24 pedep u 7 xonel. JlnameTp HIDKHETO Koibiia 39,3 M, IuameTp BepxHero Kombha 5,0 M,
BBICOTa KynoJIbHOTO Kapkaca 11 m. Kapkac onmpaercst Ha KopoTkue cToiku BeicoToi 0,5 M (puc. 1, a). Ha ocHoBe mpu-
ONMKEHHOTO pacyeTa BCE 3JIEMEHTHI KYIOJIBHOTO KapKaca MPUHSTHI B BUE TPOKATHRIX IBYTaBPOB n3 cramu C245: me-
pummroHarnbHBIe peopa — I 5011, BepxHee kombio — I 501114, ocransabie xombiia — I 201111, croiiku — I 5013. Monens
ATOTO KYTIOJIFHOTO KapKaca 0e3 CBSI3EH SABISIIACh HCXOTHOM TS MCCIIeIoBaHMs. Ha 0CHOBE MCXOMHOM MOJICITH CO3TaHbI
MOJIENN KapKaca CO CBSI3IMH MEXKITy MEPUINOHATEHBIMU peOpaMu B 4eThIpeX (puc. 1, 6) u BocbMHu (puc. 1, 6) 1UKmye-
CKH CHMMETPHUYHBIX CEKTOPAX, a TAKXKE CO CBS3SIMH BO BCeX ceKTopax (puc. 1, 2). Cesi3u puHATHI 13 TPYObI 114X5 M.

2
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Puc. 1. CxeMmbl KapKkacoB peOpHCTO-KOJIBIIEBOTO KyTIOJIa:
a—6e3 CB}IBeﬁ; 6 — CBSI3U B YETBIPEX CEKTOPAX; 6 — CBA3HU B BOCBMHU CEKTOPaAX; ¢ — CBA3U BO BCEX CEKTOpax
Figure 1. Schemes of the frames of the ribbed-ring dome:
a — without bracing; 6 — bracing in four sectors; ¢ — bracing in eight sectors; ¢ — bracing in all sectors

Bce y37p61 conpsikeHns 3IeMEHTOB KYIOIBHOTO KapKaca B HOpMaJIbHOM HallpaBlIeHUH skecTkre. ConpspKeHus
MEPHIMOHATIBHBIX pedep ¢ BEPXHUM W HIDKHHM KOJBLOM, a TAKKEe MPOMEXKYTOUHBIX KOJEI C MEPHIHOHAIBHBIMH
pebpaMyl B TAaHT€HLIMATFHOM HanpasieHUH HIapHUpHbIE. CONpsDKEHHs KyIOJIBHOIO KapKaca CO CTOMKaMH M COTIps-
YKEHHUE TMaroHAIbHBIX CBS3EH B sideiikax KyIMOJIbHOTO KapKaca ¢ y3/1aMu IIapHUPHBIE B 000WX HAITPaBICHHSIX.

W ans ucxomgHoit Monenu, U U BCeX MOJIENeil KapKaca KyIojia cO CBS3SIMM BBITTOJIHEHBI KOMITBIOTEPHBIE
pacueThl Ha JIeiiCTBUE HArpy30K, MPEJICTABICHHBIX Y3JIOBBIMU CHJIaMHU. TaKWX Harpy30K HACUHUTHIBAIOCH YETHIPE:
OT COOCTBEHHOTO BECa OTPAKIAMONINX W HECYITNX KOHCTPYKIHH, IBYX BAPHAHTOB CHEIOBOW HAarpy3KH — CHMMET-
pHUYHOM (puc. 2, @) 1 HeCUMMETpUYHOH (pHC. 2, 6). BpuTi cocTaBneHb! B¢ KOMOMHAIMY HArpy30K: KOMOWHAIms 1 —
MIOCTOSIHHAsE BMECTE CO CHETOBOM CMMMETPHYHOM Harpy3koii; KOMOMHAIMS 2 — IOCTOSIHHAsE BMECTE CO CHETOBOM
HECHMMETPUYHON HArpy3koil. IMEHHO HeCHMMeETpUYHAs CHEroBas Harpy3ka B COYETaHWUHM C HArpy3KOW OT coO-
CTBEHHOTO Beca BCeX KOHCTPYKIMI BBI3BIBAECT HANOONbIHE BHyTpeHHHE yerumus N, My, M,.
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Puc. 2. Cxemsl cH 1% y Kapkac:
a — CUMMCT] PUYHAA, 0 — HECUMME TpUYIHAST
Figure 2. Schemes of snow load on the dome framework:

a — symmetrical; 6 — asymmetrical
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Puc. 3. lepopmariin KynoJisHOT0 KapKaca pa3HbIX CXeM IPH KOMOUHAIMU HArpy3o0K 2:
a — Ge3 cBsiseil; 6 — BIPEX CEKTOPAX; 6 — CBS3H B BOCBMH CEKTOPAX; 2 — CBSI3H BO BCEX CEKTOPAX
Figure 3. Deformations of the dome framework of different schemes with a combination of loads 2:
a — without bracing; 6 — bracing in four sectors; ¢ — bracing in eight sectors; ¢ — bracing in all sectors
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Kon4ecTBO CEKTOPOB KyIIOJIa CO CBSI3SIMU
The number of sectors of the dome with bracing

Puc. 4. MakcumasbHbie aehopMaliy Kapkaca Kyroja pa3HbIX CXEM CBS3CH M Harpy3oK:
a — KoMOUHauus 2 BHU3; 6 — KOMOUHALMS 2 BBEPX; 6 — KOMOMHaIms |
Figure 4. Maximum deformations of the dome frame of different bracing schemes and loads:
a — combination 2 down; 6 — combination 2 up; 6 — combination 1

B mpomecce KOMIBIOTEPHBIX pPacdeTOB OIpenesuiuch aedopmannu, BHyTpeHHue ycuimust N, M., M,
U HanpsDKeHUs 6 B peOpax, BEpXHEM U NMPOMEXYTOUHBIX KOJbIaX, KOTOPbIE U PAa3HBIX MOJENeH KyHOIbHOTO
KapKaca CpaBHUBAJIMCh MEKAY COOO.

HccnenoBanne mokasano pe3Koe YMEHbIIEHUE BEPTUKAIBHON AedopMaluy KyIoJIbHOTO KapKaca Ay KOM-
OMHAIIMU HATPy30K 2 MpPHU YCTAaHOBKE CBsI3€H, XOTSA M3MEHEHHS UX OOIIEro Xapakrepa He mpousonuio (puc. 3).
Hawubonee sipko 3TO MPOUCXOIUT MOCIE YCTAHOBKM CBSI3€H B YETBIPEX CEKTOpaXx, KOTZa BETUYWHA MAaKCUMaJlb-
HOW Aedopmanuy f BHU3 yMEHBIIMIUCH B 3,9 pa3a, a BBepx — B 7,2 pa3s (puc. 4). [lepexon k cxeme kapkaca co
CBSI3IMH B BOCBMH CEKTOpaxX OT CXEMbI B UETHIPEX CEKTOpax TaKKe CHIKaeT aedopmanuu B 1,65 paza BHH3 H
1,54 paza BBepx, U cTanu 3KBUBaJIeHTHBIMU 1/2650 u 1/5600 nponera coorBeTrcTBeHHO. Ilepexon k cxeme Ky-
MOJBHOT'O KapKaca cO CBSA3SAMHU BO BCEX CEKTOPaxX OT CXEMbI B BOCBMH CEKTOPaX CHHMKAET 3TH HE3HAYUTEIIbHbIC
JneopMaryy eme B HECKOIbKO pa3. B To jxe Bpemst 111 KOMOMHAIMK Harpy3oK 1, To eCTh CUMMETPUYHOM 3a-
TpY>KCHUH, YCTAHOBKA CBS3€H HUKAK HE OTPAXKAeTCs Ha BEIMUMHE JeOopMaIiK KyIOJILHOTO KapKaca.

PesyabTathl

IlocTanoBka cBsizell B KyIIOJBHOM KapKace CyLIECTBEHHO CKa3bIBA€TCSl Ha XapaKTepe M3TrHOaromux Mo-
MEHTOB M, B MEpHIMOHAIBHBIX pedpax U BepxHeM Koiblle (puc. 5). B To jke BpeMms MOCTaHOBKA CBSA3EH HE OKa-
3BIBACT BIMSAHUS Ha BHJ 3MIOP MPOAOJIBHBIX CHII N B 3JeMEHTax Kapkaca. YTo KacaeTcsl BETWYMH BHYTPEHHMX
yewnuit N, M., M,, TO 3aBUCUMOCTH HX OT MOCTAHOBKH CBA3€H B PAa3HBIX IEMEHTaX Kapkaca MpOsBISAETCS IO-
pasHoMmy. B MepuanoHanbHBIX pedpax MOCTAaHOBKA CBA3EH NMPUBOAUT K PE3KOMY CHIDKCHHMIO MOMEHTOB M,, He-
3HAYUTENFHOMY M3MEHEHHIO MOMEHTOB M, 1 HeOONMbIIOMY yBeIndeHuIo cull N (puc. 6). B BepxHeM Koible mo-
CTaHOBKA CBSI3€H B YETBIPEX CEKTOPaxX MPHBOAUT K PE3KOMY CHIKECHHUIO MOMEHTOB M, TIOBBIIICHUIO MOMEHTOB M,
1 He m3MeHseT cuiabl N (puc. 7). B mpoMekyTOUHBIX KOJIBIIaX MMOCTAHOBKA CBS3EH MPUBOMUT K YBEITMUECHUIO CHUT
N, a Takke HeOOJIBIIOMY TOBBIIICHHUIO MOMEHTOB M, (puc. 8).

Wzmenenne BHyTpeHHHUX ycuiuii N, My, M, pu MOCTaHOBKE CBsI3€il B peOpUCTO-KOIBLEBOM KYIOJIE MPO-
HCXOJIUT TTO-pa3HOMY, 03 KaKoH-I00 KOppeIsInd MexX Iy coboit. [ToaToMy BIusHIE CBSI3eH aHAM3HPOBAIOCH
Y 110 HOPMAITFHBIM HANPSHKEHUSIM B DJIEMEHTaX KYTMOJILHOTO KapKaca, BEIYUCICHHBIM 10 opMyJIie

M M
czii AR A
A W, w,

PaccMOTpeHbI 3aBUCUMOCTH HAMPSIKEHUA Gvow u ) B DJIEMEHTAX KYNOJLHOTO KapKaca, a TaKKe BIIUSHHE
Ha HUX TOJIBKO M3rUOAIOIMX MOMEHTOB My, My — G .x ), U OTAEIBHO NPOAOIBHBIX CHl N — G (puc. 9-11).
Heo6x0auMO OTMETHTb, YTO MaKCHUMAJIbHBIC HAMPSDKCHUS. Govw -u ) Ha IPaQUKax He SBISETCS CyMMOMN Hamps-
KEHUH G o) U O, IOCKOJIBKY MOCICIHHE ONPEICICHBI /Ul PA3HBIX CEYCHHH (CTEpXKHEI) JICMEHTOB Ky-

IMOJIBHOI'O KapKaca.
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Puc. 5. Onropbl MOMEHTOB My KYIOJIBHOTO KapKaca pa3HbIX CXeM IPU KOMOMHALMN Harpy30K 2:
a—06e3 CBﬂ3Cﬁ; 6 — CBSI3U B YETBIPEX CEKTOPaAX; 6 — CBA3U B BOCBMH CEKTOPaAX; ¢ — CBA3U BO BCEX CEKTOpaxX
Figure 5. Diagrams of the moments M of the dome framework of different schemes with a combination of loads 2:
a — without bracing; 6 — bracing in four sectors; ¢ — bracing in eight sectors; ¢ — bracing in all sectors

300

250 \ =
0)< il \

200 N

N, kH \ Mx N
M, kHu 190
100
0 . @ o

0 4 8 24

KonndecTBO CEKTOPOB KymoJia co CBA3IMHU
The number of sectors of the dome with bracing

Puc. 6. Makcumanbubie ycunust N, M B MEpHIMOHAIBHBIX peOpax KyIojia pa3HbIX CXeM CBs3ei

Figure 6. Maximum forces N, M in the meridional ribs of the dome for different bracing schemes
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Puc. 7. Makcumanbuble ycuiius N, M B BEpXHEM KOJIbLIE KYTI0JIa Pa3HbIX CXEM CBsI3el

Figure 7. Maximum forces NV, M in the upper ring of the dome for different bracing schemes
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Puc. 8. Makcumansusle ycunus N, M B IpOMeXKyTOUYHBIX KOJIbLAX KYyII0Ja Pa3HbIX CXEM CBs3ei

Figure 8. Maximum forces N, M in the intermediate rings of the dome for different bracing schemes
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Puc. 9. MakcuMaiibHbIC HAPSDKSHUSI 6 B MEPUANOHAIBHBIX peOpax KyIoJia pa3sHbIX CXeM CBS3Ci:
a— 61.»’-»1A+.'»1v) M 6— G1MX+.\4J:> , 86— Ow)
Figure 9. Maximum stresses ¢ in the meridional ribs of the dome for different bracing schemes:

a— Ow+m +m );6* O +m )5 86— Ow)
<y Ty
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Puc. 10. MakcumanpHble HAPSDKEHHUS G B BEPXHEM KOJIbLIE KYIIOJIa Pa3HBIX CXEM CBS3EH:
a— (Sq!v-w‘mw‘g M 6— G'M«*Mr’ ,86— Ow)

Figure 10. Maximum stresses ¢ in the upper ring of the dome for different bracing schemes:
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Puc. 11. MakcuMalibHBIC HAIPSDKEHUSI G B IIPOMEKYTOYHBIX KOJIbLIAX KYIIOJIa Pa3HBIX CXEM CBSI3CH:
a— (Smu,w\ﬂwvy N = G(M;.ut» ;86— Ow)
Figure 11. Maximum stresses ¢ in the intermediate rings of the dome for different bracing schemes:

aA— ON+M +M 1;6* O +M ) 3 86— O
x <y

I'paduxu Ha puc. 9 moKa3bIBaeT, YTO BEAYIIYIO POJIb B MAKCUMAJIBHBIX HOPMAJIbHBIX HAIPSHKEHUSIX MEpU-
TUOHAJBHBIX pebep kKapkaca 0e3 cBs3eil urparoT MoMeHTH M., M,. Ilociie mocTaHOBKY CBSA3EW B YETBIPEX CEKTO-
pax u Janee pojib MOMEHTOB B HANPSDKEHHUSIX MEPUAMOHAIBHBIX pedep Pe3Ko CHIKAETCS U CTAHOBHUTCS CPaBHU-
MO ¢ poJibro TpoaosbHEIX ¢t N. ['paduku Ha puc. 10 moka3pIBalOT, YTO U3TMOAOIINE MOMEHTHI My, M, onpe-
JEISAI0T BETMYMHBI MAKCUMAJIBHBIX HOPMaJIbHBIX HAPSDKEHUSX BEPXHETO KOJIbIIA Kak KapKaca 0e3 CBsI3ei, Tak U
MmocJie TIOCTAaHOBKM CBsi3eil. B kapkace 0e3 cBsi3eil Bemylyr0 poJib UIPalOT MOMEHTHI My, a MOCiie MOCTaHOBKU
cesizeit — M,. ['paduxu Ha puc. 11 noka3pIBarOT, YTO BIUSHIE MOMEHTOB M., M, 1 MpoAoIbHBIX cuil N Ha Belu-
YUHBl MaKCHMAJIBHBIX HOPMAJIBHBIX HAIPSDKEHUSAX MPOMEXYTOUHBIX KOJIEIl KaK Kapkaca 0Oe3 cBs3eil, Tak U co
CBS3SIMH COTIOCTaBUMO.

Ha puc. 12 npeacraBieHsl CpaBHUTENBHBIE TUArPaMMBbl MAKCUMAJIBHBIX BETMYMH HOPMAaJIbHBIX HaIlpshKe-
HUHM B MEpUANOHANBHBIX peOpax, BEPXHEM KOJIbLIE U MIPOMEKYTOUYHBIX KOJNbLAX KYNOJIBHOTO Kapkaca. OTH Iua-
TrpaMMBbl CBUAETEJIBCTBYIOT O 3HAUMTEIIBHOM BIIMSHHUU CBSI3€H B peOPHCTO-KOJIBIIEBOM KyIOJI€ Ha HalpsDKEHHOE
COCTOSIHHE BCEX T'PYII SJIEMEHTOB €ro KapKaca.

Camoe 3HaUMMOe BIMSIHHE CBS3M OKa3bIBAalOT HA MEPUAMOHANBHBIE peOpa, MaKCUMalbHbIe HAPSHKCHUS B
KOTOPBIX YK€ NPH YCTAHOBKE CBSI3€H B UETHIPEX CEKTOpax CHMXKaroTcs 10 ypoBHA 40 % OT mepBOHAYaJIbHBIX
3Ha4YeHHH, a IPHU YCTaHOBKE CBSA3EH B BOCBMHU M BO BCEX CEKTOpax — A0 ypoBHeW 27 u 19 % oT nepBoHAYaIBHBIX
3HaYeHUH COOTBETCTBEHHO. B BEpXHEM KOJblle YCTaHOBKA CBA3E€H B UETBIPEX CEKTOpax HE M3MEHSAET MaKCH-
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MaJILHBIX HaINpsDKEHHN M3-32 pOCTa MOMEHTOB M, a yCTAaHOBKA CBSI3¢l B BOCBMHU H BO BCEX CEKTOPAX CHIDKAET
HampspkeHus 10 ypoBHer 60 u 18 % oT mepBoHaYaIBHBIX 3HAYEHUH COOTBETCTBEHHO. MaKCcHManbHBIC HAmps-
JKCHHUS B OTJCIBHBIX MPOMEKYTOUHBIX KOJIBIAX C YCTAHOBKOW CBSI3¢H B YETHIPEX M BOCBMHU CEKTOpax MOBBIIIA-
torcs 10 ypoBHel 208 u 159 % ot nmepBoHaYaIbHBIX 3HAYEHHUI COOTBETCTBEHHO.
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Puc. 12. MakcumanbHbIe HalPSDKEHHS G B DJIEMEHTaX KapKaca KyIloJia pa3HbIX CXeM CBS3CH:
a — MEpUTUOHAJIBHBIC pe6pa; 06— BEPXHEE KOJIBLO; 6 — IIPOMEKYTOYHBIC KOJIbIIa
Figure 12. Maximum stresses o in the elements of the dome frame for different bracing schemes:
a — meridional ribs; 6 — upper ring; ¢ — intermediate rings
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Puc. 13. Bec G kax/0ii rpyHIIEl 3JIEMEHTOB KYIIOJIBHOTO Kapkaca 0e3 cBsi3eit
Figure 13. Weight G for each group of elements of the dome framework without bracing

100
80
60

40
20

0 4 8 24
Konm4ecTBO CeKTOpPOB KyIoja CO CBSI3SIMU
The number of sectors of the dome with bracing

Puc. 14. Bec G MeTtaMyeckux KOHCTPYKIMH KapKaca KyIoJia pa3HbIX CXeM CBsizell
Figure 14. Weight G of metal structures of the dome framework for different bracing schemes
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CHmXeHne MaKCHMaNbHBIX HAaNpsOKEHUH B MEPUAMOHAIBHBIX peOpax M BepXHEM KOJbIe KapKaca Mmocie
YCTaHOBKHU CBSI3€il MO3BOJISIET YMEHBIINUTh WX CEYEHHE M, TEM CaMbIM, CHU3UTh METAUIOEMKOCTh Kymouna. [1o-
BEIIIIEHHUE K€ MaKCUMAIbHBIX HAMPSDKEHUH B IPOMEKYTOYHBIX KOJBIIAX TOCIIE YCTAHOBKHU CBS3€H MOXKET MpHBe-
CTU JIOTIOJHUTENbHBIM 3aTpaTaM MmeTauia. Ha puc. 13 moka3zaHbl Beca Ka) 0l IpyIIbl KOHCTPYKTHUBHBIX 3Jie-
MEHTOB KaK JacTel KymoJIpHOTO Kapkaca 6e3 cBs3eil. MepuanonaipHbie pedpa (Mep. pebpa) coctaistor 76 %
o0miero Beca kapkaca, mpomexxytounsie konbia ([Ipom. ko) — 20 %, Bepxuee konbo (Bepx. koin.) — 4 %. [lo-
STOMY BIIMSHUE CBSI3€i HAa HANPSOKEHUS B MEPUAMOHAIBHBIX peOpax SBISIOTCS ONPENSISIONINM I IPHHATHS
pelIeHus 0 cxeMe CBsI3ei B KapKace peOpHCcTO-KOIBIIEBOTO KyHOJIa.

VYcTaHOBKa CBsI3el CONMPOBOXKIAAETCS JOOABICHUEM DIIEMEHTOB B KapKac peOpHCTO-KOIBIEBOTO KYyIOJIa U,
CJIeIOBATENbHO, K YBEIHYEHHUIO €r0 METaUIOeMKOCTH. I TMPHUHSATBHIX 3/1eCh CEUEHHH CBS3EBBIX CTEPIKHEMH,
YCTaHaBIIMBAEMBIX B UETBIPEX CEKTOpax, OOIIHiA Bec Kapkaca yBenuarnBaeTcs Ha 4 %, a 1mocie yCTaHOBKH CBS3eH
BO BCeX cekTopax — Ha 24 % (puc. 14).

ConocraBnenue quarpamm puc. 12 ¢ muarpammamu puc. 13 u 14 nosBonsier caenats 000CHOBaHHOE MPEATIO-
JIOKEHHE, YTO HECMOTPsI Ha OYEBUIHYIO d3(QEKTUBHOCTH CXEMBI CBSI3el B YETHIPEX CEKTOpax PeOpPHCTO-KOIBIIEBOTO
KyTI0J1a, BCE 7K€ TpeouTHTeNIbHee T OoJiee PalliOHATbHOTO HCTIOJIb30BAaHMS CEUCHHUI AIEMEHTOB U I o0ecrieye-
HHS JKECTKOCTH MPOCTPAaHCTBEHHON KOHCTPYKTHBHOM CHCTEMBI SIBIISIETCS CXEMa CBsi3el B BOCBMH CEKTOpax H3-3a
CHIDKCHUS HAINPSDKEHWH B BEPXHEM KOJIbIE U MEHBIIIMMU HANPSDKEHUSIMH B ITPOMEKYTOUHBIX KOJIBIaX.

3akaouenue

Ha ocHoBaHMM M3TI0KEHHOTO MaTepHalia MOXHO C/AeIaTh CIEIyIOIINe 8b1800bL:

— YCTaHOBKa CBsI3€l B peOpPUCTO-KONBIIEBOM KYITOJIE CYIIECTBEHHO M3MEHSET HAMpPSDKEHHOE COCTOSIHHE
KOHCTPYKTHBHBIX 3JIEMEHTOB KapKaca W IOBBIIIAET MPOCTPAHCTBEHHYIO JKECTKOCTh COOPYXEHHS B IIETIOM, UTO
0JIaronpuUATHO CKa3bIBAETCS HA €r0 HaJIeKHOCTH;

— YCTaHOBKA CBSI3€H TOJNBKO B YETHIPEX CEKTOPax PeOPUCTO-KONBLEBOIO KyIOJa SBISETCS BIIOJIHE ONpaB-
JTAHHBIM U BeCchMa 3P PEeKTUBHBIM CITIOCOOOM TOBHIIIEHUS KECTKOCTH KapKaca U CHI)KEHHUS Pacxo/la MeTaJlia u3-
3a PEe3KOT0 YMEHBIICHUS HANPSHKEHUI B MEPUIMOHATBHBIX peOpax Kak OCHOBHBIX 3JIEMEHTaX KapKaca,

— yCTaHOBKa CBsI3el B BOCBMH CEKTOpax peOpHCTO-KOJBIEBOrO KyIoja MpearnovYTUTeNIbHEEe BapHaHTa C
YEeTBIPEMSI CEKTOpPaMHU KaK CXeMbI KyIOJIbHOTO KapKaca ¢ 0oJiee pallMOHAIBHBIM PacXoJIOM MeTajlla Ha ero KOH-
CTPYKTHUBHBIE DIIEMEHTHI;

— yCTaHOBKa CBSA3€H BO BCEX CEKTOPAaX peOpPUCTO-KOJIBIIEBOTO KyIOJIa MPUBOANUT K MAaKCUMAJILHOMY CHHKE-
HUIO HaNpsDKEHUH BO BCEX 3JIEMEHTaX Kapkaca, HO JIUI SKOHOMHYHOTO PacXxofa MeTaia peKOMEHIyeTcs IpruMe-
HEHHEe THOKHX KPECTOBBIX CBA3EH, CTEP KHEBBIE 2JIEMEHTHI KOTOPBIX OYAyT padoTaTh TOJIBKO Ha PACTSHKEHHE.
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AnHortanus. [IpeacraBieHsl pe3yibTaThl aHAIM3a JaHHBIX HATYPHBIX HAOIFOJICHUN
3a COCTOsSIHMEM (YyHAaMEHTHOW TUTHI Bogonpuemuuka 'ADC (B ToMm ymcie 3a
HaNpsDKEHUSIMUA B apMaType B 30HAaX MEPECeUeHHs C BEPTUKAIBHBIMU MEXO0II0Y-
HBIMU IIBAMH U IIMPUHOW pacKphITHS 3THX LIBOB). Llenb uccinenoBanus 3aKio-
Yajgach B KOHTPOJE COCTOSHHUS JKENe300€TOHHON KOHCTPYKIHHU (YyHIaMEHTHOH
IUIMTHI BOAONIPUEMHHKA THAPOAKKYMYJIUPYIOLIEH 3JIEKTPOCTAHLIMH, a TAKKe B pas-
paboTKe MEPONPHATHH IO YCHICHHIO HU30BOTO y4yacTKa (h)yHAaMEHTHOH IUTHTHI
B 30HaX BEPTHKAJIBHBIX MEXOJOYHBIX IIBOB. B IEnsX KOHTPOJS HaNpsHKEHHO-
J1eOPMHUPOBAHHOTO COCTOSIHUS (YHIAAMEHTHOM TUTHTHI Bono-nipuemurnka ['ADC
YCTaHOBJIEHA CTPYHHAsi KOHTPOJIbHO-U3MEPUTEIIbHAS anmaparypa: Ha apMaTypHbIX
cTepxkHsXx — apmatypabie auHamomerpbl [ICAC, Ha BepTHKAIBHBIX MEXOI0Y-
HBIX mBax — garyuku nepemeunienuii [IJITIC. [lanHble HaTYpHBIX HAONIOJCHUH 3a
HanpsDKEHHBIM COCTOSHHEM apMaTypbl (yHIaMEHTHOH IJIMTHI BOIOTPHEMHHKA
I’ADC noka3zany, 4To B apMaTYPHBIX CTEPXKHSX (HAIPaBIEHHBIX BJOJIb IOTOKA),
NIEPECEKAIONINX HU30BbIe BEPTHKAIbHBIC MEKOIOYHBIE IIBBI, BOSHUKIIN BBICOKHE
3HAYECHUS PACTATHBAIOLINX HANPSKEHUH, MTPEBBILIAIOIINE PACYETHOE COIPOTUB-
nenue apmarypsl kinacca AS00C (435 MIla). Taxxke 3adukcHpoBaHa MIMPHHA
PacKpBITHSL BEPTUKAILHOTO MEKOJI0YHOr0 1IBa, focturaromias 1,28 mm. Bo3nukia
HEOOXOANMOCTh YCHJICHHUSI HU30BOTO Y4acTKa ()YHIAMEHTHON IUIMTHI BOIONIPH-
emuuka '”ADC. Jnst 5Toro ObLIM yCTAaHOBIECHBI HAKJIOHHBIE apMaTypHbIE CTEPIK-
HU (aHKepHI), IIepeceKaroliie HI30BbIe BEPTUKAIBHBIE MEKOIOUHbIE BB BhImon-
HEHO HapalliBaHHE BBIXOAHBIX YYaCTKOB KOHTP(HOPCOB MEPEKPHITHS HU30BOTO
y4acTKa BOJONPHUEMHHUKA JI0 HU30BOTO I1aparera.

