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The improving of the concrete quality in a monolithic clip
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A.M. Sychova*,

Military Space Academy named after

A.F. Mozhaysky, St. Petersburg, Russia,
L.B. Svatovskaya,

Emperor Alexander | St. Petersburg State
Transport University, St. Petersburg, Russia,
D.S. Starchukov,

Military Space Academy named after

A.F. Mozhaysky, St. Petersburg, Russia,
V.Y. Soloviova,

Emperor Alexander | St. Petersburg State
Transport University, St. Petersburg, Russia,
M.V. Gravit,

Peter the Great St. Petershurg Polytechnic
University, St. Petersburg, Russia

Key words: clip; silica Sol; heavy concrete; Gibbs
free energy; surface energy; surface hardness;
corrosion resistance

A-p mexH. Hayk, npogheccop A.M. Cbiyeea*,
BoeHHo-kocMmuyeckasi akademusi UMeHU

A.®. Moxatickoeo, CaHkm-llemepbype, Poccus,
0-p mexH. HayK, npogheccop

J1.6. Ceamoeckasi,

lMemepbypackuli 2ocydapcmeeHHbIl
yHuUsepcumem riymeli coobweHus Vimnepamopa
AnekcaHOpa |, CaHkm-lemepbype, Poccus,
KaHO. mexH. HayK, doueHm [J.C. Cmapuykoes,
BoeHHo-KoCcMuYeckasi akademusi UMEHU

A.®. Moxatckoezo, CaHkm-llemepbype, Poccus,
0-p mexH. Hayk, npogheccop B.51. Conoeneea,
lMemepbypackuli 20cydapcmeeHHbIl
yHUsepcumem nymedl coobujeHusi imnepamopa
AnekcaHOpa |, CaHkm-lNemepbype, Poccus,
KaHO. mexH. HayK, doueHm M.B. Npasum,
CaHkm-lemepbypackull nonumexHu4Yeckuli
yHusepcumem lNempa Benukoeo,
CaHkm-lNemepbype, Poccus

KnrouyeBble cnoBa: o6oma; KpeMHe30:b;
TshKenbln 6eToH; aHeprusa MMb6ca;
NOBEPXHOCTHAasi 3HepPrus; TBEPAOCTb
NOBEPXHOCTM; KOPPO3MOHHAsA YCTONYMBOCTb

Abstract. The article deals with the possibility of increasing strength, hardness, frost resistance,
water and corrosion resistance of concrete. The reduction of its abrasion resistance and water absorption
by creating a layer of nonorganic monolithic high-strength clip on its surface is also considered.
The possibility of synthesis of such clip by impregnating the concrete surface with a Sol of SiO2 is shown
and thermodynamically substantiated. The mathematical dependence reflecting the strength of concrete in
such a clip is developed. The distribution of efforts between the clip and not strengthened kernel in the
case of load action is shown. The methods of X-ray, differential thermal analysis, electron microscopy and
analysis of pore size were used for researching the phase composition and structure of the clip, as well as
its porous structure. It was established experimentally the improvement of the various performance
properties of concrete due to the presence of inorganic monolithic clip up to 200 %. Corrosion resistance
of concrete in various aggressive environments is demonstrated and the concrete corrosion depth under

the age of 50 years is calculated.

B cratbe nokasaHa
BOOOHENPOHNLIAEMOCTHN,

AHHoOTauus.
MOPO30CTONKOCTMH,

BO3MOXHOCTb
KOPPO3MOHHOM

NOBbILLEHNA  NMPOYHOCTH,
YCTOVI‘-IMBOCTM, a TaKxe

TBEpPOOCTH,
CHWKEHNS

NCTUpaemMoCT 1 BogonornoweHnaA OeToHa 3a c4eT Co3aHus Ha ero NOBEPXHOCTU CIoA HeopraqueCKon
MOHOSUTHOWN BblCOKOI'IpO‘-IHOIZ obormbl. [NokasaHa wu TepMOONHAMUNYECKN 0b60CHOBaHa BO3MOXHOCTb

CMHTE3a Takoln OOONMbI nyTem
mMaTtemaTuyeckas 3aBMCUMOCTb,

MPONUTKM MOBEPXHOCTM GeToHa
oTpaxatllass Mpo4YyHoCTb GeToHa B Takoi ob6oime.

3onem SiO2. PaspaboTaHa
MokasaHo

pacnpegeneHne ycunum mexgy oboMMOM M He YNPOYHEHHbIM SIAPOM B Criyvyae OEeNCTBUS Harpysku.
PeHTreHorpacunyeckmm, gepmsatorpamyeckum MeTogoM, a Takke MeTo40M 3MEKTPOHHOM MUKPOCKOMUM
N NOpoOMEeTpuM uccrnenosaH has3oBbii COCTaB U CTPYKTypa HOBOOOpasoBaHWi OOOMMBI, @ Takke ee

nopucrtasa SKcnepmmeHTaano

CTPYKTYypa.

yCTaHOBIEHO

ynyqyweHnne pgo 200 % pasnuyHbiX

3KCMyaTaumMoOHHbIX CBOMCTB 6eToHa 3a CcYyeT MPUCYTCTBUS HEOpraHW4YecKon MOHOMUTHOW OBONMBbI.
lMokasaHO KOPPO3MOHHAs YCTONYMBOCTL BETOHA B PasnMyHbIX arpeCcCuBHbLIX cpedax u paccymTtaHa rinybrHa

Koppo3un GeToHa B Bo3pacTe Ao 50 ner.

CrraeBa A.M., CeatoBckas JI.b., Crapuykos /I.C., ConoBrseBa B.f1., I'paBut M.B. [loBbeHne kauectBa 6eToHa B
MOHOJIUTHO# 000iiMe // MHxeHepHO-CcTpouTenbHBIH xKypHaIL. 2018. Ne 4(80). C. 3-14.
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1. Introduction

It is known that there are various ways to increase concrete strength, for example, by the
mechanical activation of the concrete mix [1-3]. In addition, methods of physical-chemical and mechanical
activation of cement are widely used in practice [4—7]. But it is well known that the introduction of modifying
additives in the concrete mixture [8-11] cannot implement the provision of cement completely, and it
continues to harden with time.

The use of nanoparticles of different nature to improve the various properties of the concrete follows
from the literature review.

TiO2 nanoparticles effects on physical, thermal and mechanical properties of self-compacting
concrete with ground granulated blast furnace slag as binder is shown in [12].

The effect of limewater on strength and percentage of water absorption of Al20z nanoparticles
blended concrete has been investigated was studied. Portland cement was partially replaced by
Al203 nanoparticles with the average particle size of 15 nm. Utilizing up to 2.0 wt. % Al2Os nanoparticles
could produce concrete with improved strength and water permeability [13].

Splitting tensile strength of concrete using ground granulated blast furnace slag and SiO:2
nanoparticles as binder was studied in [14].

Abrasion resistance and compressive strength of concrete specimens containing SiO2 and Al203
nanoparticles which are cured in different curing media have been investigated was studied [15]. Portland
cement was partially replaced by up to 2.0 wt. % SiO2 and Al20z nanoparticles and mechanical properties
of the produced specimens were measured. Increasing the nanoparticles content has found to increase
the abrasion resistance.

The effect of curing medium on microstructure together with physical, mechanical and thermal
properties of concrete containing ZnO2 nanoparticles have been investigated was present in the work [16].
Portland cement was partially replaced by ZnO2 nanoparticles with the average particle size of 15 nm and
the specimens were cured in water and saturated limewater for specific ages. The results indicate that the
ZnO:2 nanoparticle up to maximum of 2.0 % produces concrete with improved compressive strength.

The use of nanoparticles in SiO2 Sol to harden the surface of concrete has not been investigated to
date, follows from the review of scientific articles.

Nanocoatings are regarded as the most promising high-performance materials for construction
applications [17, 18]. Due to their self-assembly effect, they represent remarkable characteristics against
environmental agents compared to conventional coating materials in construction industry. They also show
high performance in contradiction of energy efficiency, CO2 emission, and the air quality improvement.

Active pozzolacic admixtures, such as silica fume (SF) and metakaolin, are used in modern concrete
technology to obtain high performance properties [19]. Nano-scale pozzolans helps to achieve more dense
microstructural packing and more impermeable cement matrix.

From a review of existing methods of construction hardening it follows that there are many
scenarios of their strengthening, including through the implementation of the clip effect [20]. Nowadays
there are different variants of clips such as metal and concrete which are used as the individual reinforcing
layers [21]. But modification options for creating of a monolithic nonorganic clip in the surface layer of the
concrete at the expense of its impregnation with the solution based on nanoparticles (a colloidal solution)
are not discussed. In addition, from the literature review it follows that the mechanical hardening of the
concrete core due to the creation of such a monolithic durable clip in its surface layer has not been
investigated yet.

The purpose of the research. The development of a method to improve the quality of heavy
concrete by impregnating it with a colloidal solution.

The object of the research. The concrete quality indicators in a monolithic inorganic clip obtained
in the surface layer of concrete due to its impregnation with a colloidal solution.

The subject of the research. Physical and chemical hardening processes occurring in the surface
layer of concrete impregnated with a colloidal solution.

The research problems.

1. Research of physico-chemical and thermodynamic processes of hardening the concrete surface

when it is impregnated with a colloid solution.

2. Research of the value of mechanical hardening of the concrete core due to the effect of the

resulting monolithic clip and the factors affecting it.

3. The evaluation of the concrete quality obtained.
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2. Methods

We have investigated and scientifically grounded the following idea: when creating high-performance
concrete it is possible to strengthen not the whole volume of concrete but only its surface layer. It can be
done by means of its impregnation with sol solution with particle sizes of 1...100 nm. This process is called
Sol-impregnate [22].

In this case two mechanisms will operate, the enabling to improve the concrete strength and other
physico-mechanical characteristics of concrete. The first mechanism is the physical-chemical hardening of
the concrete surface layer, resulting in the creation of a monolithic inorganic ultra strong clips. The second
one is connected with the fact that in the case of the load action the synthesized monolithic clip will
mechanically strengthen the concrete core. In addition to hardening synthesized clip can give concrete the
new operational properties, such as hardness, abrasion resistance, etc.

Figure 1 shows a concrete cube under the action of load P, which consists of a hardened part —
inorganic monolithic ultra-strong clips and nonhardened part — concrete core.

P

¢

clip N Nclip

The core of

l«—The clip
concrete

DNNINNNNNNN

Figure 1. The concrete cube in the monolithic ultra-strong clip

In the first stage, the calculation of load redistribution R between the synthesized clip and concrete
core for the sample of 100 x 100 x 100 mm has been done. The calculation has shown that when the layer
thickness of the synthesized clips is up to 10 mm and in the case of exceeding its strength in relation to the
concrete core 1.5 times there will be 0.65 R on a concrete core and 0.35 P on a monolithic inorganic clips.

Then, we have developed a mathematical dependence (1). It takes into account the influence of the
following factors on the compressive strength of the sample R which is located in the clip: the load
redistribution between the clip and the concrete core; the number of Sol-impregnate faces; cross-sectional
form of the sample and the distance between the upper and lower Sol-impregnate faces.

Rstr=((0.35R)clips*+(0.65R)core)- K -n-1.7(h/a)'°-4 Q)

where Ks — is the coefficient taking into account the cross-sectional form of the sample:
if a cube with sides of 100 mm, then Ki=1
if the cylinder, then Ks= 1.15;
n — is the number of Sol-impregnate faces:
if there are 6 faces, thenn =1.7,
if there are 4 faces (lateral), thenn =1.5
if there are 2 faces (top and bottom), then n = 1.3;
h/a — is the ratio of sample’s height to its width.

The developed formula allows for the first time to calculate and predict the compressive strength of
concrete located in the inorganic monolithic clip.

Then the theoretical principles are given. Their implementation will allow to realize physico-chemical
synthesis of ultra-strong monolithic clips and to obtain concretes with high performance properties.

1. One of the thermodynamic parameters for solid phases of concrete, in accordance with the third
law of thermodynamics is the Gibbs free energy, 4G%ss, kd/mol. The Gibbs free energy reflects the part of
the energy directed into the system from outside (for example, surface energy) which can be converted
into the useful work. The lower the value of the Gibbs free energy of solid phases of concrete, the more
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work is performed by the system in the process of hardening. Figures 2 and 3 show that lower values of
the Gibbs energy and such high physical and mechanical characteristics as compressive strength and
hardness [23, 24] correspond to the low-basic hydrosilicates (CaO/SiOz ratio < 1.2).
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Figure 2. The interrelation of the Gibbs energy with compressive strength of hydrosilicates
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Figure 3. The interrelation of the Gibbs energy with the hardness of hydrosilicates

We are to specify the synthesis of the high strength clip so that the cement system would make the
maximum useful work, i.e. low-basic hydrosilicates with low values of the Gibbs energy possessing high
strength and high hardness would originate on its basis.

2. As well known, nanoparticles have a huge surplus surface energy. In the impregnation with the
sol solution containing nanopatrticles in the concrete surface will occur spontaneous reset of this energy
(4G%98 process < 0). Then, in accordance with the third law of thermodynamics, it will be additional useful
work, which is expressed in the formation of low-basic hydrosilicates and improving physical and
mechanical properties of high strength concrete Figure 4.

3. The use of the ability of high-strength concrete to the spontaneous capillary liquid absorption
(4G%98 physical process < 0) will allow to achieve ultra-high concentration of sol additives in the surface
layer of the concrete at its impregnation. This, in its turn, will increase the intensity of spontaneous
hardening process and speed up their flow, Table 1.
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Figure 4. The scheme of realization of the law of energy conservation while obtaining a high-
strength clip by impregnating the concrete surface with sol solution

Table 1. Spontaneous processes occurring during impregnation of concrete surface with the

sols
The type of process AGC98, kJ/mol

Capillary ascent AGP208<0

Discharge of the excessive surface energy of sol nanoparticles AGY%98<0

The process of hardening of concrete with the formation of low-basic AG%98<0
hydrosilicates

Corking of pores with particles of SiO2 gel and new low-basic AGO298<0
hydrosilicates

4. Extraction of the additional cement reserves at the expense of the energy nanopatrticles of the
injected sols will allow to obtain high-strength monolithic clip by spontaneous physico-chemical processes
(AGP298 process<0):

e binding of Ca(OH): resulting from the basic reactions of hardening, in additional low-basic
hydrosilicates, table 2;

e the increase of the number of the cement having reacted and the decrease of basicity of
hydrosilicates;

e the acceleration of the hardening process in time.

Table 2. The results of thermodynamic calculation of the Gibbs energy, 4G%ss, kJ/mol of the
possible solid phases formed in the surface layer of concrete

The chemical reaction of hardening The estimated AG%s,
kJ/mol
The main reaction of cement hardening
3Ca0-Si02+3H20-2Ca0-Si0,-2H20+Ca(OH)2 —356
2(2Ca0:-Si02)+3H20—3.3Ca0-2Si02-2.3H20+0.7Ca(0OH)2 —218
Additional reactions of cement hardening for the technology of Sol-impregnate
Ca(OH)2+Si02-H.0—»2Ca0-Si02:1.17H20+1.83H20 —95
2Ca0:Si02:1.17H20 + 2(Si02:H20) — 2Ca0-3Si02:2.5H20 (C2S3H2s5) + + 0.67H20 -180
Ca(OH)2+2(Si02-H20)—»>Ca0-2Si02-2H20+H20 -169
6Ca(0OH)2+6(Si02-H20)—»6Ca0-6Si02-H20 (CeSeH)+11H.0 -117.0
5Ca(0OH)2+6(Si02:-H20)—-»5Ca0-6Si02-5.5H20 (CsSeHs)+5.5H20 -585

The implementation of the sum of these theoretical positions will allow to create energy-saving
technology of Sol-impregnate (surface hardening) of concrete without using additional energy from outside.
The use of such technology will allow to obtain an inorganic mineral super strong clip and the bulk of
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fundamentally important performance characteristics of concrete such as strength, hardness, abrasion
resistance, frost resistance, water absorption and integrity of the protective properties of concrete over time
(corrosion resistance).

In the next part of the work the synthesis of monolithic high -strength clips was carried out. According
to the previous calculation the task of the synthesis was to obtain the strength characteristics of monolithic
inorganic clip 1.5 times higher than of not hardened concrete core.

In accordance with the earlier developed method silica Sol (SiO2) was chosen for the impregnation,
because previous studies showed its activating effect on the concrete.

At the beginning the most rational conditions of hardening necessary for obtaining a high strength of
the concrete surface layer due to its impregnation with a Sol of SiOz2were stated. For this purpose, samples
of heavy concrete class B30 with the size 100 x 100 x 100 mm have been produced. In the process of their
production Portland cement CEM 42.5, granite crushed stone of 5-10 mm and pit sand with a fineness
modulus of Mr = 2.26 were used. The composition of concrete are shown in table 3.

Table 3. The consumption of the components per 1 m3 of concrete mix, kg

Cement Sand Crushed stone Water
370 802 1063 155

In order to achieve a well-developed pore structure, providing spontaneous capillary inflow of the
sol into concrete surface, the time of concrete hardening was investigated under normal conditions before
the impregnation. The time period was twenty four hours because the mass of the absorbed silica sol in
this case was maximum.

Then the assessment of the rational time of impregnation of concrete samples in the SiO2 Sol
solution with their subsequent hardening under normal conditions (temperature = 20 + 2°C and
humidity = 95 %) for 28 days was made. The impregnation time was 3 days. For impregnation of concrete
surfaces the industrial silica Sol SITEK of 3 % concentration was used.

3. Results and Discussion

The quality indexes developed by the concrete which has been obtained by the technology of Sol-
impregnation are given in the Table 4. The table shows that in comparison with the control samples
hardness increases by 30 %, the compressive strength of concrete increases by 78 %, tensile strength in
bending of 76 %, the water resistance increases by 75 %, frost resistance increases by 200 %, the water
absorption decreases by 60 %.

Table 4. Quality indexes of the concrete developed on the basis of surface strengthening by
Sol-impregnation

The name of index Control sample Strer1sg3itor12esna%f;|r1ee sol Igz;ﬁﬁi’e;f
Hardness number by Moos 4 6 75
Compressive strength 39.3 MPa 69.9 MPa 78
Tensile strength in bending 5.2 MPa 9.2 MPa 76
Index of crack resistance 0.132 0.153 16
Abrasion resistance 0.89 g/cm? 0.67 g/cm? 25
Water resistance 0.8 MPa 1.4 MPa 75
Frost resistance, cycles 200 600 200
Water absorption 4.7 % 1.9% 60
Elastic strength, MPa-103 32.5 445 37

Further work was connected with physico-chemical investigation of sol strengthen concrete layer.