Kniouesble cioBa: Bogonpuemuuku [ADC, pyHaaMeHTHas MINTA, BEPTHKAIb-
HBIE MEXKOJIOYHBIC IIBBI, HANpPSOKCHUS, apMaTypa, IMIMPHHA PACKPBHITHA IIBOB,
ycuienye GpyHIaMeHTHO IUIUTHI
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Peculiarities of the condition of the foundation slab
of the pumped storage power plant water intake

Sergey E. Lisichkin , Sofya S. Kotitsyna

Branch of JSC “Institute ‘Hydroproject’” — “NIIES”, Moscow, Russian Federation
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Article history Abstract. The authors present the results of the analysis of field observations of
Received: July 8, 2022 the condition of the base slab of the water intake structure of hydroelectric power
Revised: September 23, 2022 plant (including the stresses in the reinforcement in the areas of intersection with
Accepted: September 28, 2022 the vertical joints and the width of the opening of these joints). The aim of the study

is to control the condition of the reinforced concrete structure of the foundation
slab of the water inlet of the hydroelectric power plant, as well as to develop
measures to strengthen the bottom section of the foundation slab in the areas of
vertical interblock joints. In order to control the stress and strain of the base plate
of the water intake of hydroelectric power plant, string control and measuring
equipment was installed: on reinforcement rods — reinforcement dynamometers
PSAS, on vertical interblock joints — displacement sensors PLPS. The field obser-
vations of the stress state of the reinforcement of the base slab of the water intake
structure of hydroelectric power station showed that high values of tensile stress-
es, exceeding the design resistance of A500C class reinforcement (435 MPa),
occurred in the reinforcement rods (directed along the flow), crossing the lower
vertical interblock joints. There was also fixed the width of opening of the vertical

interblock joint, reaching 1.28 mm. There was a necessity to strengthen the lower
section of the foundation slab of the water intake structure of hydroelectric
pumped storage power plant. For this purpose, inclined reinforcing bars (anchors)
crossing the lower vertical interblock joints were installed. The outlet sections of
the buttresses of the slab of the downstream section of the inlet to the down-
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Brenenmne

BoponpueMHuKH SBISAIOTCSA BaKHEHIIMMU HAIOPHBIMHU COOPYKEHUSAMHU THApoy3i0B [1-6]. OT ux cocrosd-
HUsl 3aBUCUT O€30MacHOCTh THAPOY3JIOB B LIEJIOM, KOTOpas AOJDKHA OOECHEeuMBaThCA HAa COOTBETCTBYIOLIEM
ypoBHe'. OfHAKO MMEIOTCS CTy4ad OTKJIOHEHHH B TOBeJEHHH BoAoNpueMHHKOB I'ADC OT MPOEKTHBIX Mpej-
MOCBIJIOK, B TOM YHCJIE ONMCaHHBIC 3apyOeKHBIMU YUeHBIMU [ 7; §].

Tak, oTMeualoTCs Cilyyau BBICOKMX 3HAYCHUH PAacTATHMBAIOIIMX HaNpsDKEHUH B apMaType (QyHIaMEHTHOU
IUINTHI, HAPaBJIEHHOH BIOJb IIOTOKA, B 30HAX IIEPECEUEHHs C BEPTUKAIbHBIMU MEXOIO4HBIMU HIBaMHu. [Ipu
3TOM B apMaType, Pacloj0oKeHHOH y HIKHEH rpaHd (pyHIAMEHTHOH IUIMTHI, TIepeceKaroleld HU30BOi BepTH-
KaJbHBIA MEKOJOYHBIM LI0B, HANPSIKCHUS TOCTUIVIM Ipeeia TeKy4ecTH; a B apMarype, NepeceKaromeil cpen-
HUW TI0B HAa HU30BOH MOJOBUHE (PYHIAMEHTHOH IUTHTHI, PACTIONOKEHHON KaK y BEpXHEH Tak M y HIDKHEH rpa-
Hell, pacTATUBAIOIINE HANPSKEHHS TOCTUTIIM PAacYETHOTO 3HAUYEHHUSI CONMPOTHUBIIEHUS apMaTyphl (TO ecTh OTMe-
YaeTcs MPaKTUIECKU LEHTPAIbHOE PACTSKEHHE).

Taxoke oTMeyaeTcsl 3HaUMTENbHAsl MIMPHHA PACKPBITUS BEPTHKAJIBHBIX MEXKOJIOUHBIX LIBOB (MEXIy CO-
CeIHUMH OJIOKaMu OCTOHUPOBAaHUS (QYHAaMEHTHOW IUTUTHI), MPEBBIIAIONIAS TIPE/ICIbHBIC BEJIMYUHBI, YCTAHOB-
JICHHBIE HOPMaMHU.
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B 3101 CBs13M TOTPeOOBANOCH MPOBEACHIE MEPOTIPUATHH 110 YCUIICHUIO (PYHIAMEHTHOM TIITUTHI BOIOTIPH-
E€MHHKA B 30HaX BEPTUKAILHBIX MEKOIOUHBIX IIBOB.
TpeOyercsi coBeplIeHCTBOBaHHE KOHCTPYKIHU BoornpueMHUKoB ['TADC, B Tom uymcne ¢(yHIaMEHTHON

muTEL [Ipu 3TOM OBLT yuTeH 3apyOeKHBIA OMBIT WCCICIOBAHUN JKEIe300€TOHHBIX KOHCTPYKIIHH THIPOCOOPY-
xenunit [9—-13].

KoHcTpyKTHBHBIE 0CO0€HHOCTH BOJIONPHMEMHMKA IMAPOAKKYMYJINPYIOLIeH 3JIeKTPOCTAHIUH

Bononpuemuuk ['ADC pacnoniockeH mepen CKJIOHOM B BOCTOYHOW YacTU BEPXHETO aKKyMYJIUPYIOLIETO
OacceifHa U IpeacTaBiIsieT cO00M Hepa3pe3Hylo KesIe300€TOHHYI0 KOHCTPYKIHIO, BKIIOYAIONIYI0 YEThIPE BOMO-
MPOBOJSIIINE Tajleper U OallHIO yIpaBlIeHHs 3aTBOpaMu. BricoTa BogomprueMHHKa cocTaBiseT 48 M, MIUpUHA
BIIOJIb TOTOKA 63,15 M, IrHa nonepek notoka 78,7 M. B coctaB coopyKeHHM BOJONPUEMHUKA TAKXXE BXOIAT:

— ’KeIIe300€TOHHBIN TTOHYP B BEpXHEM Obede;

— MOATOPHBIE CTEHBI MOABOAAIIETO KaHana | spyca (cekuuu JIB, I1B);

— compsiratomue noanopueie ctensl 11 spyca (cekuuu JIC, I1C);

— HIDKHHE ITOATIOPHBIE CTEHBI HAIOPHBIX BO0BOAOB (cekmmu JIH, ITH).

OcHoBaHHEM BOJOIPHEMHHUKA A0 TIyOnHb! 30-35 M city)kaT MOpEeHbIE CYTTTMHKU C MPOCIOSMH MECKOB U
necyaHo-rpaBUHHbBIX TpyHTOB. [lon Tomuel MmopeHs! 3aneraet nauka (25—-30 M) BHyTPUMOPEHBIX MIECKOB.

Bun BomonpuemMHuKa B IuaHe MpeacTaBlIeH Ha puc. 1.
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Figure 1. View of the water intake of the pumped storage power plant

KoncTpykimst BomonprueMHUKa B BEPTUKAIBHOM pa3pese BAOJb [TOTOKA MIPEACTaBIeHa Ha puc. 2.

Kak oTMedeHO BbIlIe, KOHCTPYKIMS BOJOIPUEMHHKA — Hepa3pe3Has. ApMUPOBaHWE KOHCTPYKIHN BOZO-
MIpUEMHHUKa BBITOJHEHO apMmaTypoit kiacca AS00C. [lns yMeHbIIeH!s] HanpsKeHUH, BOSHUKAIOIINUX MTPU CE30H-
HOM KoJIeOaHUM TeMIIepaTyp, CTEHBl 3[JaHMs MAIIMHHOTO 3ajla BMECTe C KOHTp(hopcaMu, BBIIIE OTMETKHU IOJa
Marsana (246,75 M) U ero iepeKpheITHE, HaIpe3aHbl IBYMs BUIIOYHBIMH IIIBAaMH depe3 24 M.
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QDyHaaMeHTHas IJINTa BOJONPHUEMHIKA I10 UTMHE BIOJH ITOTOKA UMEET TPH 3y0a, MpeaHa3sHauYeHHbIE IS
YBCINYCHUA JJIINHBL KOHTaKTHOM d)HHBTpaHI/II/I 1 NOBBIIICHUA COIIPOTUBJICHUSA CABUTY. Me)KI[y BCPXOBBIM U LICH-
TpalbHBIM 3yObSIMH, a Tak)Ke Ha JUIMHE 12 M OT HU30BOTO 3y0a moj (yHIAMEHTHOH IIUTOH YCTPOEH IpEeHaX-
HBIH (GUIBTP TOIIMIMHON 55 CM M3 YeThIpeX CIIOeB (CBepXy BHH3): OeToHHAs moaroroBka M100, rpaBuii nuamert-
pom 2040 mm, rpaBuii tuamerpoMm 5—20 MM, lecyaHoO-TpaBUiiHast cMech. B BepxoBoM 3y0e BIIOJIb IIBa MEXKIY
BOJIOTIPHEMHHUKOM U TOHYPOM YCTPO€Ha «MOKpas» MOTEpPHA, OCHOBHBIM Ha3HAYCHHWEM KOTOPOH SIBIISETCS KOH-
TPOJMPOBAHHUE IINIOHOK U TMHhE30METPHUYECKOT0 YPOBHS B OCHOBAaHWHU BOJONPHEMHHUKA. B IHeHTpaspbHOM 3y0Oe
(yHIAMEHTHOH IIINTHI pacroiaraeTcs «cyxas» norepHa. « Mokpas» 1 «cyxasp MOTepHBI COSAUHSIOTCS MEXKITY
€000 TPOOJILHBIMU TAJIEPESIMH, PACIIOJIOKCHHBIMHU B 3YObsIX, YCTPOCHHBIX MO KpasM (YHIAMEHTHOW ILTUTHI
BJIOJIb TIOTOKA.

Bononenponuniaemsiit nmonyp nnuHoi 47,1 M u tonamuHoN 1,65 M Ha OCHOBHOM TUIONIAM TIPeIHA3HAYCH
JUTSL CHUDKEHMS IPOTUBOIABICHHS Ha (PyHIaMEHTHYIO IJINTY BOoJONpUeMHHKa. JKeae300eToHHas 4acTh OHypa B
30HE MPOXOXKACHUS «MOKPOID» TOTEPHBI UMEET yTOJIICHHE.
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Puc. 2. Kouncrpykuus Bogonpuemuuka '’ADC B BepTUKaIbHOM CEUCHUU BJIOJIb [IOTOKA
Figure 2. Design of the water intake of pumped storage power plant in a vertical section along the flow

MarepuaJibl H METOABI

XKenezobeTonHass KOHCTpyKims BojonpueMurnka ['ADC M3roToBieHa W3 OOBIYHOTO TSDKEIOr0 OETOHA
knacca B20 u apmarypsl kiacca AS00C. OcHoBaHME BOJOTIPHEMHUKA CIIOKEHO MOPEHHBIMU CYTITMHKAMU C TIPO-
CJIOSIMU TIECKOB U TICCUAHO-TPABUIHBIX TPYHTOB.

S
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227,450 Briok B-I-4 jﬂﬂo Briok B-I-5 L
25\500 Bnok B-I-7
11a15-16, i 2ol / et 11a32 {24,500
221,900

"= 11652 - MNpeobpasoBaTenb cunbl apmaTypbl CTpyHHbIN MCAC-28.
ﬂ = 1704 - MNpeobpa3oBaTenb NUHeHbIX NepemeLleHnin CTpyHHbIn MIMC-3.
Cyxas notepHa

Puc. 3. Cxema pasmernenust KUA B GpyHIaMeHTHOM IUTUTE ¢ YKa3aHHEM HOMEPOB OJIOKOB OETOHUPOBAHUS
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== 11b52 - String sensor of armature force PSAS-28.
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Figure 3. Layout of the instrumentation in the foundation slab, showing the numbers of the concreting blocks

Jis KOHTpOJIA HaIpPsHKEHHO-Ie(OPMUPOBAHHOTO COCTOSIHUA (PYHAAMEHTHOW IUIUTHI BOJOTPHUEMHHKA B
Hell ObliTa yCTaHOBJIEHA CTPYHHAsI KOHTPOJIBHO-U3MEpHUTENbHAS alaparypa.

Ha apmarypHBIX cTepkHSAX (YHIAMEHTHOH IUIMTHI YCTAaHOBJIICHBI IMPEOOpPa30BATENId CUJIBI apMaTyphbl
crpyHHble [ICAC ans u3mepeHus HanpspDKeHH B apMarype. Ha BepTHKaIbHBIX MEXOJIOYHBIX MIBaX YCTaHOBIIE-
HBI TIpeoOpazoBaTeny JTMHEHHBIX nepeMmenieHnid crpyrnble [IJITIC mis u3MepeHns MUAPUHBI PACKPBITHS IIIBOB.
Cxema pa3MeleHns: KOHTPOJIbHO-U3MEPUTEIBHOM anmaparypsl pejicTaBieHa Ha puc. 3.

PesyabTathl

Hwmxe npuBonsaTcst Hanbosee CyLIECTBEHHbIE Pe3yJbTaThl HATYPHBIX HAOMIOACHHUN 3a COCTOSIHHEM (YH-
JTAMEHTHOM IJINTHI BOJOIIPHEMHHUKA.

Hanpspkenust B apmatype, pacroyioKeHHOM BAOIb MOTOKA Y HIDKHEH M y BepXHEH rpaHeil GyHIaMEHTHOM
TUIUTHl BOJONPUEMHHUKA, IPEUMYIIIECTBEHHO PaCTATHBAIOLINE.

C magana 2011 r. 611 3apUKCUPOBAH HEYKIIOHHBIA POCT PACTATUBAIOIINX HANpPsDKCHHH (IT0 TIpubOpy
I[ICAC 11643) B npoAoapHOM apMaType y HUXKHEH IpaHH, epeCceKaroIel HU30BOH BEPTUKAIBHEIN IIIOB MEXIY
omoxamu b-1-5 u b-1-7 (puc. 3). Ilocie noctmxenus (x vHagary 2012 r.) Hanpsoxeruid 6onee 400 Mlla, mpubop
IICAC 11643 mepecran naBath noka3anus. PacmonoxeHuslii moomm3octu nyomupytomuii mpudop [ICAC 11644
nocyne noctwxenus 3HadeHuit 250 MIla B mepBom kBaprane 2011 r. mepecTan 1aBaTh MOKa3aHUS.

[To moxazanusm npubopos [ICAC 11641 u [ICAC 11642, pacronoXeHHBIX Ha apMaType BIOJb IOTOKA Yy
BEepXHEH TpaHH, MepeceKaronield TOT )K€ BepTUKANBHEIN 0B Mex 1y O0mokamu b-1-5 u B-1-7 (puc. 4), pactarusa-
IOIIMe HaMpsDKeHUs B apMarype He npesbimaioT 100 MIla.

Taxum 06pa3oM, BepTUKAIBHBIN 0B Mexay O0mokamu b-I-5 u B-1-7 (puc. 3) HaxoauTcs B ycIOBUSIX BHe-
LEHTPEHHOI'O PACTSKEHHUS C OOJIBIINM HKCIIEHTPUCUTETOM, OJIN3KOTO K U3THOY.

B BepTukansaOoM mBe Mexay Oiokamu b-1-4 u b-1-5 (puc. 3) otmedaercst kapTuHa, IpeICcTaBlIeHHAs Tpa-
¢uuecku Ha puc. 5.

MakcuManbHbIE pacTATHBAIOIINE HANpPSDKEHUsI B apMaType BIOJb MOTOKa 3aUKCHPOBAHBI MO0 MPHOOPY
I[ICAC 11a31, pacnonokeHHOMY Ha apMarype HIDKHEH rpaHu (pyHIaMEHTHOW TUTHTHI, U cocTaBisroT 276,77 Mlla.
[To ny6nupyromemy npubopy [ICAC 11a32 3adukcupoBaHbl IPAKTUIECKH TAKUE JKE TOKa3aHUS.
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Figure 4. Stresses in the reinforcement along the stream crossing the vertical joint between blocks B-I-5 and B-1-7
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Puc. 6. lllupuna packpbITHS BEPTUKAIGHOTO MBa Mexay 0iokamu B-1-4 u b-1-5 Ha HipkHel rpanu (GyHIaMEHTHOI IUTUTHI
Figure 6. Width of vertical joint opening between blocks B-1-4 and B-I-5 on the bottom face of the foundation slab
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Puc. 7. lllupuna packpbITHS BEPTUKAILHOTO MBa Mexay O0iokamu B-1-4 u b-1-5 Ha BepxHeil rpanu (pyHIaMEHTHOH IUIUTHI
Figure 7. Width of opening of the vertical joint between blocks B-I-4 and B-I-5 on the top edge of the foundation slab

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN



Lisichkin S.E., Kotitsyna S.S. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(5):428-437

26650 110 ocu 4350
BOJIONIPHEMHHKA

Ocb BogoBOAa

BepTuKanbHbIi CTPOUTENbHbIN LWOB

Ocb TeMnepaTypHO-0Cafo4Horo wea
Mexay BoaonpueMHMKOM U BOAOBOAOM

932

war 200
230.00
\ | 230,

225

war 200 \1}%'_9

A

T o

\

war 400
war 400
BepTukanbHbIi CTPOUTENbHbIN LLOB Beron B20 W6 F150
26650 10 ocu 7350 600 |

BO;IOIIPHEMHIH\'G

224,50
T

Puc. 8. Cxema ycuieHHs HU30BOTO y4acTka (yHIaMEHTHON IUIUTHI HAKJIOHHBIMH CTEPIKHAMH (QaHKEpaMH):
1 — HaKJIOHHBIE CTePXKHU (aHKephI) n3 apMaTypsl ¥ 40 MM kiacca A500C

26650 to waterway axis 4350

A
¥

Waterway axis

Vertical construction joint

The axis of the temhperature-separation joint
between the watef intake and the waterway

AA

232

pitch 200 \

-/

pitch 400

Concrete B20 W6 F150

Vertical construction joint

26650 to waterway axis| 7350 £00 }

224

Figure 8. Scheme of strengthening the bottom section of the foundation slab with inclined rods (anchors):
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434 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



Tucuykur C.E., KomuypiHa C.C. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHuit. 2022. T. 18. Ne 5. C. 428-437

ITo mpubopy IICAC 11a29, pacmoiio)keHHOMY Ha apMmarype BepXHEH TpaHH (PYHIaMEHTHOW IUIHTHI,
HaIPSKEHUs cOCTaBIAOT okojo 150 MITa.

Takum 00pazom, BepTHKAIBHBINA OB MexXAy Onokamu b-1-4 u B-1-5 (cM. puc. 3) HaxoauTCA B YCIOBUAX
pacTsDKeHus], OJIM3KOT0 K LEHTPAIbHOMY.

PackpbiTe MeXOIOYHBIX MIBOB (PYHIAMEHTHOH IIHTHI COOTBETCTBYET CE30HHOMY M3MEHEHHIO TeMIlepa-
TypBbl, OTHAKO CTOUT OTMETUTH MOBBILIEHHYIO IIUPHUHY PACKPBITHA CTPOUTENBHOTO 1mBa 10 1,28 MM Ha HUXKHEH
rpaHu QpyHAaMEHTHOU TUTUTHI Mexay Onokamu b-1-4 u b-1-5 (cm. puc. 3) no cocrosauto Ha Il kBapram 2021 r.,
cornacHo mokaszanusaM mpudopa ITJITIC 1704 (cMm. puc. 6). Ha BepxHeit rpaHd B 3TOM e ITBE MHAPUHA PACKPHI-
tus no nokazanusam [UJITIC 1703 we npesitaer 0,3 MM (cM. puc. 7).

B konme 2012 r. 6bu1 paspabotad (a B Hadanme 2013 1. ObUT peamn3oBaH) MPOEKT YCHIICHUS HHU30BOTO
ydacTKa ()yHAaMEHTHOH IIJIMThI BOZOIPUEMHHUKA B 30HaX HU30BBIX BEPTUKAIBHBIX HIBOB MEXIy Osokamu A-I-5
u A-1-7, b-1-5 u b-1-7, B-1-5 u B-I-7, I'-I-5 u I'-I-7, nocpeacTBOM AOMOJHUTEIHHBIX HAKIOHHBIX apMaTypHBIX
crepxxueit muamerpom 40 MM knacca AS00C (puc. 8). Takke ObUIO BBIIOIHEHO HapalldBaHUE BBIXOAHBIX Y4acT-
KOB KOHTP(OPCOB IEPEKPHITUS HU30BOTO y4yacTKa BOJOIPHUEMHMKA 10 HU30BOIO IapareTa ¢ Iebl0 OBBICUTH
M3TUOHYIO )KECTKOCTh HU30BOI'O y4acTKa BOJIONIPUEMHHKA (puc. 9).
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Figure 9. Scheme of strengthening the downstream section of the inlet by extending the outlet sections of the buttresses
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Puc. 10. PactaruBarommye HanpsHKEHUS B JONOTHUTENBHBIX HAKIIOHHBIX apMaTYPHBIX CTEPIKHAX (aHKEpax)
B 30HaX IBOB Mex1y O0mokamu A-1-5 u A-1-7, b-1-5 u b-1-7, B-I-5 u B-1-7, I'-[-5 u I'-1-7
Figure 10. Tensile stresses in additional inclined reinforcing bars (anchors)
in the areas of joints between blocks A-I-5 and A-I-7, B-I-5 and B-I-7, C-I-5 and C-1-7, G-I-5 and G-1-7

B nomonmHUTENbHBIX HAKIOHHBIX apMaTypHBIX CTEPKHAX (aHKepax) IIMHON 4,6 M, yCTaHOBJIEHHBIX VIS
ycusieHus: GyHAaMEHTHOW TUIMTHI B 30HaX IIBOB MexnAy Onmokamu A-I-5 u A-1-7, b-1-5 u B-1-7, B-I-5 u B-I1-7,
I'-1-5 u I'-1-7 mox yriom 25°, pactarusaromue HanpspkeHus gocturian 70 MIla 8 2014-2015 rr. u B 2019 r. cHu-
suinck 0 20-30 MIla, mocsie 9ero He MPpeAcTaBIsLIOCh BO3MOYKHBIM CHUMATh Toka3zaHus (puc. 10).

B nenom HampspkeHHsI B JOIOJHHUTENIBHBIX HAKIOHHBIX apMaTypHBIX CTEPXKHSIX (QHKepax) pacTsAruBaro-
IKE — 3TO 3HAYHUT, YTO HAKIJIOHHBIE CTEPKHU BKIIOYMIIUCH B CTATUYECKYIO paboTy hyHIaMEHTHOM IUIUTHL.

AHanm3 JaHHBIX HaTYypHBIX HAONIOACHUH 32 COCTOSHHEM (YHIAMEHTHOW IUIMTHI BOAOIPHEMHHUKA TOKa-
3aJ, YTO UMEJHCh ONpEAEICHHbIE HEA0PAOOTKH IIPHU NMPOESKTUPOBAHUH BOJONPHUEMHHUKA, YTO HOTPEOOBaAIO MpPO-
BEACHUSI MEPONPUATHH MO yCHIEHUIO HU30BOTO ydyacTKa ()yHOAaMEHTHOM miuThl. TpeOyeTcsi coBepIIEHCTBOBA-
HHUE KOHCTPYKIWHU BOJOIPHEMHHKA JaHHOTO THIA, B TOM YUCIE KOHCTPYKIMH (PyHIAMEHTHON IUIUTHI BOAONIPH-
E€MHHKa.

3akaouenue

JlaHHBIE HATYpHBIX HAONIONEHU 3a cocTosHUEM (yHIAaMEHTHOH miuuThl BojonpueMmanka ['ADC mokasa-
7, YTO B apMaType, HalpaBJIeHHOH BAOJIb MOTOKA (B 30HaX MEPECCUCHUs] BEPTUKAIBHBIX IIBOB), BO3HHUKJIN pac-
TATUBAIONINE HAMPSKEHUS, MPEBHIIIAIONINE PacueTHOE COMpPOTHBIeHUE apMmatyphl kiacca AS00C (435 Mlla).
Hmeercst onaceHue, 4YTO HWKHAS apMarypa, NepeceKaromasl HU30BOH OB (yHAaMEHTHON IUIUTHI MEXAy OJo-
kamu b-1-5 u b-1-7 (cMm. puc. 3), HaXOAUTCS B COCTOSIHUH TEKYYECTH.

JlaHHbIe HaTYypHBIX HAOJIONEHHH 3a COCTOSHHEM (YHIaMEHTHOH IUIMTHI BOJOIPUEMHHKA MOKA3alH, YTO
MMEIOTCS CITy4Yau IIUPHUHBI PACKPBITHS BEPTHKAIBHBIX IIBOB, focTUTatomen 1,28 mm.

[To maHHBIM HATYPHBIX HAOIIOACHHN yCTAaHOBJICHO, YTO BEPTHUKAIBHBIN OB Mexmy Onokamu b-I1-5
u b-1-7 (cMm. puc. 3) HaxomuTCs B YCIOBHSAX BHELEHTPEHHOTO PACTSHKEHHUS C OOJBIIMM 3KCLEHTPHUCUTETOM,
Onmu3koro K u3ruly; a BepTHUKAIbHBIN OB MexAy Omokamu b-1-4 u B-1-5 (cm. puc. 3) HaxoauTcs B ycIoBUSIX
pacTspKeHus], OIM3KOTOo K LIEHTPAIbHOMY PacTsKEHHIO.

CocrosiHue (yHAaMEHTHOW IUIMTHI BOJONPHEMHHUKA MOTPEOOBAIO MPOBEACHUS MEPONPUATHH IO yCHIIe-
HUIO HU30BOT'O y4acTKa yHIaMEeHTHO! IIHThI BogonpuemHanka [CADC.