In accordance with the carried out X-ray investigations, and differential thermal analysis, Figures 5,
6, Table 5, it was revealed [25] that the increase of the mechanical properties is connected with the
formation of the concrete low-basic hydrosilicates of type CeSeH, CSH(l), C2SsH2.5, C3S2H3 with low values
of the Gibbs energy in the surface sol strengthen concrete layer, table.2. Besides that, Ca(OH)2 and CsS
are absent in the samples, which confirmed the previous assumption that with the injection of sol SiOz,
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calcium hydroxide is bound in the additional low-basic hydrosilicates and the main cement reserve is

exhausted.
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Figure 6. Diversional thermal analysis of the cement stone samples: a — control sample,
b — sample, impregnated with silica Sol

Table 5. Results of calculation differential thermal analysis of the cement stone samples

The composition of
the impregnate

Endothermic effect T, °C

Loss of water, mg

Total mass loss
on the effects, mg

Loss of water in
the gel phase, mg

(30-170) (470-530) | (680-820)
- 15.00 7.60 15.20 37.80 37.70
Sol SiOz 31.70 5.30 24.60 61.60 8.70

The data shown in the Table 5 confirm the data of X-ray studies. Endothermic effects in the region
of 30 to 170 °C, 470-530 °C, 680—820 °C correspond to dehydration of C2S3Hzs, endothermic effect in the
field of 680-820°C also corresponds to the dehydration of CsSsH and endothermal effect in the field 400°C
corresponds to the dehydration of C3SzHs [25]. The total mass loss on the effects increases 1.6 times,
indicating a deeper degree of cement hydration in the presence of silica sol. The loss of water in the gel
phase of the Sol sample decreases 4 times, which confirms that the redistribution of water in the direction
of its increase in the crystalline phase takes place.
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By means of the electron microscopy it was revealed that the new phases of hydrosilicates are
concentrated in the surface layer of 1 sm depth and in the pores, causing their blockage, Figure 7. The
largest concentration takes place in the layer the thickness of which is up to 7 mm.

Figure 7. Photographs of the slice of the sample impregnated with silica Sol, in secondary
electrons at different magnification: the 1 — low-basic hydrosilicates at the depth of h=1 mm;
the 2 — low-basic hydrosilicates at the depth h=2 mm; the 3 — low-basic hydrosilicates at the depth
h=3 mm

New phases form the "bridges" that binds the grains of the cement stone. At the depth of 1 cm the
composition of the sol strengthen concrete is equal to the composition of the control sample.

Then, the authors investigated the porous structure of concrete samples of the class B30. Studies
have shown, table 6, that in the samples impregnated with SiO2 Sol the specific surface area of the pores
decreases 2.14 times, the volume of sorbenting pores with a radius < 50 nm reduces 1.3 times, the volume
of macropores with a radius of =2 50 nm decreases 1.28 times. These results confirm the data of microscopic
researches and shows that new phases fill the pores of the cement stone, which makes the structure more
dense and also contributes to the increase of the strength, hardness, frost resistance, water resistance,
corrosion resistance and durability of concrete.

Table 6. The results of determining the pores structure of the concrete samples

The name of the The specific The volume of The volume of The total volume of
sample surface of pores, sorbent pores, macropores, the pores,
Ssp, m?/g Vs, cm3/g Vm, cm3/g Vs, cm3/g
Control 3.0 0.04 0.09 0.13
Strengthened with 14 0.03 0.07 0.10
the sol SiO2

Thus, it was proved experimentally and based scientifically that the technology of surface hardening
of concrete with a Sol of SiO2 leads to production of inorganic high-strength clip. The effect of its action
allows to increase the strengthen of the concrete core mechanically and to get the bulk of fundamentally
important performance properties.

Then the degree of the preservation in time of the achieved level of the concrete properties was
evaluated.

The assessment includes two stages. The first stage estimates the corrosion resistance of concrete
after surface hardening, because physico-chemical studies have shown that the technology of surface
hardening of concrete Ca(OH)2 transforms into the new phases concentrated in the pores of the surface
layer and increasing its strength and density. Thus, the created inorganic high-strength clip acts as a
protective corrosion barrier. It eliminates two main causes of the corrosion: chemical — due to the reaction
Ca(OH)2 with the reagents of the environment [26], and physical — due to the formation slightly soluble salts
in the pores and capillaries of the concrete, causing considerable stress and , contributing to the destruction
of the concrete structure [27, 28].

The evaluation of corrosion resistance was made in three types of aggressive environments causing
the cement stone corrosion: 1 medium-5% solution of MgClz-causes the magnesia corrosion, 2 medium-
5 % H2S04 solution-causes the acid corrosion, 3 medium-5% Na2COs solution - causes the alkaline
corrosion, table 7. As a result the coefficient of corrosion resistance (2) in different physical environments
ki was calculated.

ki=R1/R2 (2

where R1 — tensile strength in bending of surface-hardened sample in the aggressive environment;
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Rz — tensile strength in bending of the control sample at the age of 28 days under the condition of
normal hardening.

Analysis of the data achieved shows that according to the normative classification for chemical
resistance of concrete in aggressive environments the concrete sample after surface hardening with a Sol
of SiO2 can be attributed to chemically resistant concrete, because its corrosion resistance coefficient is
above 0.8. So the developed anti-corrosion barrier can significantly increase the coefficient of corrosion
resistance of concrete at the age of 12 months. It increases up to 27 %.

Table 7. The coefficient of corrosion protection of concrete in various aggressive
environments

The coefficient of corrosion resistance of concrete in various aggressive
environments

. . . . The alkaline corrosion,
The kind of simple Magnesia corrosion, MgClz The acid corrosion, H2SO4 Na>COs

The time of the samples using in an aggressive environment, months

1 6 12 1 6 12 1 6 12

Control 0.84 0.78 0.72 0.78 0.73 0.68 0.85 0.80 0.74

Impregnated with

the sol SiO» 0.97 0.95 0.92 0.95 0.90 0.87 0.98 0.97 0.94

At the second stage, the time of preservation of the achieved level of physical and mechanical
properties of high strength concrete is estimated. For this purpose the calculations of the destruction depth
of the synthesized concrete in the time h, in accordance with the existing formula (3) was made. The
calculation showed that at the age of 50 years, the corrosion depth does not exceed 0.74 cm, which is
8 times lower than the allowable corrosion depth of concrete at the age of 50 years in accordance with the
building codes. This ensures the preservation of the achieved level of operational properties of concrete in
time, Table 8.

h=(k 1°5-)/(S P'ca0) (3)
where k — the experimental coefficient, determined by preliminary tests;

t — the time for which the depth of destruction (days) is forecasted;

a — the correction factor taking into account that the initial period of corrosion passes through a
diffusion-kinetic mechanism;

S — the consumption of cement in concrete, kg/m?;
Plcao —the content of CaO in cement, %.

Table 8 The results of the calculation of the corrosion depth of concrete after surface
hardening with the Sol of SiO:

Age of concrete, years Corrosion depth of concrete
impregnated with Sol, cm
10 0.3
20 0.45
30 0.57
40 0.67
50 0.74

On the basis of obtained results it can be concluded that the forecast expressed previously have
been confirmed, and the developed technology allows to obtain such solid phases in the strengthened
surface layer of concrete, which have lower values of the Gibbs energy. These phases have increased
strength and hardness and lead to the formation of inorganic high-strength clip. It improves the
physico-mechanical characteristics of concrete up to 200 %, and allows to preserve them in time.

The proposed technology of concrete surface hardening allows to obtain high-strength concrete. In
comparison with other methods of hardening, for example, the use of pozzolanic additives or changes in
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concrete hardening conditions [29, 30], the efficiency is much higher (the compressive strength
increases by 78 %). But other high-strength concrete, do not have high hardness, corrosion resistance, etc.

4. Conclusions

1. This paper proposes the method to improve the quality of concrete at the expense of its surface
hardening by impregnating with an inorganic Sol of SiO2 with the creation of a monolithic inorganic high-
strength clips.

2. It is shown that under the action of load P the redistribution of the gains in the sol strengthen
sample between the clip and the hardened core takes place: No = 0.35 R, Ncore =0.65 R; the presence of
the clip provides an increase in strength of the entire sample up to 50 %.

3. For the first time we have developed a mathematical dependence, allowing to calculate the
strength of the concrete sample in the monolithic inorganic clip depending on the cross-sectional form of
the sample, the number of Sol-impregnate faces and the ratio of the height of the sample to its width.

4. It is determined that the surface strengthening of concrete with a Sol of SiOz results in the
creation of a high strength layer. The basis of the layer consists of the low-basic hydrosilicates with lower
values of the Gibbs energy, 4G%us, kJ/mol and with high values of strength and hardness.

5. ltis stated that the surface strengthening technology allows to improve the physical-mechanical
properties of concrete such as compressive strength, and tensile strength in bending, frost resistance,
hardness, abrasion resistance, water absorption, water resistance up to 200 %.

6. It is shown that the technology of surface hardening of concrete leads to the formation of
corrosion-protective barrier, which greatly increases the resistance of concrete to various aggressive
environments, the corrosion depth of concrete not exceeding 0.74 cm for 50 years.
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Mechanical properties of synthetic fibers applied to concrete
reinforcement
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Abstract. Short synthetic fibers are increasingly used for reinforcing of cement-based composites
along with metallic and inorganic fibers. In this work, the mechanical properties of short polypropylene
fibers with different structures were investigated. The main characteristics, including tensile strength,
Young’'s modulus, strain at maximum load, and work of rupture were determined. In addition, fiber
samples were examined for creep at various loading levels up to 50 % of the tensile strength.
Relationship between the creep strain rate and applied stress for the fiber samples was determined. The
results obtained can be used for selection the synthetic fibers for the reinforcement of cement-based
composites.

AHHOTaumA. KopoTkne cuUHTEeTMYecKMe BONOKHa npuobpeTtaloT BC€ Gonblloe pacrnpocTpaHeHue
ANA apMupoBaHua GeToHa Hapsagy C MeTannUMuYeckMMM U HeopraHWYecKUMu BONoKHamu. B aaHHoi
paboTe wuccrneaoBaHbl MeXaHWYecKMe CBOWCTBA KOPOTKUX MONMMPOMUIIEHOBLIX BOSIOKOH PasfMyHoro
cTpoeHusi. OnpegeneHbl OCHOBHbIE XapakTepUCTUKK, BKIOYasi MPOYHOCTb MPU PacTsHkeHUN, yarnMHeHne
npy MakcumanbHoW Harpyske, paboTa paspbiBa M Moaynb ynpyrocTu. Kpome Toro, obpasubl BONIOKOH
nccrnenoBaHbl Ha MON3y4ecTb NPU PasfUUHbIX YPOBHAX HarpyxeHuss go 50 % OT npoyHoCcTV npu
pacTspkeHun. [Ons o6pa3uoB BofoOKHa Obina BbiBeAeHa 3aBMCUMOCTb MEXAY CKOPOCTbIO MOM3Yy4ecTn u
NPUNOXEHHOW Harpyskoi. [MonyyeHHble pe3ynbTatbl MOryT ObiTb MCMOSb30BaHbl Npu  BbiGope
apMMpYIOLLIMX BOJIOKOH ANt GeToHa.

1. Introduction

The development of structural cement composites reinforced with short fibers has been the focus
of many studies in the last three decades [1-9]. This is mainly due to a significant improvement in the
mechanical properties of concrete composites. The combination of short fiber reinforcement and the
concrete matrix has led to the formation of fiber-reinforced concrete (FRC). FRC finds different
applications in civil engineering, ranging from architectural elements to precast structural elements.
Synthetic fibers may replace the conventional steel bar reinforcement, or along with it. The main
advantage of FRC is the control of concrete cracking, the weight reduction of the building structure and
the consumption of conventional steel reinforcement. It also significantly minimized the need for concrete,
improves ductility, impact resistance, and increases the durability, which helps to reduce the amount of
harmful emissions during its manufacture.

Various short fibers made of different raw materials have been employed for concrete composites.
These short fibers include metal fibers, glass fiber, natural fibers and synthetic fibers [10]. Metal fibers are
usually made of steel [11]. Their main undoubted advantage is the high Young's modulus of
around 210 GPa. The main disadvantage is their low corrosion resistance, as well as for traditional steel
reinforcement. Inorganic fibers mainly include glass and basalt fibers containing in their structure special
additives (for example, zirconium dioxide ZrO2), which leads to a significant increase in resistance to
aggressive environment [12]. In practice, some manufacturers produce special types of alkali-resistant
fibers (AR glass fibers), designed specially for reinforcing concrete. Natural fibers include sisal, jute,
hemp, etc. [13]. Their main advantage is low cost. However, the main drawback is high water absorption

Kupcanos A.U., Cromsipos O.H. Mexannueckne CBOWCTBAa CHHTETHYECKHAX BOJIOKOH ISl apMHpoBaHus GetoHa //
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and low biological stability. Another type of fiber used in reinforcing concrete is synthetic fibers. The
variety of properties of the synthetic polymers makes it possible to obtain fibers with different properties.
Many types of synthetic fibers, such as polypropylene (PP), polyethylene (PE),
polyvinylalcohol (PVA), etc., are used to reinforce concrete. The mechanical properties of fibers depend
on the material, density, length, length-to-diameter ratio, fiber shape, etc.

The reinforcing mechanism of a fiber in a concrete matrix is very different from a polymer matrix
because of the brittleness of the concrete. In polymer composites, the matrix is usually more ductile than
fiber. Therefore, in concrete composites, the matrix is destroyed before the strength properties of the fiber
can be realized. Thus, fiber reinforcement becomes effective mainly after the crack of the matrix. The
main characteristics influenced by the addition of short fibers to concrete are impact strength, fracture
toughness, fatigue strength, dynamic strength, tensile strength [14—16]. In addition, short fibers are used
as a supplement to conventional steel reinforcement to prevent cracking and improve resistance to
degradation of properties resulting from fatigue, impact, shrinkage and thermal stress [17, 18]. To
increase the work of rupture or toughness of concrete structures, metal fibers are used, while synthetic
fibers are more often used to reduce crack opening during shrinkage [3, 19]. However, the equal amount
of steel and synthetic fibers did not lead to the same results in toughness. In [3], the influence of steel
and synthetic fibres on the flexural and compressive performance of FRC was investigated. It was found
that that the steel fibres reinforcement increased the compressive strength by about 4 and 5 MPa while
the synthetic fibres increased it only by 2—3 MPa. According to other studies, the effect of synthetic fibers
on the toughness is comparable to steel fibers [4]. Cifuentes et al found that synthetic PP fibers in FRC
slightly increased the mechanical properties, but greatly increased its fracture behaviour and ductility [20].
Freitas et al found that the presence of a short randomly oriented polypropylene fiber (1.7 % by volume)
leads to a decrease in compressive strength and modulus of elasticity by 20% and 15 %,
respectively [21]. In [22], fiber-reinforced concrete samples with addition of steel, polypropylene,
polyolefin fibers were investigated. The addition of fibers had no any considerable effect on compressive
strength of the FRC. However, the properties of fibers affected on reducing the cracking width. The steel
fibers showed the best performance due to their hook-shaped tail compared to PP fibers.

Considering the properties of fibers, one should especially highlight their viscoelastic behavior,
which is common for polymer materials [23-25]. Since synthetic fibers are a polymer material, creep
deformation is observed when constant load is applied to the samples. This phenomenon has been
extensively studied in fiber-reinforced concrete samples by many authors [26—31]. The viscoelastic
properties of the fibers and their effect on structural properties of FRC have been only investigated in a
small number of works [32-35]. However, the viscoelastic properties of the fibers used for reinforcing
concrete can have a significant effect on the mechanical performance of FRC. Vrijdaghs et al [32]
evaluated the creep of two types of PP fibers with a length of 45 mm and diameter of 0.90 and 0.95 mm.
To determine the Young's modulus and the maximum tensile load, tensile tests were carried out. In creep
test, the load levels of 22, 36, 43, 53, 63 % of the maximum tensile strength were applied to the samples.
It was shown that the load level influences the time to failure. They also concluded that creep deformation
can play an important role in the total crack width growth in FRC elements. In [33], viscoelastic properties
of concrete reinforced with synthetic PP macrofiber were considered. The individual fiber was tested for
creep. For a four-day period, a constant load of 30 % of the average tensile strength of fibers was applied
to the sample. It was found that synthetic fibres showed significant tensile creep at the load level of 30%
and higher. The crack widening in FRC under loading has two mechanisms: time-dependent fibre pull-out
and time-dependent fibre creep. Zhao et al [36] studied the effect of the fiber type (Steel, PP, PVA,
basalt) on the creep of FRC. It was concluded that the Young’'s modulus of the added fiber exerts the
greatest influence on the creep of the samples: if it is higher than the Young's modulus of the concrete,
then creep resistance decreases, if lower then increases.

This work aims to study the mechanical and creep properties of macro PP fibers applied to
concrete reinforcement. The objective of this work included:

1. evaluate mechanical properties of PP synthetic fibers with different configurations;
2. study the creep of PP fibers at different load levels;
3. establish the relationship between the fiber configuration and their mechanical properties.

2. Methods and materials

2.1. Materials
In this work, macro PP fibers with different configuration (fiber geometries) were studied.
Generally, two types of fiber configurations including crimped (wave shaped) and surface intended

Kirsanov A.l., Stolyarov O.N. Mechanical properties of synthetic fibers applied to concrete reinforcement.
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geometries were selected for this study. This modification along the fiber length significantly improves the
bond characteristics. Synthetic fibers for concrete reinforcement is shown in Figure 1a. Close view with
magnification of 45x of two different types of synthetic fibers with different configurations is shown in
Figure 1b. The upper picture denotes the fiber with surface intended geometry and the lower picture
denotes the fiber with crimped geometry. Both considered fiber types had elliptical cross-sectional
geometry. The characteristic of the investigated PP fiber samples are listed in Table 1. These two types
of PP fibers are dominated in the market of FRC.

(b)

Figure 1. Synthetic fibers for concrete reinforcement (a) and view with magnification of 45x (b)
Table 1. Properties of PP fibres

Sample Fibres Length, mm Cross-sectional Linear density, Fiber configuration
designation area, mm2 tex
#1 53 0.8 610 surface intended
#2 37 0.72 590 crimped
#3 46 0.54 510 surface intended
#4 37 0.66 600 crimped
2.2. Methods

2.2.1. Tensile test

Computer controlled electronic universal testing machine Instron 5965 was used in this work. This
machine enables for conducting tension, bending, and compression testing of various materials. The
short PP fibers were tested in uniaxial tensile test. Samples of short fibers for tensile testing were
prepared according to following method. The free ends of the fiber specimen were clamped to a special
paper frame as shown in Figure 2. The fixing of the fiber end was ensured by applying glue. Then,
specimens were left until tensile testing. Five specimens were tested for each type of PP fiber. The fiber
specimens were tested with a test speed of 10 mm/min and a gauge length of 20 mm. The tensile
strength (omax), Strain at maximum load, Young’'s modulus and work of rupture (also called toughness)
were determined from the stress-strain curves.

Figure 2. Fiber in a paper frame for tensile testing (a) and uni-axial tensile test (b)

Kupcanos A.U., Cromsipos O.H. Mexannueckne CBOWCTBAa CHHTETHYECKHAX BOJIOKOH ISl apMHpoBaHus GetoHa //
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2.2.2. Creep test

The creep test was performed on an Instron 5965 tensile machine. The creep behaviour of fibre
samples was performed at different levels of loading up to 50 % of the tensile strength with the step
of 10 %. Preparation of specimens for creep test was done similar as for tensile tests described above.