Konctpykuust Bononpuemarka 'ADC (B yactu GyHAAMEHTHOM IUTUTHI) HYKIAETCSl B COBEPILICHCTBOBAHUH.

PexoMeHnmyeTcsi BBIOTHUTH AOTOIHUTENBHOE YCUIICHHE HU30BOH MOJIOBHHBI (DYHIAMEHTHOHN IUTUTHI BO-
JOIPUEMHMKA B 30HaX BEPTUKAIBHBIX MEKOJOYHBIX IIBOB, HANIPABICHHBIX IONEPEK MOTOKA, MPEABAPUTEIHHO
HaNPsHKEHHOH KOMITO3UTHOW apMaTypoii (Harmpumep, 6a3aIbTOKOMITO3UTHON apMaTypoi).
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Article history Abstract. The problem of corrosive destruction of concrete and reinforced con-
Received: July 12, 2022 crete structures of industrial buildings affected by aggressive environments does
Revised: September 21, 2022 not lose its relevance, because, despite the abundance of modern methods of
Accepted: September 25, 2022 protection, there are still no radical methods of corrosion control. Corrosive

destruction of building materials leads to a strength and load-bearing capacity
reduction, loss of aesthetic properties of concrete and reinforced concrete struc-
tures and, consequently, to a decrease in the residual life of buildings and struc-
tures. The biological factor often acts as an intensifier of corrosive destruction.
In this regard, it is reasonable to search for the possibility of predicting the dura-
bility of concrete and reinforced concrete structures in aggressive liquid mediums,
taking into account the biofactor effect from the standpoint of mass transfer theory.
The authors present a model of mass transfer in a concrete structure exposed to

aggressive environment and biofouling. The proposed physical and mathematical
model considers the properties of concrete and aggressive environment, as well
as the kinetics of continuous processes of growth, reproduction and death of
microorganisms. The results of numerical experiments on the proposed mathe-
matical model are provided. The application of the received solutions will allow
timely monitoring of biocorrosive destruction of concrete and reinforced con-
crete structures and selecting effective methods of protection.
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IIporso3upoBaHue 0CTATOYHOIO pecypca 0eTOHHbIX KOHCTPYKIMH
pH OMOKOPPO3HH € MO3ULUH TEOPHU MACCOIIEPEHOCA
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Hcropus ctaTbu AnHoTanus. [Ipobrema KOPPO3HOHHOTO pa3pymieHHs OCTOHHBIX H JKele300e-
[octynuna B penakuuto: 12 urons 2022 r. TOHHBIX KOHCTPYKLMH NPOU3BOACTBEHHBIX 3[JaHMM, UCIHBITHIBAIOIMX BIIHSIHUE
Jopab6orana: 21 centsiopst 2022 1. arpecCcUBHBIX Cpell, He TepsieT CBOEH aKTyallbHOCTH, IIOCKOJIbKY, HECMOTpS Ha
IMpunsta k myOmikarmy: 25 ceHtsiops 2022 r. o0uIMe COBPEMEHHBIX CIIOCOOOB 3aIUTHI, 1O CHX IOP PaJUKaIbHBIX METOAOB

60pb0BI HE cymiecTByeT. Koppo3noHHas NECTpYKUHMSI CTPOMTEIbHBIX Marepua-
JIOB MIPUBOJMT K CHIDKCHHUIO MPOYHOCTH M HECYIIEH CIIOCOOHOCTH, MOTEpe dCTe-
TUYECKUX CBOWCTB OETOHHBIX M KeJIe300€TOHHBIX KOHCTPYKLUMH H, CJenoBa-
TEJIbHO, K CHIDKEHHIO OCTaTOYHOTO pecypca 3AaHui U coopykeHui. MHTeHCH-
(uKaTOPOM KOPPO3HOHHOHM JECTPYKLUUH HEPEAKO BBICTYIAET OHMOJIOTHYECKHUil
¢daxtop. B cBs3u ¢ 3TUM panyoHaNIeH MOUCK BO3MOXXHOCTH HPOTHO3MPOBAHUS
JOJITOBEYHOCTH OETOHHBIX U JKeJIe300€TOHHBIX KOHCTPYKIMHA B arpecCHBHBIX
XKHUIKHX CPEIax ¢ ydyeToM AeicTBHs OModakTopa ¢ MO3ULIUH TEOPHH Maccomepe-
Hoca. [IpuBoauTcs Mozenb MacconepeHoca B OETOHHON KOHCTPYKILMH, MTOJBEP-
JKCHHOW BO3JICHCTBUIO arpecCHBHOI cpenbl u OuoobOpactanuto. [IpeanoxeHHas

st UMTHPOBAHUSE (bu3uKo-MaTeMaTHUECKask MOJIETb YUUTHIBAET CBOMCTBa OETOHA U arpecCUBHOMI
®edocos C.B., Jloeunosa C.A., Llamwiou- Cpenbl, a TaKkke KMHETUKY HENPEPHIBHBIX BO BPEMEHHM IIPOIECCOB POCTa, pas-
MHOXKEHMSI U 'MOEIM MUKPOOPraHU3MOB. IIpUBOASTCS pe3yabTaThl YUCIECHHBIX
SKCIIEPUMEHTOB I10 MPEATI0KEHHOW MaTeMaTtnieckor Moaenu. [Ipumenenne mo-
JIy4EHHBIX PEIECHUN MO3BOJIUT OCYLIECTBISTH CBOEBPEMEHHBII MOHUTOPUHT OHO-
KOPPO3HOHHBIX Pa3pylIeHHI OETOHHBIX U JKeNIe300€TOHHBIX KOHCTPYKIUH H MOA-
6upath 3P PeKTUBHBIC METO/IBI 3ALUTHL.

Ha A.A. IlporHo3upoBaHue OCTATOYHOTO pe-
cypca GETOHHBIX KOHCTPYKLIMI IpH OUOKOp-
PO3MH C TO3WIMK TEOPHH MaccorepeHoca //
CrponTtensHas MEXaHUKA WHKCHEPHBIX KOH-
cTpykumii U coopyxkenmit. 2022. T. 18. Ne 5.

C. 438-443. http://doi.org/10.22363/1815- KuroueBble ciioBa: GETOH, )eJIe300€TOH, KOPpo3us, OHOpa3pylIeHHE, 0CTaTOY-
5235-2022-18-5-438-443 HbII pecypc, MaccoNepeHoc
Introduction

For a long time, they considered that concrete and reinforced concrete structures have an unlimited life, because
concrete only gains strength over time [1; 2]. However, during operation, building structures are influenced by various
aggressive environments, which eventually result in their destruction. Thus, corrosive destruction of building materi-
als, including biodegradation, is most often found in of food, chemical and other industries' buildings. Figure 1 shows
photographic materials from the inspection of corrosively damaged structures of an industrial building.

Currently, there are no guidelines in the building regulations for the design and calculation of structures taking
into account corrosive damage. Predicting the life of concrete and reinforced concrete structures, assessing the residu-
al life of their operation is an urgent task, which solution is possible by applying the theory of mass transfer.

The works of V.P. Selyaev [3; 4], V.T. Erofeev [5; 6], V.I. Rimshin [7], B.V. Gusev [8; 9], N.K. Rosen-
thal [10] and other scientists are devoted to the development of methods for calculating structures exposed to
corrosive destruction, modeling of biocorrosive damage.

The most common structural damages during operation in aggressive environments are described in the
N.K. Rosenthal's works [10]. The article describes in more detail the process of corrosive destruction of concrete
during biofouling.

Deoocoe Cepzeii Bukmoposuu, axanemux PAACH, 1okTop TeXHHYECKUX HayK, Ipodeccop Kadeaphbl TEXHOJIOTHH U OPTraHU3aIHsl CTPOUTEIBHOTO IIPOH3-
BOJICTBA, HalmoHa bHBIN HcceqoBaTeNbCKiid MOCKOBCKHUIT TOCY/IapCTBEHHBIH CTPOUTEIbHBIN yHUBepcuTeT, Poccuiickas ®denepanus, 129337, Mocksa,
Spocnasckoe mocce, 1. 26; ORCID: 0000-0001-6117-7529, Scopus Author ID: 7005670404, eLIBRARY SPIN-kox: 1840-8194; mr.fedosow.2011@yandex.ru
Jlocunosa Ceemnana Anopeesna, KaHIUNAT TEXHUIECKUX HAyK, NOLEHT Kadeapbl CTPOUTENIBHBIX KOHCTPYKIHI, SIpOCciIaBCKHil rocy1apcTBEHHBIH TEXHH-
yeckuil yHuBepcutet; Poccuiickas ®enepaums, 150023, SpocnaBnb, MockoBckuii np-kt, 1. 88; ORCID: 0000-0001-6025-8968, Scopus Author ID:
57215860584, eLIBRARY SPIN-xox: 4076-4970; s179066171227@yandex.ru

Hlanvicuna Auna Anexcanopoena, CTyJIeHT, SIpociiaBckuil rocyJapcTBEHHBIN TexHHUYecKuil yHuBepcuret, Poccuniickas ®enepanus, 150023, Spocnasib,
MockoBckuii np-KT, A. 88; ORCID: 0000-0002-8263-4546; miss-anna.shalygina@yandex.ru

AHANUTVYECKME W YNCTEHHBIE METO[IbI PACYETA KOHCTPYKLI 439


https://orcid.org/0000-0001-6117-7529
https://orcid.org/0000-0001-6025-8968
https://orcid.org/0000-0002-8263-4546

Fedosov S.V., Loginova S.A., Shalygina A.A. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(5):438-443

Figure 1. Corrosion damage to the coating of an industrial building in Moscow

Nowadays, it has been established that biocorrosive destruction of concrete and reinforced concrete struc-
tures in its pure form is rare, most often it develops in aggregate with other types of corrosion [11-13]. Addition-
al impact of the bioaggressive environment results in an even greater increase in the material porosity, intensifi-
cation of diffusion processes in the body of concrete and, as a consequence, stimulation of corrosion destruction
in general. Building structures operated in an aquatic environment or an environment of high humidity are par-
ticularly often subjected to biocorrosive destruction.

When examining operated concrete and reinforced concrete structures, it is usual to determine their residual
life. By mathematical modeling of the corrosion destruction of concrete, taking into account the biofactor, it is pos-
sible to establish the essence of the exchange processes occurring between cement stone and biota, predict this ex-
change and formulate ways to prevent such corrosion damage, thereby saving an impressive amount of money.

Methods

The development of a mathematical description of the biocorrosive destruction of concrete was carried out
from the standpoint of the theory of mass transfer. The “concrete — biofilm — liquid” system, which is typical for the
case of biofouling of a concrete structure exposed to an aquatic environment during operation, was considered. This
system consisted of two unlimited plates in contact with each other. Each of the plates was characterized by the size
and properties of the simulated object. The task was to determine the concentration change of the transferred com-
ponent (Ca(OH),) over time by the thickness of the concrete structure. A mass transfer model in an unlimited two-
layer plate was compiled in the form of a system of partial differential equations of the parabolic type with bounda-
ry conditions of the second kind at the boundary of concrete with liquid and of the fourth kind at the boundary be-
tween concrete and biofilm [14]. The boundary condition of the second kind characterizes the absence of a flow of
matter. The boundary condition of the fourth kind is characteristic for the case of equality of concentrations of the
transferred component (Ca(OH),) and mass flows at the phase boundary. In order to solve the boundary value prob-
lem for differential equations, the Laplace integral transformation method was used [15].

Discussion and results
As a result of mathematical modeling, a system of equations (1)—(8) was compiled.
aC, (x,1) 0°C, (x,1)

o =k, e ;o 1> 0; -0, <x<0. €))

oC, (x,7) . 0°C,(x,7)

; T>0; 0<x<9,. 2)
or P o’ ?

440 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



®edocos C.B., JloeuHosa C.A., WanbieuHa A.A. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKUMiA 1 coopyxeHuir. 2022. T. 18. Ne 5. C. 438-443

C(x1)_, =G(x0)=C,.
G (x1)|_, =G (x.0)=C,,.
GCl(x,r) _o.
x=-9,
C (x,7)| o = mC,(x,7)] -
" 0C;(x,1) " 0C,(x, 1)
—P —Qa = —Pbi —Qa
cont1 ox o biom/2 dx o
0C,(x, 1) B
—ky—F— 5, qn (D),
=5

1

3)

4)

)

(6)

(7

®)

where Ci(x, T) — a concentration of the transferred component in the body of concrete, kg of CaO/kg of concrete;
Cy(x, 1) — a concentration of the transferred component in the biofilm, kg of CaO/kg of biomass; ki, — mass
conductivity ratios, m%/s; 8; — a concrete structure thickness, m; 8, — a biofilm thickness, m; Cio — an initial
concentration of the transferred component, kg of CaO/kg of concrete; C, — a initial concentration of the trans-
ferred component, kg of CaO/kg of biomass; peon, Poiom — concrete and biomass densities, kg/m®; ¢.(t) — a density
of the mass flow leaving the biofilm into the liquid flow, m is a Henry's equilibrium constant, kg of biofilm/kg

of concrete.

The previously published works of the authors [13; 16] describe in detail the process of solving this sys-
tem of differential equations. By replacing the functions of real variables with their images, that are connected
via the Laplace operator, a complex system of differential equations has been reduced to the simplest algebraic
operations. The solution of the system in general has taken the form:
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1+K,K,(3K, +3N + NK,K?)

K, N,K;)=
KN K) 6(1+ NK K;)

(11)
J={2,,Ecos[n, (1-8)]de (12)

tgp,, = Ny K tg(w, K, Ks), (13)

where Zi(x, Fon,) — a dimensionless concentration of the transferred component over the thickness of the concrete
structure; Z>(x, Fon) — a dimensionless concentration of the transferred component over the thickness of the bio-
film; X = x/8; — a dimensionless coordinate; Ky = k> / ki, Ks = 8, / 61, N — a ratio that considers the characteristics

of the phases; Fon = (kit) / 8, — the Fourier criterion; W, — the roots of the characteristic equation; Kij; —

the Kirpichev mass-exchange criterion.

During the vital activity of microorganisms, the biofilm density changes over time as a result of the
growth, reproduction and death of biota [17; 18]. This fact was considered in the mathematical model by intro-
ducing the ratio N = (Ppiomk2)/(Pconk1m).

The correctness of the proposed mathematical model was verified by conducting numerical experiments,
those results illustrate the influence of similarity criteria (Fourier, Kirpichev) on the dynamics of concrete bio-
degradation process (Figures 2 and 3). The calculated data obtained had a high similarity with the experimental
data received by the authors in earlier studies [15; 19].

Large gradients of the concentrations of the transferred component as a result of changes in the values of
the Kirpichev mass-exchange criterion are observed in Figure 2. Figure 3 shows the curves of changes in dimen-
sionless concentrations of the transferred component at different values of the Fourier mass transfer criterion.
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Figure 2. Profiles of dimensionless concentrations Figure 3. Profiles of dimensionless concentrations
of the transferred component over the thickness of the transferred component over the thickness
of concrete and biofilm at Kx =1, Ks=0.1, N=1; Fon =1 of concrete and biofilm at Kx =1, Ks=0.1, N=1, Kij; = 0.5
with different values Kij;: with different values Fom:
=-05;2=-1;3=-15;4=-2;5=-2.5;6=-3 1=0.5;2=1;3=15,4=2;5=2.5;6=3
Conclusion

The obtained solutions (9)—(13) provide for determining the concentration values of the transferred com-
ponent over the thickness of both the concrete structure and in the biofilm itself, at any time. At the same time,
the obtained relationships make it possible to predict the numerical value of the transferred component over the
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thickness of the concrete structure according to the available experimental data. The generality of the mathema-
tical model allows us to extend it to predict the durability of various types of concrete. Based on this, it becomes
possible to determine the residual life of building structures during operation in aggressive environments.
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AHHOTanusi. PaccMOTpeHbl KOHEUHO-JIEMEHTHBIE MOAEIU OOJBIIETIPOJICTHOTO
3MaHUA C LWIMHAPO-IUIMTHBIM ITOKPHITUEM KaK OOJBIIONH NPOCTPaHCTBEHHON
MEXaHUYECKOH CHUCTEMBI ¢ Pa3HBIMH I'DaHUYHBIMH yCIOBHSAMH. IlepBas Mopmens
MIpeJCTaBIsieT KOHCTPYKIMIO HaI3MHOI YacTH 3/1aHHsI C JKECTKOHM 3aJeNIKoil Ha
YpOBHE OCHOBaHHUS. Y BTOPOWU MOJENN KOHCTPYKLUS HaA3€MHOM YacTH OMHPAETCS
Ha MOA3EMHYI0 YacTb, BKJIIOYAIOILYI0 CBalHbII (yHIaMEHT U IPyHTOBOE OCHO-
BaHME C Pa3HBIMHU (H3HKO-MEXaHWYECKHMH CBOiicTBaMu. Llens uccienoBaHus —
cpaBHUTEIbHO-YKCIeHHBIH aHanu3 HJC OomnblenpoaeTHOro 31aHus ¢ pa3HbIMHU
IPaHIYHBIMH YCIOBUSIMHU. B X07€ YMCIEHHOro HccneoBaHusl BEISIBICHO BIMSHHE
KOHCTPYKTUBHBIX OCOOEHHOCTEW MOJ3€MHOI 4YacTH 3JaHMsA, a TaKkke (U3UKO-
MEXaHNYECKHX CBOMCTB TpyHTa Ha HaIlpsHKEHHO-Ie(HOPMUPOBAHHOE COCTOSHHE
OOJIBLIETIPOJIETHOTO IMOKPHITUS M 3AaHUS B I1IeJIOM. YWCIIEHHBIH CTaTHYECKUil
aHaJIN3 MIPOCTPAHCTBEHHBIX KOHEYHO-3JIEMEHTHBIX MOJENei O00IbIIepOIeTHOTO
3maHus npoBogwmics B nporpamMmHoM kKomiuiekce CAE kimacca Femap NX
Nastran. Pe3ynpraTel CTaTH4eCKOTO aHaNIN3a MPOJEMOHCTPHPOBAIH CYIIECTBEH-
HO€ CTPYKTYPHOE BIIMSHHUE TOA3EMHOW 4YacTH OOJIBILENPOJETHOrO 3JaHUS Ha
xapakrepuctuku ero HJIC. B cnenyromeil cratbe mpennonaraercsi IpOBECTH
MOJIabHBIN aHaU3 AJIsl yKa3aHHBIX MOJeNel 31aHus.
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Revised: October 20, 2022 boundary conditions. The first model represents the superstructure of the buil-
Accepted: October 28, 2022 ding with a fixed-end at the soil base level. In the second model, the superstruc-

ture is based on the substructure, which includes a pile foundation and a soil base
with different physical and mechanical properties. The purpose of the study is
a comparative numerical analysis of the stress-strain state of a large-span buil-
ding with different boundary conditions. The numerical study revealed the influ-
ence of the structural features of the substructure of the building, as well as
the physical and mechanical properties of the soil base on the stress-strain state

For citation of tl.le long-span roof and the building as a wholt?. Numerica.l static gnalysis of
Kuzhakhmetova E.R., Sutyrin V.I. Influ- spatial finite element models of a large-span building was carried out in the CAE

; class Femap NX Nastran software package. The results of the static analysis
demonstrated a significant structural influence of the substructure of a large-span
building on the characteristics of its stress-strain state. In the next article, it is
proposed to conduct a modal analysis for these building models.
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Beenenue

BombIIeNpoNeTHBIE 3/1aHNS CIOKHBI M pa3HooOpasHbl' [1—14]. YuuTeIBas 3HAYMTENBHBIE pasMephl B
TJIaHe, UX OTHOCAT K TMOKuM cuctemaMm. COrnacHo TpeGOBAHMAM ACHCTBYIOMIMX HOPMATHBHBIX JIOKYMEHTOB
pacuer 31aHusl He0OXOIMMO BBITIONHATH C Y4eTOM (yHJAaMEHTa U TPYHTOBOTO MAaCcCHBa, YTO MPUBOIUT K CYIIe-
CTBEHHOMY YCJIO)KHEHHUIO pacueTHOU Mojenu. Ha mpakTike TpyZ0eMKOCTh €€ MOCTPOSHHUS M aHAJIN3a CTAHOBHT-
csl BeCbMa 3HAYUTEIbHON, 0OCOOEHHO B CIy4yae HCIOJIb30BaHUS IPOCTPAHCTBEHHBIX KOHEYHO-3JIEMEHTHBIX CETOK,
KOTOpble 00eCHeYrBaOT HauOoJiee MOJHYI0 HH(POPMAIHMIO O HaNpsHKeHHO-Ae(OPMHPOBAHHOM COCTOSHHUH
(HAC) npoexTrpyeMoro 31aHus ¢ Y4€TOM COBMECTHOH paboThl (hyHIaMeHTa U TPYHTOBOTO ocHOBaHUs. [lopsi-
JIOK TIOJOOHBIX MOJIENEeH OIMpenemsieTcss He TOIBKO OOJBIIMM YHUCIOM KOHEUYHBIX 3yeMeHTOB (KD) mpocrtpan-
CTBEHHOW MOJIENH 3/1aHus U (QYHIIAMEHTA, HO M B 3HAYUTEIILHOW MEpe UCKIIFOUUTEIBHO OOJIBIINM YHCIIOM CO-
npsokeHHbIx KO rpyHToBoro maccusa [15].

Pacyer mpocTpaHCTBEeHHON MOIenH «37aHue — (YHIAMEHT — OCHOBAHHE» OCIOXKHIETCS HEOOXOIMMOCTHIO
yuera (U3NKO-MEXaHHUECKHUX XapaKTepUCTHUK IPyHTa Ha Pa3HBIX MIyOMHAX 3aJI0KEHUS B COOTBETCTBUH C T€0JIO-
THYECKAM OTYETOM HA ILIOMAJKE CTPOMTENbCTBA’. ECIIM MPH 3TOM JONOMHHUTENBHO YUMTHIBAIOTCS YIIPYTOIUIa-
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CTHYECKHE CBOMCTBA IPyHTA, TO MOJOOHBIM pacdeT HEOOXOAWMO BBIMTOIHATH UTEPAIIMOHHBIM METOJIOM, 3HAUH-
TETHHO OCJIOXKHSIOIINM BapHUAHTHBIC UCCIICAOBAHMS PACUCTHON MOJIETH Bcero 3manus [15].

B oTeuecTBeHHBIX U 3apyOEeKHBIX HCCIEIOBAHUAX PacCMATPUBAIOTCS MOJEIU BBICOTHBIX 3aHUH KapKac-
HOTO THIIa, OCHOBHBIMH MaTepHallaMid KOTOPBIX SBIIIOTCS JKene300eToH U cranb [16-24]. Crneayer OTMETHUTh
TaK)Ke CTaThH, MOCBSIICHHBIC COXPAHEHUIO 0O0BEKTOB KYJIBTYPHOT'O HACIEIUS — UCTOPHUUYECCKUX CTPOUTEIBHBIX
00BEKTOB C Pa3HOOOPA3HBIMHU APXUTEKTYPHBIMH (POPMaMU, KOHCTPYKTHBHBIMU PEUICHUSMU U CTPOUTEIHHBIMU
Marepuanamu [24-36]. B naHHBIX CTaThAX aBTOPBI HNPUBOIAT PE3yNbTAThl MOHUTOPUHIA, & TAK)KE UHCIICHHBIC
pacueTsl yKa3aHHBIX O0bEKTOB Ha pa3MYHbIe BHEIITHUE BO3JEHCTBHSA C yUETOM BIMSHUS (PyHAAMEHTOB U TPyH-
TOBOro OCHOBaHHA. OcOOBIi WHTEPEC MPOSBICH K MCCICIOBAHUIO JKEIC300€TOHHBIX U KAMEHHBIX MUHAPETOB H
KosiokouieH [24-36]. [lomoOHbIe KOMIUIEKCHBIE HCCIIEIOBAHUS [T OOJIBIIEPONIETHBIX 30aHUN OTCYTCTBYIOT.

B npennaraemoii cratee puBeAEHBI PE3yIbTATHI YUCISHHOTO (CTATHYECKOTO) aHAIN3a Pa3IMIHBIX pacyeT-
HBIX MOJIEJICH Ha TIpUMEpE OOJBIIECTIPOTICTHOTO 3MaHusl ¢ MMTHHAPO-TUTUTHBIM (LIIT) mokpeITreM. Pe3ynbraTs! yuc-
JICHHOTO (MOJIAJIBHOTO) aHAJIN3a YKa3aHHBIX PACYCTHBIX MOJIENIei OYIyT MPEICTABIICHEI B CIICAYIOIICH CTaThe.

Lenp nccnemoBanus cocTosia B 000CHOBAaHWH HEOOXOIMMOCTH ydeTa MOJA3EMHOM YacTH MPH OIpesene-
uun HIC naazeMHoit gactu 6ompinenposnernoro 3nanus ¢ L{I1 mokpeiTneM. 3amagamMu HCCIICIOBAaHUH SIBIISIOTCS:

— CO3/IaHUE TPOCTPAHCTBEHHBIX KOHEYHO-3JICMEHTHBIX MOJICNICH OOMBIICIPOICTHOTO 3/IaHUs C Pa3HBIMU
TPaHUYHBIMH yCIIOBHSIMH,

— WCCIIeIOBaHNE BIUSHUS TPAHUYHBIX YCIOBHHA Ha HANPSKEHHO-Ie()OPMUPOBAHHOE COCTOSHHE Hal3eM-
HO# YacTu OOJBIIETIPOIETHOTO 3IAHUS;

— cpaBauTenbHbI ananmu3 HIC monened ¢ pa3HbIMU (DU3MKO-MEXaHUYECKHMMH CBOHCTBAMH TPYHTOBOTO
OCHOBAHMS.