3. Results and Discussion

3.1. Tensile properties of the fiber samples

The stress-strain curves obtained from all the studied fiber samples are shown in Figure 3. As can
be seen from these curves, the fiber samples have a different curve type. Mechanical behavior differs
significantly for different fiber types. The tensile characteristics of fiber samples were determined from the
stress-strain curves. These characteristics were plotted as histograms and are shown in Figure 4.
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Figure 3. Stress-strain curves of PP fiber samples

The tensile strength of fibers differs more than twice and does not depend on the fiber type. The
fiber samples of the first group, both with an intended surface (#1) and crimped surface (#2), showed a
maximum tensile strength of about 350 MPa. However, the Young's modulus for these two fiber samples
varies substantially, i.e. it differs by a factor of ~ 3. This is clearly demonstrated by the slope of the initial
part of the stress-strain curve. The lower values of the Young’s modulus of fiber sample #2 are affected
by the structure of the fiber geometry. The fiber with crimped geometry shows a lower value of the
Young's modulus; since to remove the crimp some additional work is necessary. The fibers of the second
group #3 and #4 have a lower strength compared to values of fiber samples #1 and #2. In this case, the
tensile strength and Young's modulus values were similar for both fiber samples.
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Figure 4. Tensile properties of PP fiber sample, including 95% confidence interval

Analyzing the obtained data on mechanical characteristics, it should be noted that the
characteristics of the fibers are in similar ranges obtained by other authors. According to [37], tensile
strength of the PP fiber varies from 310 to 760 MPa and Young’s modulus — from 3.5 to 4.9 GPa. In [20],
studied PP fibers with different properties have the tensile strength in the range from 288 to 450 MPa. In
work [4] tensile strength and Young's modulus values of selected PP fibers were 640 MPa and 10 GPa,
respectively. Another important mechanical characteristic of fibers for reinforcing concrete is plastic
deformation and work of rupture. These characteristics determine the ability of the PP fibers and,

Kirsanov A.l., Stolyarov O.N. Mechanical properties of synthetic fibers applied to concrete reinforcement.
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consequently, of concrete to resist prolonged plastic deformation. This also provides a large residual
load-bearing capacity of the concrete elements. Analyzing the data presented in Figure 4b, we can
conclude that the obtained values of the characteristics of plasticity strongly depend on the work factor of
the tensile diagram and values of the tensile strength. For the first group of fibers #1 and #2 with higher
characteristics, the plasticity are higher in comparison to that of the samples #3 and #4. This fact will
ensure a longer work of the fiber in concrete and, as a consequence, its plasticity. The magnitude of the
work of rupture decreases proportionally with decreasing their tensile strength.

To conclude, the mechanical characteristics of synthetic fibers used for concrete reinforcement
differ significantly. The fibers studied in this paper represent the optimal sample for a range of properties
in terms of tensile strength, Young’s modulus, strain at break and work of rupture among all typical
reinforcing short fibers for concrete.

3.2. Creep behaviour of the fiber samples

When performing creep tests, the loading levels of the PP fibers are of particular interest. Creep
tests are generally performed at the load levels up to 50% of the maximum tensile strength. If we
compare loading levels with other researchers, then we can note that they lie approximately in the same
range. Only the load step is varied. For example, in [32] the load levels were chosen at 22, 36, 43, 53 and

63 % of omax, then in [35] these steps were equal to 25, 40, 50, 60 and 75% of omax. The load levels,
which are more than half of the tensile strength, lead to a sharp increase in the creep rate, which does
not quite objectively reflect the real properties of the synthetic fibers for creep. Load levels from 60
to 90% are usually used in creep rupture test. Therefore, when planning the experiment, loads of up to
50% of the maximum load were applied with the step of 10 %. This approach makes it possible to
perform comparative analysis for different fibers at the same relative loading levels.

The creep curves obtained for PP fiber samples #1, #2, #3, #4 are shown in Figure 5a, b, c, d,
respectively. As can be seen from the presented curves, all the samples have exceptional viscoelastic
properties, which manifest themselves in a significant increase in the creep strain with an increase in the
level of the applied load. This behavior is typical for all synthetic fibers, including PP fibers for reinforcing
concrete [32, 35]. The slope of the creep curve determines the creep rate. As can be seen for all the
curves, the creep strain rate starts to grow already at a level of 20—30 % of omax. At a load level of 50 %

of omax, the creep rate increases significantly. In practice, this means that the fiber does not exist for an
arbitrarily long time to sustain such deformation. In order to compare the different fiber samples, the
values of strain rate were plotted against the applied load as shown in Figure 6. These curves show a
change in the creep rate with increasing applied load. A greater slope of the curve indicates a worse
creep resistance of the PP fiber.

Relationship between the creep strain rate and applied stress for the fiber samples #1 #4 are
given in equations 1-4 respectively.

¢ =(-42.59+7.230,, )-10°° )
¢=(28.20+5.750,,, )-10°° )
¢=(-116.16+13.030,, )-10°° 3)
¢ =(-91.50+8.590,, )-10°° )

As can be seen from Figure 6, the curves of fiber samples #1 and #2 have the smallest slope as
expected. However, fiber sample #2 demonstrates less stability in creep rate than sample #1. Although
the slope of its curve is the lowest, the initial creep at a level of 10 of omax here is much higher than for the
other three samples. Thus, the positive effect of a smaller angle of slope here is not determined by
greater initial creep. At the structural level, this can be explained by crimp removal behavior of the fiber.

The practical application of the equations has two aspects. First, the comparative analysis of short
reinforcing fibers of different structures can be made from the obtained coefficient. The selected fiber type
based on this comparison will show a more stable behavior to load resistance already directly in the fiber
reinforced concrete. This is very important, for example, with the ability of the stretched fiber to maintain
the concrete when broken. Secondly, these equations allow us to determine the allowable stresses
applied to the PP fiber.

Kupcanos A.U., Cromsipos O.H. Mexannueckne CBOWCTBAa CHHTETHYECKHAX BOJIOKOH ISl apMHpoBaHus GetoHa //
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4. Conclusions

In this paper, four different types of PP short fibers having different configurations and mechanical
characteristics were investigated. The mechanical characteristics including tensile strength, Young'’s
modulus, strain at maximum load and rupture work were determined. The results showed that the
mechanical characteristics of the reinforcing PP fibers are dependent on their structure and the fiber
geometry. According to the results obtained, the fiber samples can be divided into two groups, including
PP fibers with a minimum tensile strength range (~150 MPa) and an average tensile strength range
(~350-400 MPa). Moreover, it was shown that configuration of the fiber is not a key factor in determining
the tensile strength parameters of the fiber. The characteristics of the fibers in the creep tests were also
examined at different load levels up to 50 % of omax. It was shown that the creep rate increases
substantially with increasing level of the applied load. For fibers with higher strength, the creep rate is not
as high as for fibers with lower strength. Summarizing the results, the relationship between configuration
of the fibers and their mechanical properties was established.
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Influence of the compensating device parameters on the
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KaHnd. mexH. Hayk, cmapwutli npenodagamerb
K.B. Koxaeea,

Yepumckuil eocydapcmeeHHbIlU HeghmsHOU
mexHu4eckul yHugsepcumem, Ydhba, Poccusi

KntoueBble crioBa: aKCNEpPUMEHT;
KOMMEeHcUpytoLee yCTPOUCTBO; pauuoHarbHbIe
napameTpbl; KO3 MUUNEHT YTOYHEHUS HOPMBbI

KkomneHcaTopa; obecneyeHne yCTONYNBOCTM
TpybonpoBoaa

Abstract. The definition of rational parameters of the developed compensating device of a triangular
shape by calculation and experimental investigation methods is considered in the article. The proposed
compensating device with the bent taps use has a more rigid design than the compensating device in the
form of a broken bolt. Consequently, the correction coefficient of the compensator form, structurally
executed with the use of bent taps is received by calculation and experimental methods for decreasing the
longitudinal compressive force arising from the temperature drop to the ensuring level of the overall pipeline
stability in the longitudinal direction, which allows to determine its rational parameters and is taken to be
k = 0.85. The condition is obtained for determining the rational parameters of the proposed compensating
device for underwater pipeline transitions in order to increase the overall stability in the longitudinal
direction. In addition, the patented technology of laying the proposed compensating device is shown.

AHHOTaumsAa. B cratbe paccmatpuBaeTcs  ONpedernieHne  paumoHanbHbIX
pa3paboTaHHOro KOMMEHCUPYIOLEro YCTPOWCTBA TPEYronbHOM ¢OopMbl C  MOMOLLbIO  pacyeTHo-
3KCMEepMMEHTanbHbIX METOAOB uccrnegoBaHus. [lpegnaraemoe KOMMEHcupyolee YCTPOMCTBO C
NMPMMEHEHWEeM THyTbIX OTBOOOB oO6Oragaet 0Gonee XeCTKOW KOHCTPYKUMEW, 4eM KOMMEHcupyoLiee
YCTPONCTBO B BuAe nomaHoro purens. Mo3Tomy pacyeTHO-3KCNepUMEHTarlbHbIM METOAOM MOSyYeH
KO3 DULMEHT YTOUHEHNS POPMbI KOMNEHCATOPA, KOHCTPYKTUBHO BbINOMIHEHHOTO C MPUMEHEHNEM THYTbIX
OTBOAOOB, AN CHWXEHUS1 MPOJOSbHOMO CXUMAIOLWEro YCUnus, BO3HMKAOWEro OT TemnepaTypHOro
nepenaga, 4o ypoBHs obecneveHns obLen ycTondmBocT TpybonpoBoda B NpOLOSNIbHOM HanpasrieHnu,
KOTOPbIN NO3BONSAET onpedenvTb ero pauMoHarnbHble napameTpbl, U npuHumMaeTcs paBHbiM K = 0,85.
Mony4yeHo ycrnoBue Ans onpeaeneHns pauyMoHarnbHbIX NapameTpoB npeariaraeMoro KOMMNeHCMpYoLero
yCTpoOWcTBa AN NOABOOHbIX NepexodoB TPybonpoBOAOB C LeNblo MOBbieHUs obLlelt YCTOMYNBOCTM B
NpoAonbLHOM HanpasneHun. Takke npuvBedeHa 3anaTeHTOBaHHAs TEXHONOMMSA yKnagkvi npeanaraemoro
KOMMEHCUPYIOLLEro YCTPOMCTBA.

napameTpoB

1. Introduction

The stabilization loss of the underwater pipelines sections position leads to emergencies and the
removal of the pipeline from service. In most cases, the stabilization loss of the pipeline (including arched
emissions) occurs due to the action of compressive longitudinal forces, which must be prevented or
reduced [1-7].

The analysis of foreign works devoted to ensuring the stability and reliability of pipelines, including
submarine ones, prove the relevance of the solved problems not only in Russia [8-21].

In the Russian regulatory documents, the calculation of the underwater pipeline for longitudinal
stability is not carried out, albeit these calculations are needed abroad. This fact is confirmed also by the
authors of the works [22, 23]. Indeed, at present time, most underwater pipelines operate at significant
positive temperature changes, which causes large compressive longitudinal forces that can lead to the
pipeline from a stable state. In the work [23], the authors focus on the calculation of the operational reliability

Koxaea K.B. BuausHue mnapamMeTpoB KOMIIEHCUPYIOLUIETO YCTpOMCTBA Ha yCTOHYHMBOCTH
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of a gas underwater pipeline in which a loss of longitudinal stability occurred. This is very important, since
the pipeline, which lost its longitudinal stability, is primarily susceptible to destruction. The following issues
are considered in detail in the article:

— who dealt with the issues of ensuring the longitudinal stability of pipelines;

— what methods determine the critical longitudinal force and possible loss forms of the pipeline
stability;

— a comprehensive assessment of the technical condition of the gas pipeline sections based on
numerical methods;

— reliability analysis of underwater pipelines based on traditional methods of structural mechanics,
as well as the finite element method;

— assessment of the pipeline reliability with arched ejection under the random weight load influence
from the backfill ground, as well as random operational loads, using the probabilistic estimation method.

The methods of ensuring the spatial gas pipeline stability on the watered sections of the route were
considered in detail in [24, 25], taking into account the influence of variable ground conditions (water
saturation, ultimate shear resistance and cohesion). The authors considered the gas pipeline section on
which the design position loss of the pipeline in the arch form due to high water and also the temperature
increase of the transported product - gas. According to the approach proposed by the authors, the main
provisions of the methodology and the procedure for calculating additional ballasting of the adjacent areas
were developed. As a result, there is a reduction in possible displacements in the central region. The
proposed methodology is applicable both in the operation period and in major overhaul of pipelines and for
newly laid gas pipelines. Calculation of this method on real objects showed the decrease in the final
longitudinal force at the beginning of the adjoined section with additional ballasting in 2,625 times (from
0.42 MN to 0.16 MN). Thereby ballasting of adjoined section reduces the ultimate longitudinal force effect
due to the temperature expansion of the pipeline material in the central region and therefore ensures the
design position stability of this main gas pipeline section.

However, such pipelines ballasting can lead to additional large costs. Therefore, there is a need to
look for an alternative way with minimum costs and maximum reliability. Consider the same adjoined area,
but instead of ballasting, it will be equipped with a compensator. There are divergent views and evidence
in that regard. In the article [26], the authors considered the stress-strain state modeling of the underground
pipelines sections, which consist of a concave or convex insert curve with a curved hollow rod in an elastic
medium. The calculations made by the authors confirm the conclusions of the accidents acts that the insert
curves are stress concentrators in the gas pipeline. Calculations also allow identifying the physical picture
of the insert curve deformation at the stresses concentration in it and highlighting its main parameters, by
increasing the insertion curve length and reducing its curvature, the insert will be experienced excessively
large bending deformations in the restrained part.

In the articles [27, 28], it was considered how the moist ground degree of adjoined underground
areas will affect the underwater gas pipelines stress-strain state. The authors made the following
conclusions: when calculating underwater sections of a gas pipeline and also strength and stability
evaluating, it is necessary to take into account the internal working pressure effect, the temperature
stresses on the pipeline bend and the grounds condition, which adjoin the regions with their properties
changes within one year. When constructing subsea gas pipelines, it is necessary to provide for the
compensator installation at one end of the underwater transition in the soil of the adjoined regions. In order
to reduce the resistance of the pipe movement principle, it is necessary to fill the underground
compensators with a soft loosened soil during their laying in mineral grounds. Since the defective properties
of the moist ground covers are high, in the flood period the compensator stabilizes the pipeline location
and ensures its durability, stability and reliability in operation.

Thereby, it is possible to provide a general stability in the longitudinal direction of the underwater
pipeline transition with the compensator installed on an adjoined area to the underwater transition region.
As such a design, there is a compensating device for a pipeline, which the calculations and experimental
studies are given below [29, 30].

Kozhaeva K.V. Influence of the compensating device parameters on the underwater pipeline stability. Magazine of
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2. Methods

2.1. The experiment planning and modeling

To increase the overall the pipeline stability in the longitudinal direction, it is proposed to reduce the
equivalent axial compressive force by installation a compensating device on the adjoined section of the
underwater pipeline.

The solution of the problem is to determine the rational compensator parameters with reduction the
longitudinal compressive force to a safe level at a specified N, an internal pressure p and temperature
difference At.

The most appropriate for the underwater main pipeline section is the triangular shape of the
compensating device, where the straight parts connection of the compensator are carried out by cold
bending diversions ensuring the transition of inside pipe devices and instruments.

The trench for laying the compensator should be prepared taking into account the free compensator
movement and then backfilling features, thereby reducing the longitudinal force (Figure 1).

Figure 1. Preparation features and trenches backfilling with the compensator:
1 - compensator; 2 — elastic strain ground; 3 — elastic strain parts; 4 — mineral ground back-filling;
5 — cushioning material

The free pipeline movement into the trench and the natural longitudinal movement compensation of
the compensator 1 occur after elastic strain ground 2 back-filling or elastic strain parts 3 installation. It is
also necessary to lay the cushioning material 5 along the entire length of the compensator 1 to prevent the
mineral ground back-filling 4 between the elastic strain parts 3 or mixing the mineral ground back-filling 4
and the elastic strain ground 2. The cushioning material 5 is a polymeric tape (for example, rubber,
polyethylene, polypropylene, polyvinyl chloride), recycled metal cord conveyor belt. The remaining trench
volume covers by the mineral ground back-filling 4.

The elastic strain parts 3 are bags or containers of various geometric shapes and sizes depending
on the pipeline diameter and the construction area filled with chips of non-pressed fiberglass materials or
foam propylene, foam and other elastic strain materials that withstand up to 2 t/m? of ground with
deformation up to 5-10% from the maximum deformation potential. A peat can be used as an elastic strain
ground.

According to the Figure 2, longitudinal compressive force quantity S in the underwater transition will
depend on the compensator parameters: length [ n deflection f.
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Figure 2. Underwater pipeline transition with a compensating device on an adjoined area:
1 — pipeline axis; 2 — possible compensator axis movements; 3 —underwater area; 4 —the
adjoined compensator area of a triangular shape

The selection of the compensator parameters in the form of "snake" (Figure 3) and their calculation
are considered in detail in [31]. The value of the equivalent longitudinal axial force S taking into account the
longitudinal displacements compensation caused by the temperature change the pipe walls and internal
pressure is determined by the formula (1):

3-cosp-l-(a-E-At+ 0,2 0,,)
S= f2 ’ (1)

where ¢- the angle taken from the condition of the cleaning device pass, deg.;
I - inertia moment of the pipe cross-section, m#;
a — temperature coefficient of linear expansion of the pipe metal, 1/°C;
E — modulus of elasticity of the pipeline metal, Pa;
At —positive temperature difference, °C;
0., — annular stresses in the pipe wall from the calculated internal pressure, Pa;

f — compensator deflection, m.

Py
W ra/'//ff y
| [

Figure 3 - Calculation scheme of the half-wave length «snake»:
1 —compensator length; f — compensator deflection; m — length of the compensator's arm

The described investigations in [31] and analysis of the expression (1) demonstrate that for the small
deflection values f longitudinal force S reaches significant quantity. Thus, for small values of
f compensating ability of the compensator (i.e., the ability to reduce the longitudinal force) is insignificant.
The increase f leads to a monotone decrease S and the compensating ability growth.

In order to ensure the overall longitudinal stability of the underwater pipeline with the compensator
application, the condition should be observed (2).

Kozhaeva K.V. Influence of the compensating device parameters on the underwater pipeline stability. Magazine of
Civil Engineering. 2018. No. 4. Pp. 24-36. doi: 10.18720/MCE.80.3.

27



HNnxeHepHo-cTpouTeIbHBIN KypHaJ, Ne 4, 2018

S <N, @)
where N_,.- critical longitudinal compressive force, N.

Using the relation of cosgp = # , the condition (2) will have the form (3).

2
(3) 20< Ner . @)
f/ m-l~ a-E-At+0,2-04,
The condition (3) allows to take the geometric parameters of the compensator, based on the value
of the critical force N, temperature difference and operating pressure.