OO0mas xapakTepucTHKA 00JILIIENPOJIETHOr0 31aHus ¢ HHIHHAPO-IIUTHBIM (L{II) mokpbiTHEM

Haozemnan uacme 30anua (puc. 1, a). LlenTpansHast yacTh 30aHNS NPEACTABISET COOOH MPSIMOYTONBHUK
B mia"e ¢ pasmepamu 40(B) x 84(L) M, M0 KOHTYpY KOTOPOTO PACIIONIOKEHBI KOJIOHHHI (1M03. 1) KBajpaTHOTO
CeYeHHs ¢ marom 6 M, BBICOTa KOTOPBIX B NMPOJOILHOM HaIpaBieHUH (10 AJIUHE 37aHusA) npuHaTa 12 M, a B 1o-
nepevyHoM HampasieHuH (1o mupuae) — 16 M. [IpocTpaHCTBEHHBIM MOKPHITHEM LEHTPAJIbHON YacTH CIYKHUT
MOHOJIUTHAS JKeNe300eTOHHas LUIMHApHYecKas 000JI0YKa HYJIEBOH IaycCOBOM KpUBHU3HBI (103. 2), BBICOTOM
h =4 m, Tommmaol § = 0,15 M 1 paguycoM KpuBH3HBI R = 52 M. BOpTOBBIMHU 3leMEHTaMH IMIIHHIPHICCKOM
000JIOUKH SIBIISIIOTCS JIBE TOPIIEBBIE JKeNe300€TOHHBIE apKU M MPOAOJbHbIE OalKU MPSIMOYTOJIBHOTO CEUYEHHUs C
pasmepamu b = 0,5 m, 7 = 0,8 m. [lo 6Gokam ¢ IBYX CTOPOH IEHTPAIBHON YacTH 37aHUS PACIIOIOKEHBI IBYX-
STa)KHbIE IIOMEIEHHA C IUIMTaMHU IJIOCKOTO MOKPHITHA. BpicoTa Kaxaoro staxka papHa 6 M. ToNIIMHBI XKele30-
OETOHHBIX IUTUT MOKPBITUH U NepeKphITHil (1103. 3) mpuHATH ¢ = 0,2 M. [1nuThI onuparoTcs Ha KONOHHHI (T103. 1),
YCTaHOBJICHHBIE C ILIArOM U BbICOTOW H = 6 M. B mpogonbpHOM M onepedyHoM HanpaBlieHHUAX B LEHTPE U [0 TOp-
1aM 3JaHHs PacloNIOKEeHbl IuadparMbl KECTKOCTH B BHJIIE MOHOJHMTHBIX JXeNE300€TOHHBIX CTEH (1m03. 4).
Wx Tommuna pasra 0,5 M, ymHA 6 1 12 M. B kpaliHuX 6710KaX pacioioKeHb! JTU(PTOBBIC MAXTHI C MOHOJIUTHBIMH
KeNne300€TOHHBIMU CTeHAaMH TOMUHON 0,5 M, a Tak)Ke JIECTHUYHBIC KJIETKH. ToNIIMHa MOHOJUTHBIX Kese300e-
TOHHBIX JIECTHUYHBIX IUIOMIA0K cocTaBisieT ¢ = (0,2 M, a TOJIINHA JIECTHUYHBIX Mapiuel — ¢ = 0,22 m [37; 38].

Iloozemnan uacmo 30anusn (puc. 1, 6) mpencrapiseT coOO TPYHTOBBIA MacCUB (1103. 5), TOBTOPSIONTHH
napaMeTpbl U GopMy OOJBIICTPONICTHOrO 3aanHus. [lon kax ol KOoJIOHHOH (1M03. 1) yCTPOEHBI OTACIBHO CTOS-
1€ MOHOJIUTHBIE KeJie300eTOHHbIEe cBaliHble (pyHIaMeHTH B hopMe KOHyca ¢ OOKOBBIMU M HIKHUMH LIeOHE-
BBIMH 00pa3oBaHusAMH (1103, 6), OPUTMHATIBHOCTb U HOBU3HA, KOTOPBIX MOTBEPK/IEHA MATEHTHOH SKCTIepTH30M ",
IMon xene300eTOHHBIMU OJ0KaMU (T103. 4), COCTOSIIUME U3 auadparM (CTeH), TUPTOBBIX MIAXT U JECTHUYHBIX
KJIETOK PacHoJIOKeHBI KYCTHI U3 yKa3aHHBIX cBail. B [39—43] conepikuTcst onricaHue TEXHOJIOTHH H3TOTOBICHHS
CBaifHOM KOHCTpYKIMHU. TaM jke MpeIcTaBIeHbl MPOYHOCTHBIE U Ie(OPMALUOHHBIC XaPAKTEPUCTHUKH CBAHOM
KOHCTPYKIMH C Y4€TOM Pa3HbIX (U3MKO-MEXaHUIECKUX CBOICTB rpyHTa. IIpuBOANTCS CpaBHEHUE HANPSKCHHO-

Poccuu, I'VIT LIIII, 2005. 72 c.; CIT 11-102-97. NnxeHepHO-IKOJIOTHYECKUE M3bICKaHUsS i cTpouTenbeTBa. M.: T'ocerpoit Poccun,
I'VIT LTI, 2001. 38 c.; CI1 47.13330.2012. MHxeHepHbIe U3BICKAHUS UL CTPOUTEIbCTBA. OCHOBHBIC MOJIOKEHUS. AKTyalIM3MpOBaHHAs
penakust CHull 11-02-96. M.: MunucTepcTBO pernoHanbHoro pa3sutus Poccuiickoit ®enepanuu, 2012, 115 c.

4 IMatent PO Ne 157 318.2015. KoHCTpyKIMst MOHOJIMTHOM eIe300€TOHHOI cBan KoHuueckor (popmbl / Kysxaxmerosa D.P., Ca-
noxHUKOB A.U. 2015. Bron. Ne 33. 7 c.; [latent P® Ne 154795.2015. KoHCTpYKIMS COeTUHEHNS] BEPXHETO CTPOCHHS 3CTaKaIbl C MOHO-
JTUTHOHU cBaei-obomoukolt / CanmoxuankoB A.U., Kyxaxmerosa O.P. 2015. Bron. Ne 25. 7 c.
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ne(OPMUPOBAHHOTO COCTOSIHUS YKa3aHHOW CBaW C JPYyrMMH BHAaMH U GopMaMu cBaif M METO/bI UX pacyera’.
B xonme pacueTHOro McclenoBaHUSA NMPHUHATHI CIEAYIONNE TeOMETPHUECKHUE MTapaMeTpsl CBau: OOLINI BepXHHM
JUaMeTp cBaiHOM KoHCTpykuuu 1,2 M, HuxHui ee quametp 0,6 M. HikHee mebHeBoe paclIMpeHre BBITIOIHEHO
B (hopme mapa auameTrpom D pazmepom okoio 2 M. [yimHa ctBosa cBan L = 10 M. BeicoTa MaccuBa rpyHTa IpH-
Hata H=16 m.

Puc. 1. KoneyHo-3neMeHTHbBIE MOJEIH OOJIBLICTIPOICTHOTO 31aHus ¢ HHIUHAPO-UTHBIM (LIIT) nokpeitiem:
a —mozienb 1 «31aHne — KecTKast 3a/eNKay; 6 — MOJeIb 2 «3/jaHie — CBAMHBINH (QYHIAMEHT — IPYHTOBOE OCHOBAHHEY;

Hao3emnas yacmy: 1 — KOJNOHHBL, 2 — HMIMHAPHYECKas 000/104Ka HyI€BOil rayCCoBOIl KPUBU3HEI, 3 — MPOJIOJIbHBIC H NONEPeyHble AHadparmsi,
4 — IUTHTBI IUIOCKOTO TOKPBITHS U IIEPEKPBITHSL; NOO3eMHAS YACMb: 5 — TPYHTOBOE OCHOBaHME, 6 — CBaiiHbI QyHIaMEHT (YCIIOBHO He ITOKa3aHbI)
Figure 1. Finite element models of a large-span building with a cylinder-and-slab roof:
a—model 1 “Superstructure — fixed-end”’; b — model 2 “Superstructure — pile foundation — soil base”;
superstructure: 1 — columns, 2 — cylindrical shell of zero Gaussian curvature, 3 — longitudinal and transverse diaphragms,

4 — flat slabs and floor slabs; substructure: 5 — soil base; 6 — pile foundation (conditionally not shown)

MaTepl/laJ'lbl HCCJICA0OBAHUA

Haozemnan uacmsy. L{nnuHAPO-TITUTHOE TMOKPHITHE W KapKac 3JaHHs BBIIIOJIHEHBI U3 TSHKEIOro OeToHa
xiacca B25. PacueTHble XapakTepUCTHKH OeToHa HpuHATHL B cootserctBuu ¢ CIT 63.13330.2011°. ITnoTtHOCTH
TshKenoro 6erona p = 2500 xr/m° (1. 6.1.1). HavamsHbIi MOyIs YIPYroCTH Tsbkenoro 6etona B25 mpu cxaTuu 1 pac-
tsoxermn E, = 30x10° MITa npusst no Tabmune 6.11, Momyns casura 6etona Gy = 0,4E, = 0,4x30x10° = 12x10° MIla
(n. 6.1.15). KoadpdunumenT I[lyaccona (korddunueHt monepeyHoit aedopmamnmu) OeToHa JONMYCKAETCs MPUHH-
MaThb v = 0,2 (1. 6.1.17). KoadhpunmenT nuneitHo# TemmneparypHoil nedopMaIiy TsoKenoro 6eToHa mpu u3MeHe-
HUM Temmepatypsl oT —40° 10 +50° npuHEMAaIoT ay = 1-107° °C™' (1. 6.1.18). HopMaTHBHOE U pacueTHOE COMpo-
TUBJICHHE TSDKENOro OeTOHa Ha OCeBOE CKaThe kiacca B25 myis mpenenbHOro COCTOSHHS BTOPOM TPYMIIBI
Ry = Rpser = 18,5 MIla (Tabm. 6.7). PacueTHOE CONMPOTUBIICHHE TSHKEIOT0o OETOHA Ha OCeBOe CkaTue kiacca B25
JUTSI TIPENIETbHOTO COCTOSHUS TepBoil rpynmsl Ry = 14,5 MIla (Tab:. 6.8).

Iloozemnan wacmp. MaTtepuanom sl MOHOJIMTHOM Kelle300€TOHHOH cBau KOHUYECKOW (OPMBI MPUHSAT
TsoKebll OeToH kiacca B15. Bcee xapakrepuctuku Oerona mpuusatel mo CII 63.13330.2011. Pacuetnoe
COTIPOTHBJICHHE OETOHA IS IIPEIeTbHBIX COCTOSHUIM MepBOM TPYIIHI MpH Kiacce 6eToHa B15 mo mpodnocTy Ha
cxarue Ry = 8,5 MIla (tabn. 6.8); pacueTHOE CONMPOTHBIICHHWE OCTOHA IS MPEACIbHBIX COCTOSHUN BTOPOU
TpymIiel IpH Kiacce 0etona B15 mo mpounoctu Ha cxatue Rpser =11 MIla (Tabn. 6.7). Monyns ynpyroctu Ge-
TOHA TPUHAT paBHBIM E;, = 24x10° MIla (ta6n. 6.11). 3HaueHHe MO/ CABUra GETOHA MPUHATO PABHBIM
Gy = 0,4E) = 0,4x24x10° = 9,6x10° MIa (1. 6.1.15) u xoddpdunuent ITyaccona v = 0,2 (. 6.1.17). Iox Hux-
HUM KOHIIOM CBaM PacrojoKeH meOHeBbli map quamerpom D = 2 M. Ille6ens rpymnsl A o TOCT 8267-937
¢ MosyneM yrpyroctu E = 350 MIa (ta6m. 3.2)° u kospdummentom ITyaccona v = 0,3.

5 Canoxkurkos A U., Kyxaxmerosa D.P. CiocoGbl mOrpy»KeHus, IPOYHOCTHBIE U Ae(GopMaloHHbIe pacueTsl cBail. b. u., 2015.
71 c. URL: https://rucont.ru/efd/314524 (nara obpamenus: 19.09.2022).

¢ CIT 63.13330.2012. BeroHHble U kE€300€TOHHBIE KOHCTPYKIMH. OCHOBHBIE MOJOXKEHUS. AKTYalu3MPOBAaHHAS PENAKIMSA
CHulI 52-01-2003 ¢ usmenenuem 1. M., 2015.

7 TOCT 8267-93. llleGenp M rpaBuii U3 IUIOTHBIX TOPHBIX MOPOA Il CTPOUTENBHBIX pabor. TexHuueckue ycious. M.:
T'ocerpoit Poccun, 1993.

8 MeTomuueckye PEKOMEH ALY TI0 MOBBILEHHIO KAYeCTBa JOPOKHBIX OCHOBAHUI M3 MIEOHA pasanuHbIX nopox. M.: CorosJOPHUU,
1980.
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Jnis WTIOCTpallMy YMCICHHOTO aHajiu3a BbIOpaHBl [1Ba TUIA OJHOPOAHBIX rpyHTa. MX pacueTHble
XapakTepucTHKH npunsaThl no CIT22.13330.2011°:

& gapuanm 1 — TPyHT OXHOPOJAHOTO OCHOBAHUSI — IMECOK YETBEPTHYHOTO OTIIOKEHUS, CPEIHEH TIOTHOCTH
(xoaddurent mopucroctu e = 0,45) ¢ momynem nedopmanuu £; = 50 Mlla, yrnom BHyTpeHHero Tperus @1 = 40°,
yAeNbHBIM crietuieaneM ¢ = 3 klla (tabm. b.1) u ko dumuenrom [Tyaccona v = 0,35 (tabm. 5.10);

® gapuanm 2 — TPyHT OJHOPOJHOI'O OCHOBAHMS — ME€COK YETBEPTHYHOI'O OTJIOKCHMS, NbUIEBATHIN (K03(¢-
¢unment nopucroctd e = 0,45) ¢ momynem nepopmanun £, = 11 MIla, yrinom BHyTpeHHETO TpeHUS ¢ = 26°,
yaenbHeIM cueruieHueM ¢ = 2 klla (tabmn. b.1) u koadpduuuentom Ilyaccona v = 0,35 (tabin. 5.10).

BHemHue BepTHKaIbHBIE (IOCTOSHHBIC M BPEMEHHBIE, BKIIIOYAsi CHETOBbIEC) HArPY3KH Ha LWJIMHAPO-TUIUTHOE
MIOKPBITHE OOJBIIENPOJIETHOTO 31aHus NpuHATH U3 [37; 38] u onpexnenensl B cootBercTBur ¢ CII 17.13330.2017
u CIT 20.13330.2016".

MeToasbl uccjieI0BaAHUA

YucneHHoe Mcciaeq0BaHUE NIPOCTPAHCTBEHHOM MOJEIN OOJIBIICIIPOJIETHOTO 34aHUs (COOPYKEHH) C LU-
JUHAPO-TUINTHBIM TIOKPBITHEM, KaK OOJbINoil MexaHndeckoi cuctemsl BbimonHeHo B [IK Femap NX Nastran,
peann3yroeM MeTOJ] KOHEYHbIX 3JIeMeHTOB. Ha reomeTpuio 37aHMA HAJIOKEHBI CETKM KOHEYHBIX JIEMEHTOB
pPEKOMEHIOBaHHOM JUTHHBI, (POPMEI B KOHpUTYparmu [44—47].

Haozemnaa uacmp. OCHOBHBIMH KOHEYHBIMH DJIEMEHTaMH JUTsI HAJ3eMHOM 4acTH OOJBIIEIIPOIETHOTO 3AaHMs
CITY>KUIH 35eMeHThI Thna Plate, Beam n Bar [44-47). Ilpu pacueTe OOJBIIEIPONIECTHOTO 30aHus pad0Ty CTPOUTEIBHBIX
MarepuaioB (0eToHa, >ene300eToHa) MOYKHO 33[1aTh KaK B YIIPYrOH CTaayH, Tak U B YIPYro-IUIaCTUYHOH cTaauu. ua-
TpaMMBbl COCTOSIHHS OETOHA HUCIIONB3YIOT IIPU PacyeTe JKeIe300€TOHHBIX 3JIEMEHTOB 110 HENTMHEHHOH e OopMaIiOHHON
moznenu, nznoxeHHo# B CIT 63.13330.2012 u Hay4HO-TeXHHYECKUX UCTOYHUKaX [48]. B kauecTBe pabounx auarpamm
COCTOSIHHSA TSDKEJIOr0 BHa OETOHA HCTIONB3YIOT IBYXJIMHEHHYIO M TPEXJIMHEHHY0 quarpaMmsl [Ipanst.

Iloozemnasa uwacmp. OCHOBHBIMH KOHEYHBIMU 3JIEMEHTaMM JUII CBallHOro ()yHIaMEHTa M TPyHTOBOIO
ocHOBaHUS TPUHATHL Volume Elements tuna Solid [44-47; 49]. Ilo 3akoHaM TEOPETHYECKOW M CTPOUTEITHHOU
MEXaHHKH MOJEJb TPYHTa MPEeACTaBIseT COO0H CIIONIHOE, TBEPIOE, U30TPOITHOE, IUHEHHO-1e(OPMUPOBAHHOE
Teno, MomUMHsIONmEeecs 0600meHHOMy 3akoHy I'yka'' [49]. B Takom ciyuae pacueT ocaiku (yHIaMeHTa
ompezaenseTcss MeTogoM mocioiHoro cymmupoBanus mo CII 22.13330.2011. Opnako CymecTBYIOT YNpYro-
IUTACTUYHAsA Y IUIACTHUYHAs MOJENM TPYHTa, Ilie KpuTepui miactuyHocTH Kymona — Mopa ucnonbs3yercst Ans
aHaJi3a Hecyle crnocoOHOCTH IpyHTa. [10CKONBKO IPYHT BOCIIPUHUMAET TOJIBKO CKMMAIOIINE U CABUTAIOLINE
HaNpsDKEHUsI, TO B AaHHBIX MOJAEJIIX ONpPEICIAIOEH MPOYHOCTHON XapaKTePUCTUKONH I'PYHTOBOTO OCHOBAHMS
SBIISIETCSL CABHT (KacaTelbHbIE HampsKeHHs ). Pacder OGOJNbIIENPOJETHOTO 3[4aHMs C YIPYTO-TUIACTHYHBIMUA U
TUTACTUYHBIMH MOJEIISIMU IUTAHUPYETCS] IPEACTaBUTH B MOCIEAYIOLINX CTaThsX.

Pe3ynbTarhl

B xoze nccnenoBaHny aHATU3MPOBAINCH MMPOCTPAHCTBEHHBIE KOHEYHO-3JIEMEHTHbIE MOJIENIN OOJBIIETIPO-
JICTHOTO 3JaHHS C Pa3HBIMU TPAHUYHBIMU YCIOBUSAMHU: MOJENb | «3maHue — jKeCTKas 3ajelika» W MOJACTh 2
«31aHne — CBaWHBIM (yHIAMEHT — TPYHTOBOE OCHOBaHHWe». B Momenn 2 paccMOTpeHO TPYHTOBOE OCHOBaHHWE
IBYX BapwaHtoB: 1 — ¢ momynem medopmaruu E; = 50 MIla (moxens 2, a); 2 — ¢ MomyleM nedopMariim
E, =11 MIla (monens 2, 6). Moxnens 1 Brirodaet 30 348 xoHeuHbIX 371eMeHTOB U 30 469 y31I0B UX COCITUHEHUS
(oOmmii mopsAoK pasperniatomield cucreMsl ypasHeruit 30 467); mogens 2 — 1 421 208 anementoB u 1 989 717 y3-
JI0B (OOIIMIA TTOPSIIOK CUCTEMBI ypaBHeHHUH 5 600 292).

B 1abn. 1 mpuBemeHbl pe3ynbTaThl HAMPSKEHHOTO COCTOSHUS OONBLICHPOJIETHOTO 3/1aHUS C PasHBIMHU
TPAaHUYHBIMH YCIIOBUSMU.

DKBUBAJICHTHBIE HAMPSKEHHS Gogs, H/M?, B 2]IEMEHTAX BBIYHCIIAIOTCA B COOTBETCTBMH C THIIOTE30MH dHEp-
run popmonsmenenns pon Muzeca (Von Mises stress):

G, =%\/(Gx -0o, )2 +(Gy -0, )2 +(GZ -0, )2 +6(Tiy +1:iz +Tiz), (1)

° CI1 22.13330.2011. OcHoBanus 3naHuil u coopyxenuii. AkTyanusuposannas penaxius CHull 2.02.01-83%,

10°CIT 17.13330.2017. Kposiu. Akryanusuposannas penaxius CHull 11-26-76. M., 2017; CIT 20. 13330.2016. Harpy3ku u Bo3-
neiictBus. AxtyanusupoBanHas pegakuus CHull 2.01.07-85*. M., 2016.

" [Totmoeuy H.A. MexaHuka rpyHTOB (KpaTKuii Kypc). 2-¢ uza. M.: Beicias mxomna, 1973. 280 c.
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T/€ Oy, Gy, G- — HOPMaJbHBIE HANPSDKEHUS B TOYKE Ha TUIOMIAIKAX, MEPIEHANKYISIPHBIX K KOOPAMHATHBIM OCSIM
X, Y, Z; Ty, Tyz, Txz — KacaTeNIbHbIE HANPSHKEHUS B TOYKE Ha IUIONIAAKaX, MEPIEHINKYIISIPHBIX K KOOPIHHATHBIM
ocim X, Y, Z.

JIst I0CKOTO HANPSHKEHHOTO COCTOSHUS 000109KH, T71€ G- = 0, T, = 0, T.x = 0 BBIpaykeHUe UMEeT BU]I

_ 2 2 2
B—\/Gx+0y—cxcy+3rxy. ()

Tabauya 1/ Table 1
Pe3yabTaThl HanpsizkeHHOro cocTossHus Mopedieii / The results of the stress state of the models

MakcuMalibHble JKBHBAJIEHTHbBIE HANIPSIZKEHUSI Goxa, H/M2, 10151 Momestei /

JJIeMeHTbI / Maximum Von Mises stress ¢, N/m?, for the models
Elements Moneas 1/ Moneas 2, a (E1 =50 MIIa) / Moneas 2, 6 (E2= 11 MIIa) /
Model 1 Model 2, a (E] 50 MPa) Model 2, b (Ez =11 MPa)
NS 2600000, 2600000,
4055000, 2600000, = X =
Obks =
B BEPXHUX
BOJIOKHAX 2534375, = 1625000, E 1625000, E
IUIACTUHBI / B I ||
Plate top 1520625, [ 975000, B onso00, I
Von Mises 1013750, 650000, 650000
Oufpyt Set: Simeenter NASTRAN Case 1 W Oufpgit Set: Simeenter NASTRAN Case 1 5 Oufpglf Set: Simeenter NASTRAN Case 1 i
stress Deféagd(0,0103): Total Translarion 309875, Dekqd(o.ozm Y: Total Translation 222000, ed(0,0319): Total Translation S50
Elemental Contour: Plate Top VonMises Stress 0, Elemental Contour: Plate Top VonMises Stress 0, Elemental Contour: Plate Top VonMises Stress o

2600000,

4055000, 2600000,
| [ ] =
OskB || | |
B HM)KHUX
BOJIOKHAX 2534375, [ 1625000, [ 1625000, [
MJIACTHHBI / = || q
e - ]
Plate bot e 975000,
. 2062 5000, S
Von Mises a
1013750, 650000, . 650000,
stress Ouffpuf Set: Simcenter NASTRAN Case 1 506875 f Set: Simcenter NASTRAN Case 1 335000, Oufpllf Set: Simecenter NASTRAN Case 1 55
DefSgd(0,0105): Total Translation 20687 Defbrangd(0,0267): Total Translation 2 Deforgd(0,0319): Total Translation 325000,
Elemental Contour: Plate Bot VonMises Stress 0, | Elemental Contour: Plate Bot VonMises Stress 0, | Elemental Contour: Plate Bot VonMises Stress o 1R
l 750000, l! 750000, =
” - l . !
Obks l l I l l
B 00BEMHBIX -
68750 = 468750, o
JJIeMeHTax / B -w | |
. — [
Solid l l '.
. 281250,
Von Mises ! I [ L 1 L
187500, 187500,
stress . -
Oufpyf Set: Simcenter NASM\T Case 1 93750, Oufulf Set Slm(.enle,r NASTRAN Case 1 93750,
wd(0,0267): Total Translation o Del d(0,0319): Total Translation o
Elemental Contour: Solid Von Mises Stress Elemental Contour: Solid Von Mises Stress 0,

0,

B Tabn. 2 nmpuBeneHs! pe3ynbTaThl pacyera n1e)OpMUPOBAHHOTO COCTOSIHUS OOJNBIICTIPOJIETHOTO 3/IaHUS C
pa3HbBIMU TPAHUYHBIMU YCIOBUAMU. [10 pe3ynabTaTaM CTaTHYECKOr0 pacyeTa MaKCUMalbHbIC (TIOJIHBIC) MepeMe-
HIeHus A Mogenu 1 ¢ xecTkoii 3anenkoit cocraBunu A; = 0,0105 m. [l moneneit 2 ¢ yueTom cBaifHOTO QyH-
JTAMEHTa W TPYHTOBOTO OCHOBAHUS IONyYEHBI CIEMYIONINEe MaKCHMAJbHBIE TEepeMeIleHus: M1 MOJIeH 2, a
¢ MaKCHMaJLHBIM MOAYJEM nedopmaru mecka 4eTBepTHIHOTO oTiokeHus £ = 50 Mlla — A; = 0,0267 M,
a i1 MOJIeTH 2, 6 ¢ MUHHUMAJIbHBIM MOJyJieM JeopMalliy Mecka YeTBEPTUYHOro omioxenus £ = 11 MIla —
A3 =0,0319 m.

Ha nmanHBIN pe3ynpTaT BIUAIOT pacyeTHBIE YCHIIHS, BOSHUKAIOIINE B BEPTUKAIBHBIX DJIEMEHTAX C YIETOM
ux 3akperuieHus. s moxenn 1 «3naHne — skecTKast 3a1eIKay MaKCUMallbHbIe U3rH0arolie MOMEHTBI JKeJIe30-
OCTOHHBIX KOJOHH B IUIOCKOCTH XY cOCTaBUIMUA Mmax = 57 590 HM 1 Mmin = —44 669 Hw™m (puc. 2, a). Makcu-
MaJbHbIE N3rH0AOIAE MOMEHTEI B INIOCKOCTH X7 KOJIOHHBI COCTABMIIA M. = 16 762 HM 1 My, = —16 743 Hm
(puc. 2, 6). Kpytsamme MOMEHTHI — Mmax = 806,7 HM 11 Miin = —806 Hwm (puc. 2, 8).