The analysis of the calculation procedure of the researched design according to [31] (Figure 3)
demonstrates that the pipes connection at the top of the rotation angle, where the maximum deflection f,
is made without the bends use. On the compensator boundaries, the pipelines are connected rectilinearly
without the rotation angle. The proposed compensator construction at the top of the rotation angle and at
the ends has a welded pipes connection with bends use. These design differences introduce some variation
in the quantity of longitudinal force S. To determine the amount changes, the studies have been undertaken.

Therefore, the experiment purpose is the determination the amount changes in the longitudinal force
of the compensating device according to the invention with bends use from a previously known
compensating device structurally designed as a broken bolt.

When testing theoretical dependencies and the general revealing of the system's operation nature
under load, there is not necessary to address the issue of the transition conditions from model to nature.
In these cases, it is recommended to calculate the actual model and then compare the theoretical results
with the appropriate experimental data.

When choosing the parameters of the physical model, it is necessary to take into account the
condition (4):
3-E-1-a-At-cosp
72 < Ny,
3-1-cos
qu < F’

where N, — longitudinal force from the temperature difference for the straight pipeline sections, N;
No=a-E-At-F.

(4)

The basis on recommendations [31], conditions (4), and also taking into account the clearance
conditions and diagnostics (radius bends is not less than 5-D,,., where D, — the outside pipeline
diameter), the following parameters of the physical model of the compensating device have been taken:
pipe diameter — 25 mm, wall thickness — 2 mm, and a length of 2.05 m will be consistent with deflections
from 0.02 to 0.08 m. Maximum temperature difference At = 50°C is chosen, based on actual and often
encountered operating conditions.

The measured longitudinal force from the pipeline elongation caused by the change in the pipe walls
temperature must be compared with the design force determined by formula (5):

3:E-I-a-At-cosp
Sd= f2 .

2.2. Description of the experimental setup

(6)

On a metal sheet — foundation 1 lenght 2.5 m and width 0.5 m support elements 2 are placed on
which the compensator 3 is installed (Figure 4).
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Tpy6onporoza // UrxeHepHo-cTpouTensHbli sxypHaid. 2018. Ne 4(80). C. 24-36.



Magazine of Civil Engineering, No. 4, 2018

Figure 4. Elements of the experimental setup:

1 - metal foundation; 2 — support elements; 3 — compensator; 4 — displacement tether;
5 —compression dynamometer; 6 — dynamometer fastening system; 7 — displacement indicator;
8 — fastening system of displacement indicator

This is done that the pipe is prevented from making contact with the metal base during the study,
since when the pipe is heated, the sheet may become deformed due to heating, which will give an error in
the measurements.

Also, in order to rigidly fix the pipe during the experiment, it is necessary to provide displacement
tether 4 which are also made of metal plates and welded to the base 1.

To fix the dynamometer 5 reliably during the experiment, we make a special fastening system 6,
which consists of a nut and threaded stud. In the displacement tether, a hole is made, where a nut is then
fastened.

The displacement indicator 7 is fixed by a clamp on a welded structure (the fastening system of
displacement indicator 8) and is in contact with the compensator so that during the pipe heating the
displacement measurement occurs.

The experimental setup scheme is shown in Figure 5.

Figure 5. Diagram of the experimental setup:
1 - compensator length; 2 — displacement indicator; 3 — compensator deflection; 4 — stop;
5 —compression dynamometer; 6 — compensator

2.3. Experiment procedure
Experimental technique:

— measurement of temperature (contact thermometer) along the entire length of the pipe before the
study;

— verification of the dynamometer reading (initial value must be set);

— uniform heating with gas burners use;

— measurement of force (dynamometer readings) and temperature measurement (contact
thermometer readings), which occur during the temperature increases;

— control temperature measurement (indication of the contact thermometer) along the entire length
of the pipe after the end of heating and fixing the indication of the dynamometer;

— analysis of the results.

Kozhaeva K.V. Influence of the compensating device parameters on the underwater pipeline stability. Magazine of
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Heating of the experimental the pipe pieces conducted simultaneously by several gas burners with
the maximum possible uniform heating (+0 °C to +50 °C). The control measurements of temperature along
the pipe length showed a temperature difference + 3 °C.

During the experiment, as it was supposed, during heating of the pipe longitudinal force was recorded
according to the indications of the dynamometer. This experiment was carried out for all physical models
with the geometric characteristics given above.

During the study, we wused the contact thermometer TK-5.01, the compression
dynamometers DOSM-3-1U, DOSM-3-2U, DOSM-3-10U.

The error in the indicator readings of the IC-50 exceeded the permissible limits because of a violation
of the device operating temperature, so further consideration of them is not advisable.

According to the theory of mathematical statistics, to reduce the random measurement errors to a
confidence interval with a given reliability, the required measurements number was determined.

It was decided to conduct 8 measurements with confidence a = 0.9.

3. Results and Discussion

Graphs of changes in the experimental and calculated values of the longitudinal force S from
temperature difference At compensating device are demonstrated in Figures 6-9.

At =0.0053S5-0,4419
. R*=0.9936

Temperature difference At, °C

Longitudinal force S, N

thearetical value + experimental value trend line

Figure 6. Graph of longitudinal force changing S from temperature difference At compensating
device with deflection f =0.02 m

At=10.02118- 0,457
R?=0.9913

Temperature difference At, °C

Longitudinal force S, N

theoretical value » experimental value trend line

Figure 7. Graph of longitudinal force changing S from temperature difference At compensating
device with deflection f = 0.04 m
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Figure 8. Graph of longitudinal force changing S from temperature difference At compensating
device with deflection f = 0.06 m

At=0.0875S - 1,3264
* R*=0.9975

Temperature difference At, °C

200

Longitudinal force S, N

theoretical value » experimental value trend line

Figure 9. Graph of longitudinal force changing S from temperature difference At compensating
device with deflection f = 0.08 m

As a result of the correlation analysis of the experimental data, the following is established:

— the correlation field showed a positive correlation between the value of the temperature difference
and the longitudinal force obtained experimentally, that is, during an increase in one value, the other
increases on average;

— for the analysis, an approximating curve was chosen in the form of a linear function;
- the selective correlation coefficient varies ., = 0.93...0.96, which indicates that a strong

connection between the value of the temperature difference and the experimentally obtained longitudinal
force.

As a result of the regression analysis, the following is established:
— using the least squares method the parameters of linear regression equations are obtained;
— estimate of the quality of the regression equations demonstrated an average relative error of

approximation not exceeding A = 1.18%, which indicates a good selection of regression equations to the
original data.

As a result of checking the adequacy of the mathematical model, the following is established:

— since the experimental Fisher test is larger than the tabulated values for all experimental curves,
the determination coefficient is statistically significant, and the regression equation adequately describes
the experimental data;
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— verification of the coefficients significance of the regression equations in the Student's t-test
shows that the statistical the coefficients significance is confirmed.

The graphs (Figures 6-9) show a systematic deviation of the measured value of the longitudinal
force S, depend on the estimated S,. Taking into account all the errors in the experimental measurements,
it can be established that the design of the compensating device proposed by us changes the magnitude
of the longitudinal force S, by formula (5) for the broken bolt construction by a specific value, which varies
from 0.851 to 0.902.

The value of the longitudinal force for the proposed design of the compensating device (6):

Sy=k-S,, (6)
where k — refinement coefficient obtained as a result of experimental measurements.

This fact is explained that the proposed compensating device with the bends use has a more rigid
design than the compensating device in the form of a broken bolt. Identifying the obtained value of the
deviation for the refinement coefficient of the compensator form, it will take equal to k = 0.85, taking into
account in the calculations the most unfavorable loading case.

Consequently, the rational parameters of the proposed compensating device for underwater pipeline
transitions in order to increase the overall stability in the longitudinal direction must be determined by the
condition (7):

(£>2' IS TE e @
f/ m-1" a-E-At+02 04,

As an example, an underwater gas pipeline of diameters D = 530 mm, a wall thickness § = 25 mm
for the case of the ground erosion over the pipeline on the entire length of the curved section equal to [ =
85 m. The lower critical force is equal to N, = 8.4 MN, which does not provide the conditions for the overall
pipeline stability in the longitudinal direction. Consequently, according to the formula (7), the rational
parameters of the proposed compensating device are determined, for which the length is equalto [ = 50 m
and deflection f = 2 m.

The authors of the work [31] considered the change in the longitudinal force from the compensating
device parameters of a triangular shape, and also assumed that the cold bends change the parameter of
the longitudinal force. But there were no specific recommendations, studies, analyzes in their work. They
relied on the fact that the parameter of the change in longitudinal force would not be significant. However,
as our studies have shown, the parameter of the longitudinal force varies by 15 %, which is quite significant
in determining the stability of the pipeline.

An analysis was conducted of the stress-strain state of the proposed compensating device with the
use of bent taps in comparison with the previously known compensating device, structurally made in the
form of a broken bolt, by the finite element method in the software complex Ansys. The description of the
numerical experiment is given in Table 1.

Table 1. Description of the numerical experiment

Name Description

Calculation is made using thick-walled cylindrical shells; the parameters of the models

Geometry are assumed to be analogous to the laboratory experiment

Steel grade K60 is specified with the following strength characteristics: tensile strength
590 MPa and yield strength 460 MPa.

The boundary conditions included the tasks of rigidly fixing the pipe ends with the help of
the command Fixed Support

In the section Loads thermal loads are specified with stepwise loading of 10 ° Cto a
maximum value of 50°C.