Ha puc. 3 nprBeneHs! MPOAOTIBHBIE CHIIBI CTEPKHEBBIX 3JIEMEHTOB (KOJIOHH) Nmax = 5438 H 11 Nimin =—309 377 H.
MaxkcuMmanbHbIe Tiepepe3biBaromue (momnepednbie) cuiabl B MIOCKOCTH XY Omax = 9154 H 1 Omin = —9407 H
1 B TWIOCKOCTU XZ Omax = 2317 H 11 Omin = 2322 H.
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Tabauya 2 / Table 2
Pe3yabTaTsl 1epopMupoBaHHOr0 cocTosiHUA MoaeJieli / Results of the strain state of the models

ITonnbie mepemenenust A, M, mojeJei / Total translation A;, m, of the models

Mopaeas 2, a (E1=50 MIla) / Mopeas 2, 6 (E2=11 MlIla) /
Mopeas. 1/ Model 1 Model 2, a (E1 = 50 MPa) Model 2, b (E2 = 11 MPa)
A1 =0,0105 M A2 =0,0267 M Ay =0,0319 M

0,0319

0,0105

0,0167 0,0199

0,00658

133

n

0,00999 0,012

0,00395

0,00666

Ouf Set: Simcenter NASTRAN Case 1
.
Dekyd(o,ozm): Total Translation 0,00333

Elemental Contour: Total Translation

0,00797

0,00263
Oul Set: Simcenter NASTRAN Case 1

De d(0,0319): Total Translation
Elemental Contour: Total Translation

) l f1a
qlﬁil”l l‘-l.vll

[

0,00125

Oulf Set: Simcenter NASTRAN Case 1 0.000625
De: d(0,0319): Total Translation
Elemental Contour: Total Translation

Oufput Set: Simecenter NASTRAN Case 1
De d(0,0105): Total Translation
Elemental Contour: Total Translation 0,

0,00132 0,00399

0,002

' LI :

0,005

0,00075

0,0005
Oulf Set: Simcenter NASTRAN Case 1 0.0002
De: (0,0267): Total Translation 000025

Elemental Contour: Total Translation

=3

806,7

57590, LO70%: [ ]
= ||
19243 || 4201, [ 202,0 |
243, ]
cico 14,04 0333 N
160, o ||
-~ -4173, 201,2
( | 2> [ . |
-19104, -8360, -402.8
Oufpuy Set: Simeenter NASTRAN Case 1 Oufpuy Set: Simcenter NASTRAN Case 1 ABEHT Oufpyf Set: Simeenter NASTRAN Case 1 ;
. -31886, . 12547, d . : 604,4
Defbrmed(0,0105): Total Translation Deformed(0,0105): Total Translation De (0,0105): Total Translation
Contour: Bar EndA Planel Moment -44669, | Contour: Bar EndA Plane2 Moment -16734, Contour: Bar EndA Torque -806,0 L
a 0 8

Puc. 2. lebopmupoBanHas Mmozenb 1 «31aHue — )KeCTKas 3aAeIKay:
@ — U3rubaIoIMiA MOMEHT CTEPKHEBOTO 3eMeHTa (KOIoHHbI)'? B miockocTu XV, Hu;
06— H3TM6aIOHIMﬁ MOMEHT CTEPKHEBOI'O JICMCHTA (KOJ'I()HHLI) B IINIOCKOCTH XZ, HM, 8 — prTS[HII/Iﬁ MOMEHT B CTE€PKHEBOM JJIEMEHTE (KOHOHHS), Hwm
Figure 2. Model 1 “Superstructure — fixed-end”:
a — Bar EndA Planel moment/Bar EndB Planel moment'?, Nm; 6 — Bar EndA Plane2 moment/Bar EndB Plane2 moment, Nm;
6 — Bar EndA torque/Bar EndB torque, Nm

s Mmozenu 2, a «3naHue — CBaHBINA (yHAaMEHT — rpyHTOBOE ocHOBaHHe» (E1 = 50 MIla) makcumans-
HBIE M3THOAIOIINEe MOMEHTHI B TNIOCKOCTH XY KOJOHHBI COCTABMIIN Mmax = 142 812 HM 11 Mmin = —142 280 Hm.
MaxkcuMaiibHbIE U3rHOArOIIE MOMEHTBI B IUIOCKOCTU X7, KOJIOHH COCTaBUIN Miax = 22 081 HM ut Mpmin =22 215 Hm.
KpyTsimue MOMEHTBI: Mmax = 6,067 HM 1 Mmin =—5,979 Hwm (puc. 4).

MakcuMalibHBIE 3HA4YCHUS TPOOJIEHON CHIIBI CTEP)KHEBBIX 3JIEMEHTOB (KOJIOHH) Nmax = 37 969 H
U Nmin = —522205 H u mnepepesbiBatomuX (MOMEPEYHBIX) CHI B TUIOCKOCTAX XY— Omax = 24106 H
U Omin = =24 251 H 1t XZ — Omax = 4605 H 11 Omin = —3244 H u3o06paxeHs! Ha puc. 5.

12 JInst HArmAAHOCTH yeunmii B 1e)OPMUPOBAHHOM MOJIENH TUTACTHHYATHIE TOPU3OHTAIBHBIE IEMEHTHI THMA Plate B BHjle LAIKMH-
JPUYECKON 000JI0UKU HYJICBOH raycCOBOM KPHBHU3HBI, IUTUT INIOCKOTO MOKPBITUS ¥ EPEKPHITUS HE TTOKa3aHBbI.

13 For clarity of forces in the deformed model, plate horizontal elements of the Plate type in the form of a cylindrical shell of zero
Gaussian curvature, flat roof slabs and floors are not shown.
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2317,
5438, .
||
|
-112618, = RN |
51970, ” |
|| -
2 -582.4
’ -191321, g ‘ ' ||
230673, ] -1162,
Oufpyyf Set: Simcenter NASTRAN Case 1 -270025, . Outpyf Set: Simeenter NASTRAN Case 1 Ouki;t: Slmceljter NASTRAN Case 1 1742,
De: d(0,0105): Total Translation [ ] De! d(0,0105): Total Translation De 0,0105): Total Translation
Contour: Bar EndA Axial Force 309377 || Contour: Bar EndA P11 Shear Force Contour: Bar EndA P12 Shear Force 2322,
a o 8

Puc. 3. lebopmupoBarHas Mozenb 1 «31aHHE — )KECTKAS 3a/ICIKay:

a — TIPOJIOJIbHAS CHJIA B CTEPIKHEBOM 3iieMeHTe (KotoHHBI), H; 6 — nepepessiBatornast (Ionepeynas) cuia B miockoctd XY
CTEPXKHEBOT'0 IeMeHTa (KOJIOHHbI), H; 6 — nepepessiBaromias (IonepeyHas) cuia B INIOCKOCTH XZ CTEp)KHEBOTO dIeMeHTa (KOJIOHHbI), H
Figure 3. Model 1 “Superstructure — fixed-end”:

a — Bar EndA axial force/Bar EndB axial force, N; 6 — Bar EndA P11 shear force/Bar EndB P11 shear force, N;

6 — Bar EndA P12 shear force/Bar EndB P12 shear force, N

) 6,067
142812, [ 22081, | -
|| [ |

35902, = 5470, = 1,55 =
66 O - 2 - 0,0442 -
e | L ol
, -35370, m 25604, ] J -1,461 |

-71007, -11141, -2,967

Ouf Set: Simcenter NASTRAN Case 1 106643 Oufbuf Set: Simcenter NASTRAN Case 1 16678 Ouf Set: Simcenter NASTRAN Case 1 4473
De d(0,0267): Total Translation ’ De d(0,0267): Total Translation ’ De d(0,0267): Total Translation ’ [ |
Contour: Bar EndA Planel Moment 142280, | Contour: Bar EndA Plane2 Moment 22215, | Contour: Bar EndA Torque -5.979 .

a o 8

Puc. 4. [lebopmupoBanHas Mozenb 2, a «3aaHue — CBalHbIA (yHIaMeHT — rpyHTOBoe ocHoBanue E£1 = 50 MITax»:
a — N3rubaroIMii MOMEHT CTEPXKHEBOT'O AJIeMeHTa (KOJIOHHBI) B IockocT XY, Hum;
6 — M3rudaromuil MOMEHT CTEpP;KHEBOTO 3JIeMEeHTa (KOJIOHHBI) B IIIOCKocTH XZ, HM; 6 — KpyTAIHil MOMEHT B CTEPXKHEBOM dJIeMeHTe (koIoHHe), Hm
Figure 4. Model 2, a “Superstructure — pile foundation — soil base £1 = 50 MPa”:
a — Bar EndA Planel moment/Bar EndB Planel moment, Nm;
6 — Bar EndA Plane2 moment/Bar EndB Plane2 moment, Nm; ¢ — Bar EndA torque/Bar EndB torque, Nm

5 5 4605
37969, 24106, | |
[ | ||
172096, = 5972, = 1662, =
-242118 - ,”:- . Il
|| | ||
-312140, 6117 -300.,4
| 6117, . [
-382162, -12161, = -1282,
Oufpuf Set: Simcenter NASTRAN Case 1 452183 Oufplf Set: Simcenter NASTRAN Case 1 18206 . Oufpyf Set: Simcenter NASTRAN Case 1 2963
Def d(0,0267): Total Translation ’ De d(0,0267): Total Translation - : De d(0,0267): Total Translation oo
Contour: Bar EndA Axial Force 2522205, | Contour: Bar EndA P11 Shear Force 24251 | Contour: Bar EndA P12 Shear Force 3244,
a 6 6

Puc. 5. lebopmupoBanHast MOJenb 2, a «31aHue — CBAHHBIA (yHIaMEHT — rpyHTOBOe ocHoBaHue £1 = 50 MIlax»:

a — TIPOJIONIbHASL CHIIA B CTEPIKHEBOM 3JIeMeHTe (KOIOoHHEI), H; 6 — nepepessiBatomias (IIonepedHas) cuia B Iwiockoctd XY
CTep>KHEBOTo 1eMeHTa (KoJoHHBI), H; 6 — mepepesbiBarommas (onepeyHast) ciia B INIOCKOCTH XZ CTepIKHEBOTO JIeMeHTa (KOJIoHHbI), H
Figure 5. Model 2, a “Superstructure — pile foundation — soil base £1 = 50 MPa”:

a — Bar EndA axial force/Bar EndB axial force, N; 6 — Bar EndA P11 shear force/Bar EndB P11 shear force, N;

6 — Bar EndA P12 shear force/Bar EndB P12 shear force, N

Jnst mozenu 2, 6 «3naHue — cBaifiHbIA QyHAaMEHT — TpyHTOBOE ocHOBaHue» (£1 = 11 MIla) makcumanbHble
M3rU0AIONUEe MOMEHTHI B TNIOCKOCTH XY KOJOHHBI PaBHBI Mpax = 156 413 HM u Mpin = 155 720 Hm. Makcu-
MaJlbHbIE€ U3rHOaroIe MOMEHTHI B INIOCKOCTH X7 KOJIOHH COCTaBUIN Muyax = 34 696 HM u M = —34 829 Hwm.
KpyTsmme MOMeHTBI: Mmax = 6,366HM 1 Min = —6,3 H™ (puc. 6).
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156413, 34696,

||
| R =
[ | [
38670, g 3758 1,551 o
-77687, -17448, -3,134 l
Oufpyy Set: Simcenter NASTRAN Case 1 116704 I Oufpyy Set: Simcenter NASTRAN Case 1 26139 Ouf Set: Simcenter NASTRAN Case 1 4717
De d(0,0319): Total Translation o De d(0,0319): Total Translation st De! d(0,0319): Total Translation > [ ]
Contour: Bar EndA Planel Moment 155720, B Contour: Bar EndA Plane2 Moment 34829, Contour: Bar EndA Torque 63 ||
a 0 8

Puc. 6. [lebopmupoBanHas Mozenb 2, 6 «3aaHue — CBaiHbIi (yHIaMeHT — rpyHTOBoe ocHoBanue £z = 11 MITax:
a — M3rubaronnii MOMEHT CTEPIKHEBOro dIeMeHTa (KOJIOHHBI) B iockoctr XY, Hwm;
6 — N3rubaOIMil MOMEHT CTEPIKHEBOT'O JIEMEHTA (KOJIOHHBI) B INIOCKOCTH XZ, HM; 6 — KpyTAIIMil MOMEHT B CTEpP)KHEBOM 3j1eMeHTe (KosoHHE), Hm
Figure 6. Model 2, b “Superstructure — pile foundation — soil base £> = 11 MIla”:
a — Bar EndA Planel moment/Bar EndB Planel moment, Nm; 6 — Bar EndA Plane2 moment/Bar EndB Plane2 moment, Nm;
6 — Bar EndA torque/Bar EndB torque, Nm

20231,

[ | [ |
[ ||
-195751 — 341, 1683 ||
[ |
339739 - -654 1058 -
-411732, | -12985, -2429, I
Oufpuy Set: Simcenter NASTRAN Case 1 483726 I Ou Set: Simcenter NASTRAN Case | 19427 Oufpylf Set: Simeenter NASTRAN Case 1 3799
De d(0,0319): Total Translation - DefGrmgd(0,0319): Total Translation o Defommgd(0,0319): Total Translation e |
Contour: Bar EndA Axial Force -555720, | Contour: Bar EndA P11 Shear Force _25869. Contour: Bar EndA P12 Shear Force 5169, |
a o 8

Puc. 7. lebopmupoBaHHas MoJelnb 2, 6 «31aHue — CBaHHBIA (yHIaMEHT — rpyHTOBOE ocHOBaHue £2 = 11 MIlax:

a — TIPOJIONIbHASL CHJIA B CTEPIKHEBOM 3JIeMeHTe (KOIOoHHEI), H; 6 — mepepessiBatomias (IIonepedHas) cuia B Iwiockoctd XY
CTEPXKHEBOT'0 AJIeMeHTa (KOJIOHHBI), H; 6 — nepepe3siBaromias (onepevyHas) Cuiia B INIOCKOCTH XZ CTEPKHEBOTO dieMeHTa (KOJIOHHBI), H
Figure 7. Model 2, b “Superstructure — pile foundation — soil base £ = 11 MIla™:

a — Bar EndA axial force/Bar EndB axial force, N;

6 — Bar EndA P11 shear force/Bar EndB P11 shear force, N; ¢ — Bar EndA P12 shear force/Bar EndB P12 shear force, N

Ha puc. 7 npuBenens! nmpoaonsHast cuiia Nmax = 20 231 H ¥ Nmin = =555 720 H u nepepessiBatomue (1o-
nepednbie) CHTBI B THIOCKOCTH XY — Omax = 25 668 H 1 Omin = —25 869 H 1 B mmockocTd XZ — Omax = 5794 H
U Omin = —5169 H cTep>KHEBBIX 37IEMEHTOB (KOJIOHH).

Oo6cyxaenue

B mocnemHue roapl mpu NMpOSKTUPOBAHUM 3IaHUH M COOPYKEHHI BCE Yallle MCIIOJIB3YIOTCS OOJIBIIEIPO-
JIeTHbIE KOHCTPYKIIMU PAa3IMYHBIX THIIOB. B kauecTBe mpumepa MOKHO IIPUBECTH 3MAHHS C OOJBIIETIPOJICTHBIM
IMJTMHAPO-IUTUTHEIM U IMIMHIPO-TUTHTHO-BaHTOBBIM TIoKphiTHeM'? [37; 38]. PasHooGpasHble KOHCTPYKTHBHEIE
pelIeHNs 3[aHUi YKa3aHHBIX TUIIOB TPEOYIOT IITyOOKOTr0 HH)KEHEPHOTO aHan3a. bojbioe BHUMaHKE yACISAeTC S
nx H/IC non meficTBHeM 3KCIDIyaTallMOHHBIX CTATHICCKUX HArPY30K, a TAaKXKE IMOBEICHUIO TIOJ NEHCTBUEM CHII,
MEHSIFOIIMXCS] BO BpeMEHHU. Pedb, B 4aCTHOCTH, UAET O PACUETHOM MPOSKTHPOBAHHU OOBEKTOB, TpeIHA3HAUCH-
HBIX I CTPOMUTENILCTBA B CEHCMUYECKUX paiioHaxX. B MpOEKTHBIX pacueTax HE0OXOAWMO ydecTh pabdoTy MOA-
3eMHOM YacTH 3/1aHus, COCTOAIIEH 13 QyHIaMeHTa (MEJIKOTO HIIH ITyOOKOTO 3aJI0KEHUS ), B3aUMOICHCTBYOIIE-
rO C TPYHTOBBIMH MAacCHBaMH pazIM4HOW peonoruu. OcoOyro CIIOKHOCTh MPEACTABISIET SKCIEPUMEHTATbHAS
OlIeHKA JMCCUMATHBHEIX (IeMI(UPYIONINX) CBOMCTB IPYHTA, HMEIONIEr0 MHOTOCIONHYIO CTPYKTYpy' > [50-52].

14 TlarenTsr PO Ne 2740506 u Ne 2705689,

15 [Tarent na nonesnyio monens Ne 184676 Ul Poccuiickas ®@enepaus, MIIK GOIN 19/00. YcTpoicTBO uisl ONpeaeieHus Ko-
a¢dupenTa aemnpUpoBaHuUs ChIMyYnX MaTepuanoB u xuakocteit / Cyteipud B.U., Kyxaxmerosa D.P., llunkapenko U.A.; 3asBurtens
Bantuiickuii ¢penepanpHbiii yHuBepcuteT uMeHn Mmmanymna Kanra. Ne 2018125340; 3asen. 10.07.2018; omy6n. 02.11.2018; Ilatent
Ne 2646540 C1 Poccutiickas ®enepanus, MIIK GO1M 7/04, GOIN 3/32. DkcniepuMeHTalnbHasl yCTaHOBKa (CTEH) AJIS U3yYEHUSI MHOTO-
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HCCJ’IGHOB&HI/IH, BBITIOJTHACMBIC aBTOpaMH, HallpaBJICHBI Ha PCIICHUEC YKAa3aHHBIX MHXKXCHCPHBIX 3a1ay. OneIT 10-
Ka3bIBACT, 4TO 3(1)(1)GKTI/IBHBIM HHCTPYMCHTOM KOMINIEKCHOI'O MHXCHCPHOI'O aHaJIn3a MOTYT CIIYKHUTbh IPOCTpPaH-
CTBCHHBIC KOHCYHO-3JICMCHTHBIC MOACIIN SZ[aHI/Iﬁ B CUCTEMC C OCHOBAHHEM U (I)YHI[aMeHTOM.

3akaouenue

Pacyersl mokazany, 4TO YHpPOIIEHHOE MPEACTAaBIEHHE TPAHWYHBIX YCJIOBHH OIOPHBIX KOJIOHH OOJIbIIIe-
MIPOJIETHOTO 3/1aHUS B BHJIE JKECTKOH 3a/le]Ki Ha YpOBHE OCHOBAaHUS MOXET IIPUBECTH K CEPhE3HBIM BBIUMCIIH-
TeJBbHBIM omuOKaM. KOHCTpYKTHBHBIE OCOOCHHOCTH (DyHIAMEHTa, a Takke (PU3UKO-MEXaHWYECKHE XapaKTepu-
CTHKH KOHCTPYKLIMOHHBIX MaTepHaJOB M TPYHTOB OKAa3blBAlOT CYLIECTBCHHOE BIUSHHE Ha HANPSKCHHO-
nepopmupoBannoe cocrostare (H/IC) HanzeMHO# yacTi OOMBIISIPOIETHOTO 3AaHUs C MIMHAPO-TUIUTHBIM TO-
KPBITHEM.

B wacTHOCTH, pacueToM BBIBIISETCS CYLIECTBCHHOE BIMSHHUE IIE€PEPACHpPEACICHNs U3THOA0IINX MOMEH-
TOB B OINOPHOI 4acTH Kapkaca (KOJOHH) Ha OOIIUI Mporud M HaNpsHKEHHOE COCTOSHHE HUIMHAPUYECKON 000-
JIOYKH MOKPBITUS KOHCTPYKLHUH 3aHHUS B CHCTEME C OCHOBAaHHWEM U CBAHBIM (DYHIAMEHTOM.

CymiecTBeHHBIM (DAaKTOPOM SIBIIETCS TAaKXKe pacipenencHue GU3NKO-MEXaHUIECKUMHU CBOICTB PEOJIOTH-
YEeCKHX CJIOEB I'PyHTa B COOTBETCTBHH C T€OJIOTMYECKMMH M3BICKAaHMAMHU. B X0o1e YMCIIEHHOro HCCleI0BaHUS
OBLIO BBISBIICHO, YTO YMEHBIICHHE MOy fedopmariuii rpyHTa £;, MIla, NpHBOIUT K YBETHMUYCHHIO XapaKTEPHUCTHK
HJIC nanzemHO# yacTi OOJIBIICHIPOICTHOTO 31aHUS C MIMHIPO-TUIUTHRIM MOKPHITHEM. Takum 00pa3oM, Ha Ipod-
HOCTb 3JIaHUsI CYILECTBEHHO BIIMAIOT HE TOJBKO JKECTKOCTHBIE CBOMCTBA (DyHAAMEHTa, HO M (DM3UKO-MEXaHUUCCKUE
CBOICTBa TPyHTOBOrO OCHOBaHUS. CTeneHb yKa3aHHOTO BIMSHHUS yKa3bIBaeT Ha HEIOMYCTHMOCThH alpPHOPHBIX
YIPOLICHUI I'PaHUYHBIX YCIOBHM.
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AHHOTauus. ['eoMeTphl MPEUIOKWIN 11 BHeApeHus Oosee 600 aHamuTHye-
CKHX IOBEPXHOCTEH, U3 HUX HAHOOJIbIIIee YUCIO NIPUMEHSETCS B apXUTEKType U
MaIIMHOCTPOeHHH. HecMoTps Ha TO YTO celiuac 3HAYHUTEIBHOE BIMSHHE HA MIPO-
eKTHPOBAaHUE OOJIBIIETIPOJICTHBIX 000JOYEUHBIX CTPYKTYP M HMCKPHUBICHHBIX

3[aHUI OKa3bIBAIOT YMCIIOBAs ApXUTEKTypa M apXUTEKTypa CBOOOIHBIX (OpM,
HCCIIEIOBaHUS U NIPUMEHEHNE aHAJUTHYECKUX TTOBEPXHOCTEH MPOJOIKAIOT yBe-
nuuuBaThed. Llenb vccnenoBaHus — U3yYeHHE TOJIOKEHUS JIeNl B IPUMEHEHUHU
AQHAJIMTUYECKUX TIOBEPXHOCTEH B CTPOMTEIBHOW M MAIIMHOCTPOMUTENIBHBIX OT-
pacisix U BBIICHEHHE KJIaCCOB IOBEPXHOCTEH, HAle X MPUMEHEHHE B HCCIIe-
JOBaHUM (DU3MUECKUX SBICHHUH WM B PENICHHMH YUCTO MaTeMaTHYECKUX 3a/ad,
HO HE HCHOJIB3YEMBbIX B JIPYTHUX OTpacisfX JesTeIbHOCTH denoBeka. Ompenens-
FOTCS TIEPCTIEKTUBBI IPUMEHEHHS B apXUTEKType M MAIIMHOCTPOSHUH aHAJIUTH-
YECKHX ITOBEPXHOCTEH, MOKa MaJOM3BECTHBIX apPXUTEKTOpaM U HHXXEHEpaM.

YCTaHOBNICHO, YTO AW3aifHEPHI NO-TPEeKHEMY OepyT HOBbIE aHAINTHYECKHE IO-
BEPXHOCTH JUISl peajiu3aliid CBOMX TBOPUYECKHX 3aMBICIIOB M3 XOPOIIO H3Y4eH-
HBIX KJIACCOB IOBEPXHOCTEH BPALIEHUS, IEPEHOCA U 30HTUYHbBIX, MUHUMAaJIbHbIX,
JIMHEHYATBIX, BOJHOOOPA3HBIX IOBEPXHOCTEH.
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Introduction

Spatial structures covering large areas without intermediate supports have been known to man since an-
cient times [1; 2]. Until the 20th century, shells were used in various technological structures: vertical shafts,
horizontal and inclined tunnels, pipelines, furnaces, and defensive and religious buildings. In most cases, cylin-
drical structures with vertical and horizontal axes and shells of rotation, in particular domes were used.

Then, in connection with the development of analytical and experimental methods for studying shells and
shell structures, the shapes of the structures used became more complicated. They began to meet the ever-
increasing demands of architects and engineers and found application where structures with a frequent grid of
columns, with numerous walls, or composite low-span buildings were previously used.

The greatest enthusiasm for thin-walled shells continued until the 1980s [3], then interest in them began to
decrease [4], but due to the demands of society at the beginning of the 21st century, their wider rational use be-
gan in small-sized housing construction, in industrial and public buildings [5; 6]. This was caused by the advent
of refined numerical methods for calculating strength, stability, and seismicity, the creation of new building ma-
terials [7], and a large proposal from geometers of new forms of middle analytical surfaces of thin-walled
shells [8] and rod shell structures [9]. In 1970, R. Buckminster Fuller received a gold-medal for his development
of the geodesic dome. Eco Camp Patagonia was the world’s first geodesic hotel, it was built in 2001. Nowadays
geodesic domes are almost everywhere.

Kunv-ynoe Mampe, KaHAUAT TEXHHIECKUX HAYK, JOIEHT JeMApTaMEHTa CTPOHTENbCTBA, WHKeHepHas akagemusi, POCCHIICKHII YHUBEPCUTET APYKOBI
HapozoB, Poccuiickas ®@enepauus, 117198, Mocksa, yn. Mukiyxo-Makinas, a. 6; ORCID: 0000-0003-0057-3485, Scopus Author ID: 57209566642,
eLIBRARY ID: 27261171; gil-oulbem@hotmail.com
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Mauu, bamako, Ban Bainenxosen Asento, I1/51 242; ORCID: 0000-0003-1726-5382; daout88@gmail.com
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However, builders have changed their attitude to the building construction materials used. Reinforced
concrete was rarely used. Only through understanding why concrete shells' loss in popularity over the course of
modern history can designers be equipped with the skills to create and apply this type of construction. Through
modifications to design processes, construction stages, material understanding and relevant formwork improve-
ments will architects and designers be able to meet the demands of the 21st century [4].

Analytic surfaces are most fully presented and mathematically described in [8]. Here, more than 600 sur-
faces are divided into 38 classes, which in turn consist of subclasses, groups and subgroups. Analytical surfaces
are well represented in electronic libraries.'

Many works are devoted to the use of analytical surfaces in architecture [1] and mechanical engineer-
ing [10-13], apparently, for the first time tried to find out the analytical surfaces most often used by architects
and to establish cases of a single application in practice of some well-known analytical surfaces to geometers.

Commonly used analytical surfaces

The leaders, of course, are cylindrical, conical surfaces, ruled surfaces of negative Gaussian curvature
(K <0), as well as surfaces of revolution [14].

Ruled surfaces, including torso surfaces (K = 0), cylindroids (K < 0), cylindrical helical strips and cylin-
drical surfaces with aerodynamic profiles, rotative and spiroidal surfaces with straight generatrices are often used
in mechanical engineering, shipbuilding and aircraft construction.

Transfer surfaces, especially direct transfer surfaces, are taken as the basis for the formation of median
surfaces of hundreds of thin shells on rectangular plans. They can be seen in any city in developed countries.

Umbrella shells and shells of the umbrella type are actively used to block markets, business centers, cir-
cuses, religious buildings and to protect the radar [15]. Radar umbrella shells are operated at many airports
around the world.

The next class of surfaces according to the frequency of their use in the national economy can be consi-
dered the class of cyclic surfaces [16]. They are used in the shaping of civil, industrial, and agricultural struc-
tures. They have found the same wide application in mechanical engineering.

Seventeen algebraic surfaces of the second order are usually distinguished into a separate class, but almost
all of these surfaces can be distributed among other classes [8; 17]. All surfaces of the second order, except
for imaginary ones, can be seen in the outlines of many architectural structures [18] and machine-building pro-
ducts [19]. Many shells, described with analytical functions, such as quadric surfaces, have certain geometric
properties that allow for more feasible construction techniques. For example, a shell form based on a hyperbolic
paraboloid can be built from straight elements, and a spherical dome has constant Gaussian and mean curvatures,
minimizing the number of the components.

From the class of helical surfaces, the group of ruled and circular helical surfaces is most often used.
In mechanical engineering, there are examples of the use of helical surfaces of variable pitch [20]. The surface of
the screw pillar and the surface of St. Elijah can often be seen in the outlines of the supporting columns of an-
cient buildings. The tubular helical surface is well known and widely used both in architecture and in mechanical
engineering (coils).

More and more architects support the idea of using minimal surfaces in architecture [21]. A new architec-
tural direction, Minimal Surface Architecture, has emerged. However, most of the ideas are implemented only in
projects. 15 minimal surfaces are known that have a parametric form of the assignment. There are descriptions of
real thin-walled shell structures built in the form of a minimum surface of revolution (catenoid), a minimum
ruled surface (straight helicoid) and a minimum transfer surface (the first Sherk surface). The Olympic Stadium
in Munich was built in 1972 using minimal surfaces close to the Schwartz surface.

Rarely used analytical surfaces

Very rarely, objects in the form of one-sided surfaces are used. Known for a dozen installations and sculp-
tures in the form of a Mobius strip. There are several wire art objects imitating the Klein surface. Mathematical
model of the Boy's surface with a size of 2 x 2 m is available at Smith College, McConnell Hall.

The torso coverings of public buildings, obtained by parabolic bending of a steel sheet, have already been
used in several cases (Figure 1). Their shape is not an analytical surface, since they are built experimentally on

! Parametrische Flidchen und Kérper. Available from: www.3d-meier.de/tut3/seite0.html (accessed: 21.06.2021); Weisstein E.W.
Wolfram. Available from: http://mathworld.wolfram.com (accessed: 21.06.2021).
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two edge curves. The possibility of obtaining the equation of a torso surface containing two predetermined
curves was proved by G. Monge, but only about a dozen torso surfaces containing two predetermined plane
curves lying in parallel planes are described in the scientific literature [8]. Torso surfaces are used in shipbuild-
ing and in agricultural engineering for shaping plows and augers.

Figure 1. Hotel Marques de Riscal, Spain, arch. Frank Gerhy Figure 2. The gently sloping reinforced concrete pavement
(Available from: ru.pinterest.com) of the Nekrasovsky market in St. Petersburg, 1960
(Available from: www.g2p.ru)

Velaroidal shells are rarely found on a flat rectangular plan. Their median surfaces are outlined along the
direct transfer surface with a generating curve, which changes its curvature during movement [22] and becomes
a straight line on the contour. The efficient materialization of velaroidal (funicular) shells is particularly difficult.
This hinders their application [23]. There is a well-known velaroidal shell for covering an industrial workshop,
designed by M. Mihailescu [24], a sloping reinforced concrete velaroidal shell erected over the Nekrasovsky
market in St. Petersburg in 1960 (Figure 2) and a fragment of the covering of the Cultural Center in Muscat
(Oman) [25]. The group “Velaroidal surfaces” is often included in the class of transfer surfaces.

Surfaces with a spherical directrix curve have a line lying on a sphere as a directrix curve. Of the many
surfaces proposed by geometers, only a cylindrical-spherical strip was found on the playground (Figure 3).

Figure 3. Object in the form of a strip Figure 4. The surface of a ship's hull Figure 5. The Pavilion Purr, used as a visitor’s center,
with a directrix curve on a sphere formed by a family of lines parallel Amsterdam’s historic defense line, 2012
(photo by M. Gil-Oulbe) to the waterline [8] (Available from: archdally.com)

The class of continuous topographic surfaces is defined by the continuous frame of its horizontals (level
lines) [8]. Surfaces of revolution are also included in this class, but it is generally accepted to single them out
in a separate class. Algebraic surfaces given in explicit form z = z(x, y), Catalan surfaces (K < 0), surfaces of
the same slope (K = 0) can also be considered continuous topographic surfaces. Continuous topographic surfaces
are mainly used in topography, mining, landscape architecture and shipbuilding. In shipbuilding, they are called
hydrodynamic surfaces [26] or algebraic surfaces for ship hulls (Figure 4). In the construction business, they are
used very rarely, and they are not intended for use in the construction industry.
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Spiral surfaces on circular cones are usually used to form spiral chambers [27]. Architects have found
use for a cylindrical-conical spiral strip (second building of the German Historical Museum in Berlin), a spiral
conical strip, for example, The Pavilion Purr by Emma Architecten Towers with Wooden Wonder (Figure 5) and
a tubular spiral surface.

Spiral surfaces are often confused with spiral surfaces, but spiral surfaces can have any spiral on any sur-
face as a guide curve, and the generating curve can change its shape in the process of movement. An example is
a spherical spiral strip (Figure 3) and architectural structures in the form of shells. One of the buildings with
a lined spiral roof is given in the article [13].

Surfaces from the “Carved surfaces” class are fully included in the “Surfaces of congruent sections” class.
Carved surfaces include circular helical surfaces and helical surfaces with arbitrary flat generating curves.
If we take into account all groups of surfaces with rigid flat generating curves that are included in the class of
surfaces of congruent sections, then we must assume that these surfaces are popular with architects, especially
since all geometric problems for them have already been solved. The author of [28] gives an example of a real
structure with congruent curves.

Analytical surfaces that have not found application in practice

Wavy, wavy and corrugated surfaces are very widely represented in architecture, but they are all made in
the style of digital architecture, i.e. the surfaces were built according to the given reference points and are not
analytical surfaces (Figure 6).

Velaroidal surfaces on a circular plan cannot be included in the wrapping surface class. In [29] they are
called velaroidal surfaces. There are several projects of sports facilities and light surfaces (Figure 7), the geome-
try of these surfaces is well developed, but no real structures of this form have been found.

Architects and machine builders were not interested in surfaces of constant Gaussian curvature (K = const).
If we do not take into account the sphere with K = R* = const, then the remaining surfaces of constant positive
Gaussian curvature have not found application in various branches of human activity. Only the Sievert sur-
face (Figure 8) with certain geometric parameters becomes similar to a self-intersecting umbrella-type surface,
which can attract architects. Among the surfaces of the subclass “Surfaces of constant negative Gaussian curva-
ture” the pseudosphere is the best known. This surface has found application in garden and park architecture.
Several large-scale mathematical models of a pseudosphere made of steel wire, plywood, and aluminum have
been made [25; 30].

ooy -

il

Figure 6. 1. Viner-Usmanova Sports Palace in Luzhniki, Moscow
(photo by L.A. Alborova)
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Figure 7. Structure in the form of several Figure 8. One of the forms of the Sievert surface [8] Figure 9. Tooth surface
identical velaroidal surfaces on a flat circular of the 4™ order [8]

plan with a singular point in the center
(the figure by L. Alborova)

Algebraic surfaces above the second order may have a good architectural future [8]. The shape of some
existing curvilinear structures in the world can be easily approximated by these surfaces. Surfaces such as the
parabolic surface of Schroda, Goursat, Euler, the tooth surface (Figure 9), surfaces with two and three double
straight lines, T. Nordstrand’s surface “Chair”, all of the 4th order; an 8th order surface with a 4th order Lame
curve, a 4th order Lame curve and an ellipse in 3 principal coordinate sections [8] can easily be used in architec-
ture, or they can be used to solve various technical problems in mechanical engineering.

Among the surfaces of constant mean curvature, the best known are the sphere (H = R), the cylindrical
surface of revolution (H = R / 2), and the minimal surfaces (H = 0). These surfaces have found application
in both architecture and mechanical engineering. Less well-known are nodoid and unduloid surfaces of revolu-
tion, which attract close attention from mathematicians who develop questions of conjugation of two surfaces of
revolution [31].

The study of scientific, popular scientific and reference literature, materials contained on the Internet
showed that some classes of surfaces have not yet found application in the construction and engineering indus-
tries. These are helical and pseudo-minimal [32] surfaces, most of the surfaces from the classes “Athene-minimal
surfaces”, “Peterson surfaces”, except for the transfer surfaces of second-order curves, “Bonnet surfaces”, “Blu-
tel surfaces”, except for second-order surfaces, “Surfaces Hoshimoto” [33], “Weingarten surfaces”, except for
surfaces of revolution. These surfaces are used to study some physical processes, solve purely mathematical
problems and to determine surfaces isometric to surfaces of revolution.

Possibilities of using new analytical surfaces in engineering structures

The analysis carried out in [34] showed that architects and engineers used only about 5% of more than
600 analytical surfaces proposed by geometer mathematicians. They are used mainly by architects working in
the styles of “Parametric architecture”, “Geometric high-tech” and “Industrial architecture”.

In the 21st century, shell structure design has become dominated by free-form, parametric, and organic ar-
chitectures. Some architects support this current [35], others doubt its usefulness [36]. E.V. Ermolenko [36] from
Moscow Architectural Institute notes: “...postmodernism, deconstructivism, parametric architecture oversaturat-
ed the space of human life, a stylistic crisis arose.”

Apparently, the architects have already exhausted the set of existing surface classes. Taking into account
the demand of society for large-span structures and public buildings of an unusual shape, surfaces from well-
studied classes of surfaces of revolution, transfer, umbrella, minimal, ruled and undulating (Figure 6) surfaces
will be used. Basically, shell structures will be designed taking into account environmental [37], energy-saving
requirements and transforming structures.

Passion for shell structures should not grow into an end in itself. I.A. Bondarenko [38] warns “that in this
case one should not slide into populism. It is necessary to observe a sense of proportion in everything. Unfortu-
nately, today all the successes and failures of architects are based mainly on their personal business and human
qualities. Individualism and hypertrophied — ‘breakthrough’ — creative creativity are encouraged too much. <...>
This leads to the fact that something untenable can be presented as a professional achievement, as a senseless
design originality as an architectural innovation.”
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Conclusion

In presented paper, it is demonstrated that a number of classes and groups of analytical surfaces used in
national economy is increasing in the 21st century.

The authors show that study and information on new analytical surfaces can give impetus to architects and
industrial designers for their realization in real shell structures

Voluminous literature containing 40 titles is presented. New surfaces and examples of their single applica-
tions are given. For example, a fragment of the covering of the Cultural Center in Muscat (Oman), a cylindrical-
spherical strip on child playgrounds in Moscow (Russia), the second building of the German Historical Museum
in Berlin in the form of the cylindrical-and-conic spiral strip, and so on are mentioned.

Commonly used classes of analytical surfaces and rarely used analytical surfaces are described. Analytical
surfaces that have not found application in practice for the present but having great potential in future are pointed
out too.

CAD was already available in the 1970s and 1980s but its use only became common practice starting in
the late 1980s with the availability of personal computers. This process greatly facilitated some of the tasks of
designing curvilinear structures and attracted young researchers to their design. Materials and information con-
taining in this paper can help to consider a problem on possible wide using of computer modelling of shapes in
connection with needs of parametrical, digital, generative, evolutionary, and bionic architecture.

References / Cnincox JuTepaTyphbl

1. Krasi¢ S. Geometrijske povrsi u arhitekturi. Nis; 2012,

2. Melaragno M. An introduction to shell structures. Springer US; 1991. https://doi.org/10.1007/978-1-4757-0223-1

3. Bradshaw R., Campbell D., Gargari M., Mirmiran A., Tripeny P. Special structures. Past, present, and future.
Journal of Structural Engineering. 2002;128:691-701. https://doi.org/10.1061/(ASCE)0733-9445(2002)128:6(691)

4. Tang G. An overview of historical and contemporary concrete shells: their construction and factors in their general
disappearance. International Journal of Space Structures. 2015;30(1):1-12. https://doi.org/10.1260/0266-3511.30.1.1

5. Krivoshapko S.N. Shell structures and shells at the beginning of the 21% century. Structural Mechanics of Engi-
neering Constructions and Buildings. 2021;17(6):553-561. https://doi.org/10.22363/1815-5235-2021-17-6-553-561

6. Levy M. From shells to tensile structures: a personal history. Nexus Network Journal. 2017;19:565-578.
https://doi.org/10.1007/s00004-016-0317-5

7. Bratukhin A.G., Sirotkin O.S., Sabodash P.F., Egorov V.N. Materials of future and their unique properties.
Moscow: Mashinostroenie Publ.; 1995. (In Russ.)

bpamyxun A.I'., Cupomxun O.C., Cabooaw I1.®., Ecopoé B.H. Marepuaibl Oyayliero u ux yJIUBUTEIbHBIC CBO¥-
ctBa. M.: MammnocTtpoenue, 1995. 125 c.

8. Krivoshapko S.N., Ivanov V.N. Encyclopedia of analytical surfaces. Springer International; 2015.
https://doi.org/10.1007/978-3-319-11773-7

9. Vrontissi M. Designing and building a geodesic dome as a bearing structure for an 'artificial sky' lighting installa-
tion. Symposium of the International Association for Shell and Spatial Structures. Evolution and Trends in Design, Analysis
and Construction of Shell and Spatial Structures: Proceedings. Valencia; 2009. p. 1379-1390.

10. Druzhinskiy 1.A. Complex surfaces: mathematical and technological description. Leningrad: Mashinostroenie
Publ.; 1985. (In Russ.)

Hpyorcunckuii M. 4. CnoxHble TOBEPXHOCTH: MaTEMAaTHIECKOE ONHCAaHHE M TeXHOJormueckoe obecneuenue. JI.: Ma-
nMHocTpoeHue, 1985. 263 c.

11. Podgorniy A.L., Grinko E.A., Solovey N.A. On research of new surface forms as applied to structures of diverse
purpose. RUDN Journal of Engineering Researches. 2013;(1):140—145. (In Russ.)

Toozopnwiii A.JL, 'punsko E.A., Conoseti H.A. UccnenoBanne HOBBIX ()OPM ITOBEPXHOCTEH NMPUMEHHUTENBHO K KOH-
CTPYKLMSIM pa3indHOro HasHaueHws // BectHuk Poccuiickoro yHuBepcurera apyx0s1 HaponoB. Cepusi: MIHxeHepHbIe nc-
cnegoBanus. 2013. Ne 1. C. 140-145.

12. Mamieva L[.A., Gbaguidi-Aisse G.L. Influence of the geometrical researches of rare type surfaces on design of new
and unique structures. Building and Reconstruction. 2019;5(85):23—-34. http://doi.org/10.33979/2073-7416-2019-85-5-23-34

13. Grinko E.A. Classification of analytical surfaces as applied to parametrical architecture and machine building.
RUDN Journal of Engineering Researches. 2018;19(4):438-456. (In Russ.) http://doi.org/10.22363/2312-8143-2018-19-4-
438-456

I'punvro E.A. Knaccubukanusi aHaTUTHUECKUX TOBEPXHOCTEH MIPUMEHUTEIBHO K MapaMeTPUUECKOil apXUTEKType U
MarrHocTpoenuio // Bectauk Poccuiickoro yHuBepcurera apyx0b1 HaponoB. Cepusi: HxeHepHble uccnenoBanus. 2018.
T. 19. Ne 4. C. 438-456. http://doi.org/10.22363/2312-8143-2018-19-4-438-456

464 GEOMETRICAL MODELING OF SHELL FORMS



Xunb-ynbbe M., Jay T., Mapuko Y. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHuir. 2022. T. 18. Ne 5. C. 458-466

14. Kpusowanko C.H. YIpOIEHHBI KpUTEPUil ONTHMAIBHOCTH Uil o0oyouek BpamieHus // [IpuBomkckuii Hayd-
HBIH xypHaAIL 2019. Ne 4 (52). C. 108-116.

Krivoshapko S.N. A simplified criterion of optimality for shells of revolution. Privolzhsky Scientific Journal.
2019;(4):108-116. (In Russ.)

15. Krivoshapko S.N. The opportunities of umbrella-type shells. Structural Mechanics of Engineering Constructions
and Buildings. 2020;16(4):271-278. https://doi.org/10.22363/1815-5235-2020-16-4-271-278

16. Bock Hyeng Ch.A., Yamb E.B. Application of cyclic shells in architecture, machine design, and bionics. /nterna-
tional Journal of Modern Engineering Research. 2012;2(3):799-806.

17. Burlov V.V., Nesterenko L.A., Remontova L.V., Orlov N.S. 3D simulation of second-order surfaces. Geometry
and Graphics. 2016;4(4):48-59. (In Russ.)

bypnoe B.B., Hecmepenxo JI.A., Pemonmosa JI.B., Opnos H.C. 3D-MonenupoBaHie IOBEPXHOCTEH 2-T0 mopsiaka //
I'eomerpust u rpaduka. 2016. T. 4. Ne 4. C. 48-59.

18. Khmarova L., Usmanova E.A. Second order surfaces in architecture and construction. IOP Conference Series
Materials Science and Engineering. 2018;451(1):012118. https://doi.org/10.1088/1742-6596/451/1/012118

19. Chempinskiy L.A. Fundaments of geometrical modelling in machine building. Samara: Samara University Publ.;
2017. (In Russ.)

Yemnunckuu JI.A. OCHOBBI T€OMETPUUYECKOI'O MOJEIMPOBaHUS B MammHocTpoeHnH. Camapa: M3a-Bo Camapckoro
yHuBepcurera, 2017. 160 c.

20. Krivoshapko S.N. Geometry and strength of general helicoidal shells. Applied Mechanics Reviews (USA).
1999;52(5):161-175. https://doi.org/10.1115/1.3098932

21. Emmer M. Minimal surfaces and architecture: new forms. Nexus Network Journal 2013;15:227-239.
https://doi.org/10.1007/s00004-013-0147-7

22. Berestova S.A., Misyura N.E., Mityushov E.A. Geometry of self-bearing covering on rectangular plan. Structural
Mechanics of Engineering Constructions and Buildings. 2017;(4):15-18. (In Russ.) https://doi.org/10.22363/1815-5235-
2017-4-15-18

bepecmosa C.A., Muciopa H.E., Mumiowos E.A. TeoMeTpusi CAaMOHECYIIMX MOKPBITHI Ha IPAMOYTOJLHOM ILIaHe //
CrpouTenpHass MEXaHHKA MHXCHEPHBIX KOHCTPYKIUU U coopyskenuit. 2017. Ne 4. C. 15-18. https://doi.org/10.22363/1815-
5235-2017-4-15-18

23. Rippmann M. Funicular shell design: geometric approaches to form finding and fabrication of discrete funicular
structures (Dr. sc. thesis). Ziirich: ETH; 2016. https://doi.org/10.3929/ethz-a-010656780

24. Mihailescu M., Horvath 1. Velaroidal shells for covering universal industrial halls. Acta Techn. Acad. Sci. Hung.
1977;85(1-2):135-145.

25. Gbaguidi Aiss¢ G.L. Influence of the geometrical researches of surfaces of revolution and translation surfaces
on design of unique structures. Structural Mechanics of Engineering Constructions and Buildings. 2019;15(4):308-314.
https://doi.org/10.22363/1815-5235-2019-15-4-308-314

26. Krivoshapko S.N. Hydrodynamic surfaces. Shipbuilding. 2021;(3):64-67. (In Russ.)
https://doi.org/10.54068/00394580 2021 3 64

Kpusowanxo C.H. Tunpomunamuueckue mnoBepxHoctu // Cymocrpoenme. 2021. Ne 3. C. 64-67.
https://doi.org/10.54068/00394580 2021 3 64

27. Patil Y. Design, fabrication and analysis of Fibonacci spiral horizontal axis wind turbine. International Journal of
Aerospace and Mechanical Engineering. 2018;5(1):1-4.

28. Grinko E.A. Surfaces of plane-parallel transfer of congruent curves. Structural Mechanics and Analysis of Con-
structions. 2021;(3):71-77. (In Russ.) https://doi.org/10.37538/0039-2383.2021.3.71.77

I'punbko E.A. TIOBEpXHOCTH ILUIOCKOIMAPAIIEIBHOTO MEPEHOCAa KOHTPYIHTHBIX KpUBbIX // CTpoMTENbHAs MEXaHHKa
u pacuet coopyxenuit. 2021. Ne 3 (296). C. 71-77. https://doi.org/10.37538/0039-2383.2021.3.71.77

29. Krivoshapko S.N., Gil-Oulbe M. Geometry and strength of a shell of velaroidal type on annulus plan with two
families of sinusoids. International Journal of Soft Computing and Engineering. 2013;3(3):71-73.

30. Toda M. Weierstrass-type representation of weakly regular pseudospherical surfaces in Euclidean space. Balkan
Journal of Geometry and Its Applications. 2002;7(2):87-136.

31. Rubinstein B., Fel L. Stability of unduloidal and nodoidal menisci between two solid spheres. Journal of Geo-
metry and Symmetry in Physics. 2015;39:77-98. https://doi.org/10.7546/jgsp-39-2015-77-98

32. Buhtyak M.S. Compound surface as pseudo-minimal one. Tomsk State University Journal of Mathematics and
Mechanics. 2017;(46):5-13. (In Russ.) https://doi.org/10.17223/19988621/46/1

byxmax M.C. CocraBHasi IOBEpXHOCTb, OJM3Kas K MCEBJOMHHUMAaIbHON // BectHuk ToMcKoro rocynapcTBeHHOTO
yHHBepcuTeTa. MaTemarnka u Mmexanuka. 2017. Ne 46. C. 5-13. https://doi.org/10.17223/19988621/46/1

33. Abdel-All N.H., Hussien R.A., Youssef T. Hasimoto surfaces. Life Science Journal. 2012;9(3):556-560.

34. Mamieva [.A. Analytical surfaces for parametric architecture in contemporary buildings and structures. Academia.
Architecture and Construction. 2020;(1):150—-165. (In Russ.)

Mamuesa U.A. AHanuTH4ecKue MOBEPXHOCTH ISl ApaMETPUUECKON apXUTEKTYPhl B COBPEMEHHbBIX 3[IaHUSIX U CO-
opyxenusix / Academia. Apxurektypa u crpoutenbctBo. 2020. Ne 1. C. 150-165.

"EOMETPUYECKOE MOJENMPOBAHWE ®OPM OBONIOYEK 465



Gil-Oulbé M., Daou T., Mariko O. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(5):458-466

35. Korotich A.V. Innovative solutions of architectural shells: the alternative for traditional building. Akademicheskij
Vestnik UralNlIproekt RAASN. 2015;(4):70-75. (In Russ.)

Kopomuu A.B. VIHHOBalMOHHBIE PEILEHUS apXUTEKTYPHBIX O00JIOYEK: aJbTepPHATHUBA TPAIULMOHHOMY CTPOHUTEIb-
ctBy // Axanemudeckuii Becthuk Y paarHWUnpoexr PAACH. 2015. Ne 4. C. 70-75.

36. Ermolenko E.V. Forms and constructions on the architecture of the soviet avant-garde and their interpretation in
modern foreign practice. Academia. Architecture and Construction. 2020;(1):39—48. (In Russ.) https://doi.org/10.22337/2077-
2020-1-39-48

Epmonenxo E.B. ®opMbl 1 MOCTPOCHUS B apXUTEKTYPE COBETCKOTO aBaHTap/a ¥ MX WHTEpPIPETalus B COBPEMEHHON
3apy0OexxHol mpakrtuke // Academia. Apxurekrypa u crpoutensctBo. 2020. Ne 1. C. 39—48. https://doi.org/10.22337/2077-
2020-1-39-48

37. Mozhdegani A.S., Athani R. Using ecotech architecture as an effective tool for sustainability in construction in-
dustry. Engineering, Technology & Applied Science Research. 2017;7(5):1914—1917. https://doi.org/10.48084/etasr.1230

38. Bondarenko I.A. On the appropriateness and moderation of architectural innovation. Academia. Architecture and
Construction. 2020;(1):13—18. (In Russ.) https://doi.org/10.22337/2077-2020-1-13-18

bonoapenrxo U.A. O6 yMECTHOCTH U YMEPEHHOCTH apXUTEKTYypHbIX HOBalmi // Academia. ApXUTEKTypa U CTPOH-
tenbeTBO. 2020. Ne 1. C. 13—18. https://doi.org/10.22337/2077-2020-1-13-18

466 GEOMETRICAL MODELING OF SHELL FORMS



2022. 18(5). 467-474 5

CTROMTEABHAR MEXAHHKA
VHKEHEPHbIX KOHCTPYKLIAH

CTPOUTENBHASI MEXAHUKA UHXXEHEPHBIX KOHCTPYKLIMA U COOPYXXEHUI

y [\J%ﬁ 3 STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS
ISSN 1815-5235 (Print), 2587-8700 (Online)

HTTP://JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS [

DOI 10.22363/1815-5235-2022-18-5-467-474

YAK 5393 HAVYHAS CTATBS / RESEARCH ARTICLE

HapaMeTpIBauml MOBEPXHOCTHU CJIOKHOM reoMeTpumn

C.H. SIxynos' 2", T'.X. HuzamoBa?

\@edepanvuviii uccredosamenvcuii yenmp «Kasanckuii nayunwiii yenmp PAH», Kasanw, Poccuiickas ®edepayust
2Poccuiickuil ynugsepcumem Opyoicovl Hapodos, Mockea, Poccuiickas Pedepayus
tamas_86@mail.ru

Hcropus cratbn AHHoTanus. Cpeau TOHKOCTEHHBIX KOHCTPYKIMI, B TOM YHUCIIE CTPOUTENIBHBIX
[Noctynmna B pegakumro: 19 anpens 2022 T. KOHCTPYKLHUH U cOOpyXeHUH, 3Q(HEKTUBHBIMH 10 CBOMM YKECTKOCTHBIM U MIPOY-
Jopaborana: 10 centsiops 2022 r. HOCTHBIM XapaKTEPUCTHKAM SIBJISIFOTCSI O00JIOUKH CII0KHOM T€OMETPHUHU, KOTOPHIE
IMpunsra k myOmikarmy: 13 centsiops 2022 r. BBIJIEIISIOTCS. apXUTEKTYPHON apMOHUYHOCTBIO. [yl Gonee IMUPOKOro mpume-

HEHUSI 000JI0YEK CIIOKHOHW TeOMETPHH HEOOXOOUMO TOCTOBEPHO OLICHHMBATH MX
HanpspKeHHO-1e(opMUpoBaHHOE cocTosiHUE. IIpy 3TOM COCTaBHOM 4acTbiO pac-
4eTa SIBISCTCS Tall MapaMeTPH3alMU CPEIMHHOM MOBEPXHOCTH 00O0JIOUYEK CIIOXK-
HOI reoMeTpuu. PaznuyaroT 000IOUKU CIOXKHOH reoMeTpuM KaHOHUYECKOH u
HEKaHOHWYeCKoW (Gopmbl. J[is 00004eK HEKaHOHUYECKOW (OPMBI CpeIHHHAS
IIOBEPXHOCTh HE MOXET ObITh 3ajjaHa aHaauTH4ecKuMH popmynamu. [Ipu sTom
BO3HHUKAIOT TPYAHOCTH Ha 3Tarne 3a1anus (rmapaMerpusaiiu) GopMbl CpeUHHON
IIOBEPXHOCTH. 3ajaya YCJIOXHSETCA, Koraa y (parmMeHta 0OOJOYKH CIIOKHBIN
KOHTYpP M OJHA WM HECKOJBbKO TOYEK MOBEPXHOCTH HUMEIOT (PMKCHPOBAHHBIE
KOOpOMHATHL. [ CTPOUTENBHBIX KOHCTPYKIHUI 3TO, HallpUuMep, HaJu4ue JIOTOoJ-
HHUTENBHBIX BHYTPEeHHUX onop. [Ipencrasnena nadpopmanus o ClulalHOBOM BapraH-
te MKD. OTMeueHBl HEKOTOpbIE U3BECTHbIE CIOCOOBI mapaMeTrpusaunuu. Pac-
CMOTpEH MOJXO0/ TapaMeTPHU3alui MUHUMAIEHOH IIOBEPXHOCTH CIIOKHOHN (HOPMBEI,
OIpaHUYEHHON YETHIPbMsI KPUBOJIMHEHHBIMU KOHTYpaMH U 3aaHHOH (pukcupo-
BAaHHOI) KOOPAWHATOW OOHOW BHYTpPEHHEH TOUYKM moBepxHOocTH. OmuUcaH anro-

PUTM NIOCTPOEHMS MIPOCTPAHCTBEHHOH CETH, a TAaKXKE ONpPENENICHUsI KOOPAMHAT,
KOMITOHEHT METPHYECKOr0 TeH30pa M CUMBOJIOB KpucTodders, HeoOXoauMbIxX
IIpY PELIEHUU 3a/1a4 NapaMeTPU3alui B CILIAHHOBOM BapHaHTE METOJAa KOHEd-
HBIX 3JIEMEHTOB.
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stress-strain state. In this case, an integral part of the calculation is the parametri-
zation stage of the median surface of shells of complex geometry. There are shells
of complex geometry of canonical and non-canonical forms. For shells of non-
canonical shape, the median surface cannot be defined by analytical formulas.
At the same time, difficulties arise at the stage of specifying (parameterizing)
the shape of the median surface. The task becomes more complicated when
the shell fragment has a complex contour and one or more surface points have
fixed coordinates. For building structures, this is, for example, the presence of
additional internal supports. Information about the spline version of the FEM
is presented. Some well-known parametrization methods are noted. The ap-
proach of parametrization of a minimal surface of a complex shape bounded
by four curved contours and a given (fixed) coordinate of one inner point of

For citation the surface is considered. An algorithm for constructing a spatial network,
Yakupov S.N., Nizamova G.Kh. Surface as well as determining coordinates, metric tensor components and Christoffel
L I symbols necessary for solving parametrization problems in the spline version of

arameterization complex geometry. Struc- . . .
p piex & v the finite element method is described.

tural Mechanics of Engineering Construc-

tions and Buildings. 2022;18(5):467-474. Keywords: complex geometry, fixed surface point, parametrization, network
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BBenenue

O060109KH, COYETAOIINE JIETKOCTh C BBICOKOW MPOYHOCTHIO, HAXOMIAT MIUpOKoe mpuMeHeHune. Cpenn HAX
0COOCHHO (P (GEKTUBHBIMU 110 CBOMM XapaKTEPUCTHKAM SBJISIOTCS 000JI0UKU CJI0KHOU reomerpuu [1; 2]. Haps-
Iy C MaJlbIM BECOM OHU MMEIOT BBHICOKHE MEXaHWYECKHE XapaKTEPUCTHKH I10 JKECTKOCTH M MPOYHOCTH. Bapbu-
pyq dopMy MOBEPXHOCTH, MOKHO CO3/1aBaTh JIETKHE, BHICOKONPOYHBIE W apXUTEKTYPHO BBIPA3WUTENbHbIE KOH-
CTPYKIHH.

s 6onee 3 PEKTUBHOTO UCIIOIB30BAHUS 000JI0UYEK CIOXKHON T€OMETPUU HEOOXOAMMO HAYUUThCS OIpe-
JIENATh UX (PU3UKO-MEXaHNYECKHEe KauecTBa, OlEHUBATh HANpPSKEHHO-Ie(OPMUPOBAHHOE COCTOSHHE M yCTOM-
YUBOCTH IO/ ACHCTBUEM Pa3TUYHBIX Harpy3ok. Cpenau TpyIaHOCTEH, CBSI3aHHBIX C 0oJiee MHUPOKUM PacIpocTpa-
HEHHEM 00OJIOUCK CIIOKHOU I€OMETPHH, CICIYyEeT OTMETHTh CIIOKHOCTh TEXHOJIOTUH WX U3rOTOBJICHUS. B CcBsI3u
¢ OypHBIM pa3BuTHeM 3D-meyaTn 3/1eCh OTKPBIBAOTCS OOJIBINE BO3MOXXHOCTH B PEIICHUU 3TOH MPOOIEMBL.

st pacuera HampspkeHHO-medopmupoBanHoro coctostHusS (HIAC) o6omoduek CIIOKHOW TEOMETpHH U
CTPYKTYPBbI UCIIOJB3YIOT pa3IMYHBIC METOABI U MOJC/IM, B YaCTHOCTH MO)Z[I/I(i)I/IKaHI/II/I METOJIa KOHCUHBIX pPa3HO-
CTEH, METOJIbI KOJUIOKALUU, METOJ] TPAHHYHBIX 3JIEMEHTOB, SKCIICPUMEHTAILHBIC METO b, BAPUAIIMOHHBIE METO-
ITbI, TEOPETUKO-IKCIICPUMEHTATBHBIE METO/IBI, METOI KOHEUHBIX 3JIeMeHTOB [3—25]. HTEeHCHBHO pa3pabaThiBa-
IOTCA BapuaHThl ME€TOJa KOHCUHBIX 3JIEMCHTOB, B 4aCTHOCTH, CIIJIAafHOBBIN BapruaHT METOJa KOHCYHBIX 3JICMCH-
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TOB, 0A3UPYIONIUICS Ha CUHTE3€ HACH MTapaMeTPHU3AIMK TOBEPXHOCTH CJIOKHOU F€OMETPHUH U METOa KOHEYHBIX
anemeHToB [18-23].

PaznuyaroT 000JI0UKH CIOKHOW KAHOHUYECKOM TeOMETPUH, KOT/Ia CPEAMHHAS TTOBEPXHOCTh OMHUCHIBACTCSI
aHAIMTHYECKUMHU (popMysIaMu, ¥ 00O0JOUYKH CIIOKHON HEKAaHOHHYECKOH I'€OMETPHH, KOrjia CpeIuHHAas MOBEPX-
HOCTh HE OIMCHIBACTCS AHAIUTUYCCKMMU (OpMyJaMH, a 3aJaeTcs TOuedyHo. [Ipu paccMOTpeHHH 000JI0YEeK
CJI0KHON HEKaHOHWYECKOW T'€OMETpPUH, BOZHUKAIOT TPYJAHOCTH Ha dTare 3a/laHusl MapaMeTPOB MOBEPXHOCTH —
TPYAHOCTH 3Tara mapaMeTpU3aIiH.

CmaiiHOBBIH BAPHAHT METOa KOHEYHBIX 3JIEMEHTOB

CIU1aifHOBBINM BapHaHT METOJIa KOHCUHBIX 3JIEMEHTOB JIJIs pacyeTa HalpsHKEHHO-Ie(OpMUPOBAHHOTO CO-
CTOSTHHSI TOHKOCTEHHBIX KOHCTPYKIIUI CIIOMKHOM reOMEeTpUH MPECTABISIeT COO0N CHHTE3 HIEH MapaMeTPU3aIliu
¥ METO/Ja KOHEUHBIX 37ieMeHTOB [18-23]. O6nacth, 3aHUMaeMast CpeANHHON ITOBEPXHOCTHIO 000JIOUKH TTapaMeT-
pHu3yeTcs KOOpJMHATAMU SIUHUYHOTO KBaJpaTa TAKHM 00pa3oM, YTOOBI IPSMOYTOJIBHOM ceTke B 00IacTH elu-
HUYHOTO KBajpaTa COOTBETCTBOBaja KpUBOJIMHEHHAs ceTka. [Ipu 3TOM OJKHBI YAOBICTBOPSITHCS CIIETYIOIIUE
ycnoBusi: 1) pajguyc-BeKTOp MOJDKEH ONMUCHIBATH KOHTYPHBIC JTHHUU PACCMATPUBAEMOW OONACTH MPH JIBUKCHUH
BJIOJIb KOHTYPHBIX JHHUN EJMHUYHOTO KBajapara; 2) MPONOPLHUOHAIFHOMY Iary Ha €AMHUYHOM KBaJpare
JTOJKHBI COOTBETCTBOBATH MPOIOPIIMOHAILHBIC JUIMHBI IyT HA KPUBOJUHEHHON KOOPAWHATHOMN JIMHUU, paccMaT-
puBaeMoii obnactu. Ecnu paccmarpuBaemasi 00JacTh HE 33JaHa aHATUTHYECKH, TO 3a/1a4a MOCTPOCHUS CETKH
CBOJTUTCS K PEIICHHUIO HEJIMHEHHOW 3a1a9l METO/IOM TMOCIIEI0BATEILHBIX IPUOIKSHHH.

Kamnmﬁ Y4aCTOK MOBEPXHOCTU MNPCACTABIIACTCA ABYMCPHBIMH KYGI/I‘ICCKI/IMI/I HUHTCPIOJIAIMOHHBIMHA
crunaitnamu. [lapaMeTpsl cruiaifHa ONMPEeNsoTCs W3 YCIOBUS HEMPEePHhIBHOCTH CIUIAHA M €ro MEpBBIX ABYX
MPOU3BOJIHBIX BO BCEX BHYTPEHHHUX y3JIaX CETKH U KPAeBBIX YCIOBUH JUIS CIUIAiHA.

[IpoBens mapaMeTpu3alMio pacCMaTpPUBaeMOi 001aCTH M BBIPA3UB BCE BEKTOPHBIC M TCH30PHBIC BEJIUYH-
HbI B TIOCTPOEHHOM 0a3mce, 3a7ada OIpPEIENICHUs HampsKCHHO-IEe(OPMUPOBAHHOIO COCTOSIHHS CBOJUTCS K
KJIACCHYECKOMY BHJY — BMECTO 3aJaHHOU CIIOXHOM 00JaCTH, pacCMATPUBACTCS KaHOHHUYECKash 007acTh B BUJIC
€MHUYHOTO KBajapaTa. EqMHUYHBIN KBagpaT pa30uBaeTca Ha MPSMOYTOJIbHbIE OOJNACTH, PElIeHne B KaXKIOM U3
KOTOPBIX TPEACTABIACTCS B BUAC DPMUTOBOTO OMKYOMYECKOTO CIUIaliHa JBYX MEpeMEHHBIX. J[s BhIBOJA pas-
pelIAoNMX YPaBHEHHUI UCTIONB3YETCs BAPUANIMOHHBIN PHUHIUT Jlarpamxka.

B Ttpamummorrom MKD mpu paccMoTpeHHN 000JI09EK CIOKHON T€OMETPHH TPYIHO OOECIEUYHTh HEepas-
PBIBHOCTh KOHEYHBIX 3JIEMEHTOB. Takyke BO3HHKAET MpoOiieMa 0OecrieyeHns HEMPEPhIBHOCTH UCKOMBIX (DYHK-
Ui, HE TOBOPS yXKE O TMEPBBIX MPOM3BOJHBIX 3TUX (QPYHKIHA MEKAY dIeMEHTaMU. B CIIaiiHOBOM BapHaHTe
NPUMEHEHUE NMapaMeTPU3AINU U MPEICTABICHUE PEIICHHS B KAXIOM U3 MPSIMOYTOJILHUKOB B BUJIe KyOUYECKOTo
crutaifHa 00€eCTIeYMBaIOT HEMPEPHIBHOCTD (DYHKIMH MEPEMEIIEHIH U UX MEePBBIX MPON3BOIHBIX BO BCEH paccMar-
puBaeMoi 00JaCTH, YTO SBISACTCS OJHUM M3 YCIOBHIA CXOJUMOCTH K TOYHOMY PEIICHUIO IPU YMEHBIIICHUU Pa3-
MEpPOB MPSIMOYTOJILHUKOB. TakuM 00pa3oM, yAanoch MOJYYHTh COBMECTHBIC 3JIEMEHTHI Ha 0a3e THIOTE3
Kupxrodda — Jlsaa mis obomouek ciaoxuoit Gopmel. Ha 6aze pazpaboTanHOro MeTona ObUIA pEIIeHBI PSJT BaK-
HBIX MPUKJIAIHBIX 337134,

H3BecTHBIE cIOCOOBI IApaAMETPHU3ALMHU

U3BecTHBI CHOCOOB M3MEPEHHs TOPH3OHTATIBHBIX HEPOBHOCTEH' M ompeneneHHs KPUBH3HBI H YKIOHOB
npoduIIsk TOBEPXHOCTH?, KOTOPHIE HE TIO3BONSAIOT (POPMHUPOBATH JTMHUH U TIOBEPXHOCTH CIOXKHOM €OMETPHH U
OTpEACIATh HEPOBHOCTH JBYMEPHBIX OOBEKTOB. M3BECTCH 3KCIIEPUMEHTANIBHBIN CIIOCO0 MapaMeTpHU3allud MHU-
HUMAIBHBIX TIOBEPXHOCTEH, OCHOBAHHEI HA PEelIeHWH JABYXMepHOro ypaBHeHus Jlammaca®, KOTopslii He 1m03BO-
JSIET TOTY4aTh HElIPEePhIBHBIE U IIaAKHE KOHTYPHI MPOU3BOIBLHON KOH(MUTYpaIiy, CBOOOAHO OPUEHTHPOBAHHEIC
B MpocTpaHcTBe. V3BECTHBI TaKkKe CIIOCOO MapaMeTpU3allii MUHUMAILHBIX TOBEPXHOCTEH CO CIOMXHBIM KOHTY-
pom® ¥ croco6 mapameTpu3alME TPEXMEPHHIX TeN CIOXKHOH reoMeTpuu’ [24], B KOTOPHIX HE TIPELyCMOTpEHa
BO3MOKHOCTB 3aJJaHHsI KOOPJAMHATHI KOHKPETHON BHYTPEHHEH TOUKH MTOBEPXHOCTH.

! Tlarent P® Ne 2276216. Crioco6 m3MepeHHii FOpU30HTAILHBIX HEPOBHOCTEH (DUXTOBKH) M KPHBU3HBI B IUIAHE PENBCOBBIX HUTEM. [Ipropuret. 2004.

% TMarent PO Ne 2114391. CrocoObl onpeeneHus KPUBU3HEL M YKIOHOB TPO(MIS MOBEPXHOCTH JOPOKHOTO MOKPBITUS B JIBYX Pa3IMYHBIX
HarnpasieHusx. [Ipuopurer. 1996.

3 Tarent P® Ne 2121166. YcTpoiicTBo /1st pellienus 1ByXMepHOro ypasHenus Jlannaca. 1998.

* Tlatent P Ne 2374697. DKcliepUMEHTAIBHBIN CIIOCOO MapaMeTPHU3allii MUHUMAJIBHBIX IOBEPXHOCTEN CO CIIOKHBIM KOHTYpoM. 2009.

5 Tatent P® Ne 2665499. DxcriepuMeHTAIbHbIH CIIOCO6 NapaMeTpU3aliy TPEXMEPHBIX TeJl CII0KHOM reomMeTpun. 2017.
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BapuanTt napamerpu3ainum NoOBEePXHOCTHU CJI0KHOM HEKAHOHUYECKOH (pOopMBbI

PaccMoTpeH BapuaHT mapaMeTpU3aliy MOBEPXHOCTU CIIOKHOM HEKaHOHMYECKOW (DOPMBI, OTpaHUYCHHOM
YEThIPbMS KPUBOIMHEHHBIMU KOHTYpamu [y, I, I's u I's 1 3agaHHOM KOOpAMHATOM KOHKPETHON BHYTpEHHEH
TOYKH A moBepxHOCTH (pHC. 1).

[TapameTrpu3anuss MUHIMAJIBHON MTOBEPXHOCTH CIOXKHOU (POPMBI, OTpaHUYEHHON YETHIPbMSI KPUBOJIMHEH-
HBIMH KOHTYPaMH H 3aJaHHOW KOOPJMHATON BHYTPEHHEH TOYKM MOBEPXHOCTH. B Hawane miroraBIuBaeM mpo-
CTPaHCTBEHHBIN KapKac M3 KPUBOJMHEHWHBIX (hopMooOpasyrommx pedep a—b, b—c, c—d n d—a, coBnamaronmx c
koHTypamu [}, Iz, ['3 1 Iy (puc. 1). Ha 3tux pebpax memaeM METKH B COOTBETCTBHH C 3aJJaHHBIM THIIOM pa3OnB-
ku. M3roTaBnuBaeM IBYMEpHYIO CeTh B BHJE €AMHUYHOIO KBaJIpaTa U3 ANAaCTHYHBIX (HampHMep, PE3UHOBBIX)
HUTEH 1, KOTOphIe coeanHEHBI B y3nax 2 (puc. 2). Ha xapkac HaTsruBaeM NpoOCTPaHCTBEHHYIO JBYMEPHYIO CETb.
Kapkac ¢uxcupyem Ha KOOpAMHATHON TTIOCKOCTH B TOUKAaX a, b, ¢, d OTHOCUTEIBHO 0a3MCHOTO0 OCHOBAHUS TIPH
MOMOIIIX OTIOp. 3aTeM, HaTATHUBAaeM y3€eJ CETH, COOTBETCTBYIONIEH ToUKe A, 10 KOOPAMHATHI 3aJaHHON I TOUKU
A, 1 puKcUpyeM 3TOT y3eJ YCTaHOBKOH NOMOMHHUTENbHON onopsl (puc. 3). Ilpu 5TOM KOOpAMHATHI Y3JI0B IBY-
MEpHOM CETHU COOTBETCTBYIOT MUHUMAJIbLHON MTOBEPXHOCTH.

Janee, nnst Bcex y3j70B ABYMEpHOU ceTH (puc. 3) 3aMepseM KOOPAWHATHI B IEKAPTOBOHN CHCTEME X, ), Z
TP COOTBETCTBYIOIIMX Tapamerpax f' M {* eAMHMYHOTO KBaapaTa, TO €CTh MOTydaeM KoopauHatel x(1', 1),
¥(t', £), z(t', ) u onpenensieM paanyc-BEKTOPHI B y31IaX CETKH MO (GopMyIIe

F=x(t', )i + (', )] +z(d', )k, (1)

rae i, j,k — eJMHUYHBIE OPTHI B IEKAPTOBOI CHCTEME KOOP/IMHAT.

Puc. 1. IloBepXHOCTH CI0XKHOM I'€OMETPUH
Figure 1. Surface of complex geometry

12

Puc. 2. CeTb u3 31acTUUHBIX HUTEH Puc. 3. Kapkac ¢ ceTblo Ha onopax 4 B Touke A
Figure 2. A network of elastic threads Figure 3. A frame with a network on supports and at point A

Juddeperuupys Beipaxkenne (1) mo ' u £, onpenenseM KOOpAMHATHEIE BEKTOPHI 71 H 7 JUIA KaXI0H TOU-
KH CeTH:

or X =Xy — Yy~ Vo, = Ziy ~Zio T
h=—-71= 1 1 1 1 1 1 k’ 2
ot t.. —t t., —t t., —t
; i1 i1 Tl 1l

i+l i+
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or _ X~ X 0= Vi~ Vijr = Zijmn " Zija

r,=—F= I+ + k,
ot? 2t th -t -t

i+1 i-1 i+1 i-1

i+1 i-1

rae i, j — naeHTH()UKANOHHBIE HOMEpPa y3JIOBBIX TOYEK MO COOTBETCTBYIOIINM HAIIPABIEHUSM KOOPIWHATHBIX

OoceH.
Hanee, ucxons u3 (2), HETPYTHO OTPEACTUTH IS KAKIOH TOYKH CETH KOBApUAHTHBIE d11, d12, A2

2 2 2
— | Ky T Xy Yierj = Vi Zin,j T4
a,=nr = —F———
R £t i~ i = ’
i+1 i-1 i+1 i-1 i+1 i—1
— xi+1,j - xi—l,j xi+1,j - xi—l,j
a =nr, = +
12 172 tl tl l,l tl

i+1 i—1 i+1 i-1

z

N Vi = Vi || Vi = Vi + Zi,y 2 || Zije T 2 | 3)
. —t e ' —t! -2 )
i+1 i—1 i+1 i—-1 i+1 i-1 i+1 i-1
2 2 2
Jp— Xi el — X Yijet = Vija Zi g T 20
R NP |\ T e £o—2 )7
i+1 i1 i+1 i-1 i+l i-1
(byHIaMEeHTaJIbHBIA ONPENeUTENb d:
2 2 2 2
2 Xy T X Yivrj = Vi1 n Ziv,; ~ %1 Xij T X g 4
i | R — P P £ -1
i1 i i1 i i1 i i1 i
2 2
N Vi1 = Vi ja + Zi i T 20 | Ky T i || N T N +
2 g 2 _ 2 T 2 g
i+l i1 i+l i1 i+l i1 i+l i1
2
Yierj = Vicy || Vije1 = Vija Zivy "2y || Zijn T Zi
1 1 2 2 + 1 1 2 2 “4)
t.. . —t t, =t t.., —t T, =t
i+1 i—-1 i+l i—1 i+l i—-1 i+l i—1
¥ KOHTpaBapuanTHsle a'', a'?, a** KOMIIOHEHTHI IEPBOT0 OCHOBHOTO METPHYECKOTO TEH30pa:
2 2 2
g = Xijet —Xi o1 Yijr1 = Vija N Zi el T2 a
= 2 2 g 2P ’
i+1 i1 i+1 i1 i+l i-1
2 _ 2o Xivrj ~ Xy || X T X
a =a =-— 1 1 2 > +
t..,—t 1. —t
i i i1 b
Yierg = Vi || Vit = Vi Zinyy T Ziay || Zign T 20 .
+ /a; (5)
t -t 1t —t t -t th —t
i+1 i-1 i+1 i1 i+1 i—1 i+1 i—1

"EOMETPUYECKOE MOJENMPOBAHWE ®OPM OBONIOYEK 471



Yakupov S.N., Nizamova G.Kh. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(5):467-474

2 2 2
2 || Xy T Xy N Vi = Vioy Zivj T Zimn

1 1 1 1
ti+1 - ti—l i+l ti—l

/a.

Hanee, nucrions3ys (2) u (4), onpeaensieM BEKTOP €AUHUIHON HOPMAIH /1 111 KQXKI0W TOYKU CETH:

_ (n75] | Vi = Yiery Zijn —Zija Yige = Vi Ziy ~Ziay, |+
S SR | R 2o 2 P L
a i+l biel i+l b i+l b i+l biel
Xivij ~Xicy Ziget T 21 X T X Ziagy T Ziey | =
1 1 2 2 T2 2 1 1 Jt

ot 2 -t 2 —t ot

i+l i—-1 i+l i i+ i—-1 i+l i1

Xy T Xy Vi T Vi X "X Vi T Vi Tl
1 1 2 2 P a.
i-1

2 2
i1 ti—l ti+1 - ti—l ti+1 - ti—l ti+1 -

(6)

Ucxons u3 (3), onpenensiem cumponbl Kpucropdens sroporo pona I'rq, Iy, I3y, T3, T2, I3, ans kax-
JIOM TOYKH CETH:

| 4y, Oay, oa,, 10a,) | 1 Oa,, Oa,,
aly=—7—71 ¢4 Y

2 o et 2ar ) T\ Ty

oa 1 Oa a,, oa ) oa 1 Oa a,, Oa
al’l. = p__m | Tum. g2 —g 12 =Yy | Y Yy : 7
2om2ler 20t ) 2 o et 20 ) 2 o 2
aFfz 1 Oa,, oa,, C a2 = a, oa,, 3 oa,, _l 0Oa,,

= a
2 2 0% "lor 28

Taxum o0pazom, ompezesnsieM KOOPAUHATHI, KOMIOHEHThl METPUUYECKOI0 TeH30pa U cuMBoioB Kpuctod-
Genst Ay KaXKI0W TOYKH CETH, HEOOXOAUMBIE TIPU PEHICHUM 3a/1a4d MapaMeTPH3allud TTOBEPXHOCTH CIIOKHON
TEOMETPHH B CINIAHHOBOM BapHaHTe METO0]1a KOHEUHBIX 3J1eMeHTOB [18-22].

3akaouenune

OGOHO‘IKI/I CIIOKHOM T€OMETPUHU BBIACIAIOTCA BBICOKMMU KECTKOCTHBIMU U IMPOYHOCTHBIMU XapaKTCPU-
CTHUKaMU M apXUTEKTYPHON rapMOHHYHOCTHIO. J[i1s1 OoJiee MIMPOKOro MPUMEHEHUS 000JI0UEK CIOXKHOU TeOMeT-
puH He0OXOIUMO JOCTOBEPHO OIIEHWBAThH MX HANPSKEHHO-e()OPMUPOBAHHOE COCTOSIHHE.

O PeKTUBHBIM METOAOM pacdeTa 000JI0UEK CIIOKHOW TeOMETPHH SIBISICTCS CIUTAWHOBEIN BapHaHT METOIA
KOHCYHBIX 3JICMCHTOB, COCTaBHOM YacTbIO KOTOPOT'O ABJIACTCA 3Tall mapaMETpru3alun CpeI[HHHOfI ITOBCPXHOCTH.

Pa3paboTan crmoco0 mapameTpu3aniyi MHHAMAIBHOH MOBEPXHOCTH CIIO)KHON HEKAaHOHUYECKON TreoMeT-
pHUH, OTPAaHWUYCHHON YETHIPbMS KPHUBOJMHEHHBIMU KOHTYpaM{ W OJHON (UKCHPOBAHHOW KOOPAWHATON BHYT-
PEHHEN TOUKH ITOBEPXHOCTH.

OnucaH alropuTM MOCTPOSHUS MPOCTPAHCTBEHHOM CETH, a TaKKe OMpEeNeICHHUs] KOOpAUHAT, KOMIIOHEHT
METPUYECKOT0 TEH30pa M CHUMBOJIOB Kpucrodderns, HeoOOXOAUMBIX MpPH pEIIeHUH 3ajad MapaMeTpu3alid B
CIIJIAfHOBOM BapHuaHTC METOJa KOHCUHBIX 3JICMCHTOB.

[Moxxon MokeT OBITH pacHIMpEH YIS CIIy4acB MapaMeTpU3allui MOBEPXHOCTU CIOXKHOW HEKaHOHUYECKOH
(hopMBI, KOTa PUKCHPYETCS HA TIOBEPXHOCTH HECKOJIBKO TOYEK.
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OnpenesieHue NOAATINBOCTH BUHTOBBIX MY(PTOBBIX COeIMHEHUI
apMaTyphbl Kjacca npounoctu 500 H/mm?

I'.E. I'pumun’ , I.H. Tuxonos'*2, IL.II. Caspacos!?, I'.D. OkonbHuKOBA>
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Hcropus cratbu AnHotanusi. [IpuBeneHs! pe3yapTaThl HAyIHO-HCCIENOBATENBCKONM M OMBITHO-
Ioctynuna B penaxkuuto: 10 aBrycra 2022 r. KOHCTPYKTOPCKOH pabOThI HAa TEMY MOJATIMBOCTH BUHTOBBIX MY(TOBBIX COEAU-
Jopaborana: 1 oktsi6ps 2022 r. HeHu#t apmatypsl kinacca ABS00IL. Llens uccrenoBanus — moy4eHne dKCHepu-
IMpunsra k mybnukammu: 8 okTa6ps 2022 r. MEHTAJbHBIX JAHHBIX JUIS U3YYECHMS BIUSHHUS BUHTOBOI'O MY(TOBOTO COEIMHEHMS

apMaTypbl Ha HOJATINBOCTG (Je(OPMATHBHOCTH) COCAMHEHUS W y4eT XapaKTepH-
CTHK COEIMHEHUs NpU MPOEKTUPOBAaHUU KOHCTpyKimid. [IpoBeneHs! ucciaenoBanus
MIPOYHOCTH U Ie(OpPMATHBHOCTH 00pas3ioB My()TOBBIX COCIMHEHHI apMaTyphl qua-
MeTpoM 16, 25 1 40 MM ¢ UHHOBAIIMOHHBIM YETHIPEXCTOPOHHUM (UETHIPEXPSITHBIM)
BUHTOBBIM TIpodunieM kimacca ABS00II mo MeTonuke MeXIyHApOOHBIX M POCCHH-
ckux HOpM. OOpasLibl U3rOTABIMBAIMCE C PA3INYHBIME MOMEHTaMH 3aTsDKEK KOHTP-
rack ¥ aHKEPHO-KJICeBBIMI COCTABAMH BHYTPH COCJMHEHHS. Pe3yIbTaThl MoKa3am,
YTO JaHHbIE My(TOBbIE COSIMHEHUS MHHOBALMOHHOM 4eTHIPEXPAIHON BUHTOBOM
apmartypsl k1acca ABS00IT yoBIeTBOPSIOT TpeOOBAHIAM MEXTyHAPOIHBIX U POC-

CHICKHIl HOpM IIpU IPUIOKEHUH K 3aTATMBAEMbIM KOHTpralkam OINpENeIEHHOrO
MOMEHTA 3aTsDKKH, 3aBUCAIIMI OT IUMaMeTpa CThIKYeMOW apMaTypbl U IPHMEHEHUH
AHKEPHO-KJIEEBbIX COCTABOB HAa KPYIHBIX U CPEIHMX AUAMETPAX CTBHIKYEMOH apMa-
Typsl. [lorydeHHble B X0l€ SKCIIEPUMEHTA IUarpaMMbl BUHTOBBIX COEAMHEHHUH MO-
TyT HCTIONB30BATECS B MPAKTHKE MPOESKTHPOBAHMS MPH pacyeTe KeIe300eTOHHBIX
KOHCTPYKLMH 10 fehopMaluOHHONH Mozenu. B coBOKynHOCTH 3TO MO3BOJISET BHE-
CTH BUHTOBBIE COEITMHEHHS B POCCHICKYIO CTPOUTENBHYIO HOPMATHBHYIO 0a3y.
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Abstract. The authors present the results of R&D on the topic of coupling slip of
threadbar of class Av500P. The aim of the work was to obtain experimental
data to study the effect of the threadbar coupling on the slip (deformability) of
the joint and taking into account the characteristics of the joint in the design of

structures. The strength and deformability of coupling samples of threadbar with
a diameter of 16, 25 and 40 mm with an innovative four-sided (four-row) thread
profile of class AvS00P have been studied in accordance with the methodology
of international and Russian standards. The samples were made with different
tightening torques of the lock nuts and anchor-adhesive compositions inside
the coupling. Along with the results of the study, it can be concluded that these
couplings of innovative four-row threadbar of class Av500P meet the require-
ments of international and Russian standards when applying a certain tightening

torque to the tightened lock nuts, depending on the diameter of the fittings to be
joined and the use of anchor-adhesive compositions on large and medium diame-
ters of the threadbar to be joined. The diagrams of thread joints obtained during
the experiment can be used in design practice when design reinforced concrete
structures according to the deformation model. Together, this makes it possible
to introduce thread joints into the Russian construction regulatory code.
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BBenenue

B 2021 r. psan 3apyOeXHBIX MPOW3BOAUTENICH apMaTypHOTO ITPOKaTa INIAHUPYET yBEIHMYCHUE TTPOU3BOI-
CTBa apMaTypbl ¢ BUHTOBBIM TpodmiieM. B wacTHOoCTH, smoHckas komnanust Kyoei Steel yBennunia B montopa
pa3a IpoM3BOACTBO TaKOW apMaTypsl Ha cBoux npeanpusatusx B 2020 r. o 1,2 mua T [1-5]. ApmaTypa ¢ BUHTO-
BBIM Tpo(riIeM B jkene300€TOHHBIX KOHCTPYKIHMSAX HMEET PsJ MPEHMYIIECTB 10 CPABHEHHIO C apMaTypou C
JIPYTUMH TPOQHISIMHA B BOIIPOCAX COCTUHEHUSI MEXKIY OTACIBHBIMU CTEPXKHSIMH C ITOMOIIBI0 BUHTOBBIX MYQT.
Takoe coeanHeHHEe OoJiee METAUIOEMKOE U 3KOHOMHYHOE TI0 CPAaBHEHHUIO CO CBapHBIMH M MEHEE TPYAO0EMKOE,
He TpeOyrolee TONOTHUTEIBHBIX pa0d0T CO CIEeNUANTU3UPOBAHHEIM 00OPYI0OBAaHUEM, IO CPABHEHHIO C 00KHM-
HBEIMH MydTamu [6—12]. CiaemyeT OTMETHTH, YTO XapaKTEPUCTHKH apMaTyphl ¢ BAHTOBBIM TpoduiieM Ooiee 1e-
Jiecoo00pa3HO MPUMEHSITh B TEXHUYECKH CIOKHBIX O0BEKTaX CTPOMTENbCTBA. B HacTosmiee Bpems psia oTede-
CTBEHHBIX TIpou3BoAUTENel Poccuy Hadano mMpoU3BOJCTBO C 3aIUTAHWPOBAHHBIM YBEIHUEHHEM 00beMa apMaTy-
PBI ¢ BUHTOBBIM TpodiieM. OCHOBHBIM IPETSITCTBUEM I TPUMEHEHHUSI apMaTyphl ¢ BUHTOBBIM HPOQIIEM B
CTPOMUTEIBLCTBE SIBJIIETCS BBICOKAS MOJATIUBOCTb B COCIUHEHMSX C IMOMOIILI0 BUHTOBBIX My(T [13—18]. B oc-
HOBHOM 3apyOesKHble IPOU3BOANUTENN CHPABHIIMCH C 3TOW 3aJaueii C MOMOIIBIO IPUMEHEHHUS KJIEEBBIX COCTABOB
HETIOCPEJICTBEHHO Ha IUIOMIAJIKaX CTPOUTENHCTBA, MEHBIIMM JOMyCKaM IO TeOMETPUH, KaK apMaTyphl, TaK U
My(dT 1 Goiee BHICOKMM JIOMyCKaM 10 MoAaTiuBocTH [19-26]. MccnenoBanue yka3aHHOTO BBIIIE BOIPOCA, MO-
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TOTOBKA BO3MOXKHOT'O PEILCHUS 110 MOJATIMBOCTU COCIUHEHUM C y4eTOM OTCUECTBEHHBIX HOPMAaTHBHBIX TpeOo-
BAHHMN U BO3MOXHOCTSIMU IIPOU3BOJCTBA B HACTOSAILEE BPEMS BBIIIOJHEHBI HE B ITOJIHOM MEpE.

Tem cambIM BBISIBJICHA HEOOXOJMMOCTb B ITPOBEICHUH KaYECTBEHHOH M KOJIMYECTBEHHOM OLICHKH BapHaH-
TOB COEIMHEHUS C IIOMOIIBIO BUHTOBBIX My(T Ha mpeaMeT NoAaTINBOCTH HanboJiee 4acTo MPUMEHIEMON apMa-
TypBl B CTPOMTENLCTRE Ki1acca pounocTH 500 H/MM? 0TeuecTBEHHBIX MPOU3BOUTENEH.

Takum 00pa3oM, LETbI0 pabOTHI SBIAETCS MONyYeHHE SKCIEPUMEHTAIBHBIX AaHHBIX ISl HCCIEAOBAHUS
BJIMSHUSI BUHTOBOI'O MY(TOBOIO COEAMHEHMS apMaTypbl Ha MOAATIMBOCTE (1e(OPMATUBHOCTH) COCOMHEHUS U
y4eT XapaKTEpUCTUK COEAUHEHUS IIPU MPOEKTUPOBAHUHA KOHCTPYKIIUH.

MeToabl

OO0BEeKTOM HCCIIeIOBaHUS SBISIOTCSA My(DTOBBIE COSMHEHHUS apMaTyphI Kilacca mpoyrocta 500 H/mm?.

JInsl OLIGHKH OCHOBHBIX (PM3MKO-MEXaHHMYECKHX XapaKTEPUCTHK U MOJATIMBOCTH BUHTOBBIX MY(TOBBIX
COEIMHEHNH M3rOTaBIMBAINCH 00pa3Ibl U3 CTEPKHEH apMaTypbl BUHTOBOTO NMPOGMIs ¢ HOMUHAIBHBIM THAMET-
pom 16, 25 u 40 mm xmacca AB500I1. BriOpanHbie tuaMeTpbl COOTBETCTBYIOT HAUMEHBLIEMY, CpETHEMY U Mak-
CHUMaJIbHOMY AMAMETPY IJIS JAHHOT'O COPTaMEHTa apMaTyphl, YTO TIO3BOJIUT BHIIOJIHUTH OLICHKY BCETO apMaTyp-
HOTO TpOKaTa B IIeJIOM, a BRIOpAaHHBIN KJIacC apMaTyphl COOTBETCTBYET Hanboiiee MpUMEHIEMOMY MIPH MPOEKTH-
POBaHMH KeJIe300€TOHHBIX KOHCTPYKLHUH.

Ha ocHOBaHUM BBIIIECKAa3aHHOTO U B COOTBETCTBUH C IPOTPAaMMOM UCTIBITAHUH OBLTH U3TOTOBJIEHBI U HC-
IBITaHbI 00pa3Ibl BUHTOBBIX MY(TOBBIX COCOIMHEHUH apMaTypsl ¢ BapUaTUBHBIMU (aKTOpaMH, YKa3aHHBIMH B
tabi. 1. Beero ucneitano 24 odpasia.

Tabauya 1

XapaKTepUCTHKH 00pa31[0B BHHTOBBIX My(TOBBIX COeJUHEHUI apMATYPHbI /ISl HCHIBITAHUN HA pacTszKeHUe

O apmMaTypbl, MM Ipumeyanus KosnuecTBo 00pa3uos, mr.
16 Be3 xonTpraex 3
16 C 3aTsDKKOM KOHTpraek 3
25 C aHKEpHO-KJIEEBBIM COCTaBOM 3
25 C 3aTsKKOM KOHTpraek 6
40 C aHKepHO-KJIEeBBIM COCTaBOM 3
40 C 3aTsHKKOM KOHTpraek 6

Table 1

Characteristics of coupling samples of threadbar for tensile testing

Bar O, mm Notes Number of samples, pcs.
16 Without lock nuts 3
16 With tightening of the lock nuts 3
25 With anchor-adhesive composition 3
25 With tightening of the lock nuts 6
40 With anchor-adhesive composition 3
40 With tightening of the lock nuts 6

OO0pa3ibl COeMHEHNH ¢ MOMEHTOM 3aTsHKKU KOHTpraek He O0oiee 350 Hw 3aTsruBanuch ¢ moMOIIbIO JTU-
HaMOMETPHYECKOI0 Kito4a (puc. 1), A7 oCcTaabHBIX COEIUHEHUI NPUMEHSIICA TUAPABIMYECKUM KIIIOY C HacoC-
HOM ctaHimei (puc. 2). [Ing coenunenuit apmMatypsl nuamerpoM 25 u 40 MM BBIOpaHBI 110 ABYM Pa3iIMYHBIX MO-
MEHTa 3aTSKKHU KOHTPraeK, HCIOJb3YIOIKECs PU U3TOTOBJIEHUH COEINHEHUH aHATOTHYHON apMaTypBhl.

B xadecTBe ZOMONHUTENBHBIX MEP, HIOMHUMO Pa3IMYHON CTENCHM 3aTSKKU KOHTPraek, Uil KOMIICHCAIIUH
MOJIATJIMBOCTH Ha cpeniHeM (D25 MMm) u MakcuMainbHOM (D40 MM) TuamMeTpe coeqUHIEeMOl apMaTyphl IPUMEHS-
JICh aHKEPHO-KJIeeBbIe COCTaBhl. [0 pesynbTaTaM mpeaBapUTeIbHBIX Pe3yIbTaTOB UCIBITAHUN 1Jis Jaboparop-
HBIX HCIIBITAaHUK OBbLT BBIOpaH aHKEPHO-KJIEEBOW COCTaB Ha LEMEHTHOIH OcHOBe. TeXHOJOrWs 3amloJHEHUs CO-
€AMHUTEIBHON My()Thl IPUHUMANACh B COOTBETCTBUM C MHCTPYKLUSIMH IPOM3BOAMTENEH cocTaBa. OOLmii Bua
00pasIoB MPEACTaBIICH Ha pHC. 3.
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Puc. 1. lunamomeTpudeckuii Kiod
Figure 1. Torque wrench

Puc. 2. HacocHas cTanuus:

a — C THIPABINIECKUM KIIFOYOM; 6 — JUIS 3aTsDKKH COeMHEeHUI ¢ MoMeHTOoM 110 5000 Hm
Figure 2. Pumping station:

a — with hydraulic wrench; 6 — for tightening connections with a torque of up to 5000 Nm

a 6 8
Puc. 3. O6pa3ipl BUHTOBEIX My(TOBBIX COSANHEHHI apMaTyphl:
a— 663 KOHTpFaeK; 6 —C 33T5DKKOi/‘I KOHTpFaeK 663 KJIIECBOT'O COCTaBa, 6 — C KIICEBBIM COCTAaBOM Ha HeMeHTHOﬁ OCHOBC

Figure 3. Samples of threadbar couplings:
a — without lock nuts; 6 — with tightening of lock nuts without adhesive composition; ¢ — with a cement-based adhesive composition
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B coorBerctBun ¢ Tpeboarmamu I'OCT 34278-2017' x My(hTOBEIM COSIMHEHHSIM apMaTyphl MPEIbsB-
JSIOTCSL TpEOOBAHUS TP PACTSHKEHUH B COOTBETCTBHU C TabII. 2.

Tabnuya 2
CBolicTBa MEXaHUYECKUX COCIMHEHU apMATYyPbl IIPH PACTIKEHUH
PaspsiBHOe yeniue Py, kH, JedopmaTuBHOCTD A, MM, PaBHOMepHOe OTHOCHTE/ILHOE YIJIHHEHHE apMATYPbI Op
He MeHee He Oostee nocJjie pa3pylieHus CoelMHEHNs, %o, HE MeHee

o5 As 0,1 2

Upwueqanue: As — HOMUHAJIbHAS iomaab nNonepeYHoOro CCUCHUs1 COoeMHSIEMOI apMaTypbl 10 HOPMAaTUBHBIM JIOKYMCHTaM Ha €€
IIPpOU3BOACTBO, Oz — HOPMATUBHOC 3HAYCHUC BPEMEHHOI'O COIPOTHUBJICHUS COG}II/IHHCMOﬁ apMartypsl 110 I[CI\/'ICTByIOH_[I/IM HOPMAaTHUBHBIM
JOKYMEHTaM Ha €€ IPOU3BOACTBO.

Table 2
Properties of mechanical joints of reinforcement under tension
Breaking force Ps, kN, Deformability A, mm, Uniform elongation of the armature dp
not less than no more than after the destruction of the joint, %, not less than
o As 0.1 2

Note: As — the nominal cross-sectional area of the connected reinforcement according to the normative documents for its produc-
tion; ob — the normative value of the temporary resistance of the connected reinforcement according to the current normative documents
for its production.

a

Puc. 4. UcnsiTanue o6pasiia MEXaHHIECKOTO COSANHEHHS Ha JIeOpMaTHBHOCTh ITPU PaCTSDKSHUH:
a — CXE€Ma pPacIlOJIOKEHUsL HpHGOpOB IIpU UCNIBITAHUU Ha He(bopMaTHBHOCTL; = OﬁIJ_IHI\;I BHUT 06pa3ua B MCIBITATEIbHOM MalllMHE
Figure 4. Testing of a sample of a mechanical joint for tensile deformability:
a — the layout of the devices during the deformability test; 6 —the general view of the sample in the testing machine

I'TOCT 34278-2017. Coenuuenus apMaTyphl MEXaHMYECKUE IS XKeJI1€300eTOHHBIX KOHCTPYKmit. M.: Ctanmaptundopm, 2017.
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Puc. 5. ba3za m3mepenus nedopmanmit
Figure 5. Deformation measurement base

Jlnst ompeneneHusi CBOWCTB, yYKa3aHHBIX B Ta0ia. 2, oOpa3ibl COSIMHEHUH apMaTyphl UCTIBITHIBAINCH Ha
pacTsikeHue B cOOTBETCTBUU ¢ MeToaukoi [[OCT 34227%.

[lepen ucnpiTaHWEeM apMaTypHBIE CTEPXKHU pa3Medaiuch ¢ maroM 10 MM Ais onpeneneHus paBHOMEPHO-
rO YUIMHEHUS apMaTypsl Op MOCIE pPa3pyIIeHUs] COSTUHEHUS.

B cootBerctBun ¢ Meronukoi ucnbitanuii mo 'OCT 34227 mepen onpeneneHHeM pa3pbIBHOTO yCHITHS
HEOOXOJMMO BBHIIOJIHUTH UCTIBITaHUS 00pa3ua Ha aedopmMaTuBHOCTB. sl 5TOrO Ha YCTaHOBJICHHBIC B 3aXBAaThl
UCTIBITATENIbHON MaIIMHbBI 00pa31ibl yCTaHABIMBAINCH IPUOOPEI UI N3MepeHus! 1e(OpMATUBHOCTH (IIOAATINBO-
cTH) yacoBoro tuna ¢ ueHoi meneHus 0,01 MM. CxeMaTnyHOE pacroyioKeHNEe U3MEPUTEIBHBIX PUOOPOB IS
omnpeneneHus AehOpMaTUBHOCTH TTOKa3aHO Ha puc. 4, a. PakTHyeckoe pacnoiokeHne 00pa3oB BHYTPH UCIIbI-
TaTeJIbHOM MalluHbl H300paskeHo Ha puc. 4, 6. baza uzmepenus aedhopmaunii L npu UCObITAaHUK 0Opas3loB CO-
€AVHEHUI IPUHUMAJIACh PAaBHOM [UIMHE My(TOBOI'O COEIMHEHN, 32 KOTOPYIO IPUHUMAETCS JUIMHA MY(ThI ILTIOC
JUITMHBI KOHTPraekK, IUTI0C PacCTOsSHUE paBHOE HE MEHee OJTHOTO AUaMeTpa U He Ooliee Tpex AUaMeTpPOB COSAHHSI-
€MOH apMaTyphl, OTJIOKEHHBIX ¢ KaXKI0W CTOPOHBI CoOeqUHEHUs (puc. 5).

P,xH 4

0,6, A,

L

A._l A, Mas
<

Puc. 6. Cxematn4nblii rpaduk onpeneaeHus A1epOpMaTHBHOCTH A MEXaHHYECKOTO COSANHEHHUS
Figure 6. Schematic graph of determining the deformability of a mechanical joint

[Tpu ucnpiTaHUSIX MY(PTOBBIX COCIMHEHUI UCIOIB30BANICA BTOPOH CIOCO0 ompesesieHus neh)opMaTHBHO-
ct mo 'OCT 34227, KOTOpBIii MOXKET MPUMEHATHCS IJIs1 CTHIKOB ¢ My(dToii mo6oii anunbl. ng storo obpasen
COeJIMHEHUs Harpyxaics g0 ycunus Py, = A;0,60,, mocie 4ero mpou3BOJUIACh €ro pa3rpyska J0 HyJIEBOro
yeunus. JledopMaTHBHOCTE COeAMHEHH A ONpeAessilach 0 NOKa3aHUsIM U3MEPUTEIbHBIX IPUOOPOB KaK OcTa-
TOYHas JedopManusi coequHeHus Ha Oa3e u3MepeHus L. CxeMaTH4HbIl rpauiK Harpy>KeHHs U Pa3rpy3KHd MOKa-
3aH Ha puc. 6.

2TOCT 34227-2017. CoenuHeHHs apMaTyphl MEXaHHYECKHUE IS JKeJIe300€TOHHBIX KOHCTpyKuuid. M.: Ctannaptuadopm, 2019.
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[Tocne onpenenenus nehopMaTHBHOCTH MMPUOOPHI CHUMATK U 00pasell TOBOJMIICS IO pa3pyIIeHUS ¢ HUK-

canueil MaKCUMaJIbHON Harpy3KH.

ITocne pa3pyuIiCHuA 06p3.31_12l O paHEC HAHCCCHHBIM MCTKAM Ha apMATYPHBIX CTCPIKHAX OIPCACIAIN UX

paBHOMEpHOE YUITHHEHHE Op.

Jns cpaBHEHHS pe3yJbTaTOB MCIBITAHWI OBUTM HCIBITAHBI 00pa3Lbl LENbIX CTEpXKHEH apMaTyphl 10 Me-
tomuke TOCT 12004°. O6pasisl LenbIX CTepKHeH B3BEIIMBATHCh ¢ TOYHOCTHIO 10 1,0 T, 6biNa M3MepeHa ux
JutnHa ¢ ToYHOCTHIO 10 1,0 MMm. Ilo pe3ynbraTaM B3BEIIMBAHMS M U3MEPEHHUS UIMHBI LIENbIX CTEPXKHEH omperne-

Js11ach (I)aKTI/I‘IeCKaH mIomanab UX IMONnEPEYHOro CCUCHU.

Pe3yabTaThl 1 00CyxKIeHUSA

Paspymenne Bcex 00pa3IoB Beeria NPOMCXOIHUII0 [0 OCHOBHOMY METAJLTY COSIHMHSAEMBIX CTEpXKHEH (pHc. 7).
Ha puc. 8 u 9 npencrasieHs! 3aBUCUMOCTH 1€()OPMATUBHOCTH U MIPOYHOCTU 00Pa3LOB OT JUAMETPOB CO-
€IMHAEMOM apMaTypsl.
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1,2
1,1

1
0,9
0,8
0,7
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0,5
0,4
0,3
0,2
0,1

0

Hedopmarusrocts, MM / Deformability, mm

Puc. 7. Pa3pyuieHHbie 00pa3ibl
Figure 7. Destroyed samples
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Juametp apmartypsl, MM / Rebar diameter, mm

B $16 6e3 KoHTpraex

B $16,350Hm

A P25, Master Emaco

A $25,2000 Hm

A @25,2500Hm

® P40, Master Emaco
@40, 4000 Hm

® $40, 5000HM

Puc. 8. 3aBucuMOCTh 1e()OPMATHBHOCTH COSMHEHHUIT OT AUAMETpa apMaTyphl H BHIa COSIHHCHHI
Figure 8. Dependence of the deformability of joints on the diameter of the reinforcement and the type of joints

3TOCT 12004-81. Cranb apMarypHasi. MeTobl HCIIBITaHKs Ha pacTskenue. M.: Crangaptundopm, 2009.
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Puc. 9. 3aBHCHMOCTb IPOYHOCTH COSAUHCHHIN OT AHAMETpa apMaTypbl
Figure 9. Dependence of the strength of the joints on the diameter of the reinforcement

MOMEHT 3aTsHKKH KOHTPracKk M aHKEPHO-KJIEeEBbIE COCTABbI BHYTPH MY(DTHI HE BIHSIIOT Ha HTOT'OBYIO
MPOYHOCTH COECMHEHUH, TaK KaK pa3pyllIeHre BCer/ia MPOUCXOIIIO IO OCHOBHOMY METaJUTy CTepKHEH Ha Bcex
nuamerpax. [Ipemen TekydecTn HacTyIal IpH TEX JKe 3HAYCHHAX, YTO U Y IEIbHBIX cTepkHel (0omee 500 MIla)
Tak)Ke Ha BCEX TUaMeTpax.

PaBHOMepHOE yniHEHHE /15 BceX 00pasios > 2 %.

JHedopMaTUBHOCTh COCMHEHNH 3HAUYUTEIHHO YBEITUUMBACTCS 110 MEpEe YBETUUEHHUS AUAMETPa apMaTyphl
kiacca ABS00I1. MydToBbIe coenMHEHMs U3 apMaTypbl 16-ro auaMerpa 0e3 KOHTPrack MMEIOT 3HAYUTEIIbHYIO
MOIATIUBOCTH, HO Bce 00pasnbl ¢ MOMeHTOM 3aTshKku B 350 HM umerot nomatiuBocts < 0,1mMm. Bee coennne-
HUS U3 apMaTypsl 25-To nuaMerpa mponuty tTpedosanue mo nedopmaruBHocTH ['OCT 34278, 3a nCKIITOUeHUEM
onmHOro obOpasna ¢ MomeHToM 3arsokku 2000 Hm. MydroBsie coeqnaeHns u3 apMaTypsl auametrpoM 40 MM,
Ha000pOT, HE MPONLTH TpedoBanus 1o aedopmaruBHOCcTH B < 0,1MM, 32 HcKitoueHneM 1-ro oOpasma c mpume-
HEHHEM IIeMEHTHOTO aHKepHOro coctaBa Master Emaco. Eciu pacecmarpusath TpeboBanus ISO 15835-1-2018* ¢
MaKCHUMaJbHO JOMYCTHUMOH aedopMaTuBHOCTBIO coenuuenuit 0,2 MM, TO coemuHeHus u3 apmarypsl 40-ro nua-
MeTpa ¢ IPUMEHEHHEM IIEMEHTHOTO aHKepa HMEIOT Ie(OPMaTHBHOCTD OJM3KYIO K MPEICTbHOM.

3akaouenue

Ha ocHoBe mpoBeaeHHBIX HCIBITAHUK MOKHO 3aKJIIOYHUTh, YTO AT My(TOBBIX 00pa3lioB BUHTOBOM apMa-
Typsl knacca ABSO0II muamerpom 16 MM JOCTATOYHBIM YCIOBHEM BBITIONHEHHS TPEOOBAHUS IO TOJATINBOCTH
I'OCT 34278 sBnsieTcss OTHOCHTENBHO HEOONbUIONH MoMeHT 3aTsbkku B 350 Hm. lnst amamertpa 25 MM onTH-
MaJIbHBIMH PEIICHUSMU YMEHBIIICHNS [TOIaTINBOCTH SIBJIAIOTCS, KaK U MOMEHT 3aTsDKKU paBHbIN 2500 Hw, Tak u
MpUMEHEHHe aHKEePHO-KJIEEeBbIX cOoCTaBoB. A ans apmarypsl kiacca ABSO0II nuamerpom 40 MM eIMHCTBEHHBIM
CII0COOOM BBIIOJIHEHUS TPEOOBAHUI 110 IOAATINBOCTH SIBIISICTCA IPUMEHEHHE aHKEPHO-KIIEEBbIX COCTABOB.

41SO 15835-1:2018. Steels for the reinforcement of concrete. Reinforcement couplers for mechanical splices of bars. Part 1. Re-
quirements.
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