Material

Border conditions

Loads and effects

The results of calculations for compensators with a maximum deflection f = 0.08 m and a maximum
temperature difference At = 50 °C are shown in Figures 10-11 in the form of stress fields and displacements
from the graphic window of the software complex Ansys.
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Figure 10. The stress field of the compensators
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Figure 11. The field of displacement of the compensators

The values of movements do not practically change, however, the voltage in the proposed form of
the compensator is less by 5.5%. In pipeline construction, this is the percentage reduction in the stress
state in the pipeline is very significant. Consequently, the proposed form of the compensator, in addition to
increasing the equivalent longitudinal force S by 15 %, also reduces the stress-strain state of the pipeline.
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4. Conclusions

1. It has been determined that ballasting of adjoined areas allows to reduce the effect of the ultimate
longitudinal force due to the temperature expansion of the pipeline material in the central part, and also
during constructing underwater gas pipelines it is necessary to provide for the compensator facility at one
of the ends of the underwater transition in the ground of adjoined areas to ensure the underwater transitions
stability of gas and oil pipelines.

2. The refinement coefficient of the compensator shape, constructively obtained with the bends use,
to reduce the longitudinal compressive force emerging from the temperature difference to the level of
ensuring the overall pipeline stability in the longitudinal direction, which makes it possible to determine its
rational parameters and is assumed to be equal k = 0.85.

3. For underwater pipeline transitions, taking into account the actual conditions of the laying
according to the proposed technology, using elastically deformable materials or grounds for the free
compensator displacement, the correction coefficient of the compensator form must not exceed k < 0.85.

4. The proposed form of the compensator, in addition to increasing the equivalent longitudinal force
S by 15%, also reduces the stress-strain state of the pipeline by 5.5%.
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Abstract. The task of reducing the total duration of the project ("compression", "crashing") occurs
when developing and adjusting schedules. The activities requiring crashing are determined by the minimum
of added resources at the unit reduction of the schedule. The minimum cut in a critical network determines
such activities. The essence of searching the minimum cut by merging vertices (edge tightening) of the
critical network is presented. The procedure of selecting vertices consists of the following. Possible merge
options (tentative steps) are evaluated by equivalent cuts. The minimum cut will define priority vertex of a
critical network. After this merging algorithm re-examines all the possible options of joining of adjacent
vertices (on next step). The general applicability of the algorithm is demonstrated. Conditions of effective
application of a method of the merge of vertexes are established. Search results of the minimum cuts of
the critical network by means of this method are presented. Calculations have shown that in 14 of 15
examples the algorithm has established the global minimum cuts. Implementation of the proposed
approaches will allow determining the activities to be optimized, calculate the size of reduction and the
number of resources involved. The suggested methodology can be recommended for use by construction
project managers.

AHHoTaumA. 3agjava cokpalleHuss obLuert NPoaoMKUTENBLHOCTU NPOeKTa («CxXaTne») BO3HUKaeT
npu paspaboTke M KOpPPEKTUPOBKE KamneHdapHbiX rpadwukoB. PaboTbl, Tpebylowme «cxatus»,
onpeaensiTcs MUHAMYMOM OOMNOMHUTENBHO NPUBMEKaeMblX PpeCypcoB Npu NX eONHUYHOM COKpaLLEHUN.
MuHMManbHbIN pa3pes KpUTUYECKOW ceTu onpeaenseT Takve paboTel. [peactaBneHa CyLHOCTb Moucka
MUHMMAnbHOrO paspes3a MyTeM CIUSHUS BepLluMH (CcTArmBaHus pebep) kpuTuyeckown ceTu. Nopsgok
BbibOpa BepLlMH COCTOMT B crneayoleM. Bo3amoxHble BapuaHTbl CnnsHWA (NMpeaBapuTenbHble Liaru)
OLEHMBAIOTCA 3KBMBANeEHTHbIMM pa3pe3amMun. MuHMManbHbI paspe3 onpefensieT NPUOPUTETHYIO ONd
CIMUSHUS BEPLUMHY KpuTudeckon ceTw. [locne 3Toro anropuTm MOBTOPHO MUccriedyeT BCE BO3MOXHble
BapuaHTbl NPUCOEANHEHNS CMEXHbIX BEPLUMH (Ha cneaytowem ware). lNokasaHa oblas npuMeHMMOCTb
anroputMa. YcTaHoBfeHbl ycnoBusi 3dEKTUBHOIO MNPYMEHEeHUss MeToAa CrUSHUSA  BEpPLUMH.
MpeactaBneHbl pe3dynbTaTtbl NOMCKa MUHMMArbHBIX Pa3pe3oB KPUTUYECKOW CETU C MOMOLLbIO OAHHOro
meToda. PacdeTbl nokasanu, 4to B 14 13 15 npumepoBs anroputm ycTaHoBuI rnobanbHble MUHUManbHbIe
paspesbl. Peanusauusa npeanoxeHHbIX NOAX0A0B MO3BONMUT onpeaenntb paboTsbl rpadumka, nognexaiime
onNTMMK3aLun, paccynTaTb pasMep COKpaLLEeHWst 1 KONMYeCcTBO NpuBrekaemMbix pecypcos. [peanoxeHHas
MeToaMKa MoXeT ObITb peKoMeHA0BaHa A1 UCMONb30BaHNS PYKOBOAUTENSIMU CTPOUTENBbHBIX MPOEKTOB.

1. Introduction
A construction project is a complex process, which includes a large number of different tasks
performed by different crews and displayed by calendar charts. When forming the schedules in case of
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exceeding the planned duration over deadlines requires a reduction in the total duration. In addition, with
the operational management of the progress of work, it is also necessary to periodically adjust the schedule
by dates.

Reduces the planned time schedule and decision-making (compression) involves primarily the
intensification of activities critical path. It is obvious that critical activity that requires a minimum number of
attracted resources for such compression must be reduced in the first place [1-6].

After the compression of the critical path by the minimum value of the total float [6], the schedule is
recalculated with the repeated determination of all critical activities. It is obvious that in this case the chain
of operations of the only critical path is transformed into a critical network, for optimization (compression)
which can be used appropriate approaches and methods [1, 3, 6, 7].

The Ford-Fulkerson algorithm for maximum flow (minimum cut) and its variety [8, 9] is most often
used to find such critical actions of the network model. The use of flow algorithms implies integer values of
flows and multistage iterative procedures [10-19].

A simple and quite effective method of finding the minimum cut in critical networks is the methods
based on the use of dual graph [20-23] and the method of branch-and-bound [24-26].

The dual graph is constructed as follows: on each face of the primary graph (a network model
consisting of critical activities the vertex of the dual is placed. The vertices of the dual graph lying on the
neighboring faces of the primary are connected so that each arc of the primary graph corresponds to one
arc of the dual graph. The shortest path on the network of the dual graph defines the minimum cut of the
primary graph (critical network) [23].

This approach is applicable only to planar networks. Although the vast majority of network schedules
are planar, there are cases when network schedules that is not planar.

An interesting way to find the minimum cut in an undirected graph is the Stoer-Wagner algorithm
and related approaches [27, 28].

The idea of the method is as follows. The most "connected" vertices are added sequentially to the
randomly selected vertex of the graph, forming the first set. Then the local minimum cut separates either
the last two vertices, or these vertices are in the second set, and the cut separates the two sets. After
merging the last two vertices, the loop repeats until there are two vertices. The minimum among all the
local sections and will be the desired global minimum cut.

It seems appropriate to consider the possibility of using a similar approach to find the minimum cut
in a network model, which is a directed graph with one start and one end vertices.

The aim of the present paper is to substantiate the algorithm for finding the minimum cut in a directed
graph by merging vertices.

Objectives of the study are:
1. Justification of general approach;
2. Substantiate the procedure for selection of vertices;

3. Determining the scope of effective application of the vertex merge method.

2. Methods

2.1. General approach

The general approach to finding the minimum cut of the network model by merging vertices (edge
tightening) is quite simple [29]. Consider a critical network (a fragment of the network schedule in which all
activities are critical) (Figure 1). Over arcs are represented the values of the resources involved to reduce
the activity per unit time.
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Figure 1. Fragment of a critical network

It is obvious that for any cut, the start and end vertices must be in different sets. First, a cut is defined
between vertex 1 and adjacent vertices 2, 3, 4 (Figure 2), (1).

SO ZZArlj. (1)

Figure 2. Initial cut

Then there is a sequential merge (Union) of vertex 1 with these neighboring vertices. The first step
merges vertices 1 and 2 (Figure 3).

1

Figure 3. First step of the merger

In the second step, vertex 3 is added to the combined vertices 1 and 2 (combined vertex 1, 2),
(Figure 4).
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Figure 4. Second step of the merger
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At each M -th step is determined by the value of the corresponding cut (2).

Sm =D AT, )

I —is the number of the event entering the merged vertex;

] — is the number of the event adjacent to the merged vertex.

In the third step, vertex 4 is added to the combined vertices 1, 2 and 3 (combined vertex 1, 2, 3),
(Figure 5).
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Figure 5. Third step of the merger

After a number of similar procedures, the network acquires the following form at step 6 (Figure 6).

6 Ar58

(8]

' d

b T i

-

Figure 6. Sixth step of the merger

The minimum of all cuts at each step determines the desired activities for "compression".

S=minS,.. (3)
The calculations [29] showed that the correctness of determining the global minimum cut significantly

depends on the selected sequence of merging vertices. Under these conditions, it is necessary to justify

the order of selection of vertices to merge, allowing you to determine the global (or close to it local) minimum
cut.

2.2. Procedure of selecting vertices

The procedure for selecting promising to join (merge) neighboring vertices of the network at each
step is as follows. The author examines the possible merging of the vertices (tentative steps).

For each variant (tentative step), the corresponding cuts separating the combined vertex from the

rest of the network are calculated. The minimum value of the corresponding cut determines the priority for
merging vertex at this step.

After this merge (definite step) again considers all possible options of merging the neighboring
vertices (the next step).

As an illustration of this procedure, the first step considers the following possible options for merging
vertices (tentative steps) — (1,2); (1,3); (1,4), (Figures 7, 8, 9).
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Figure 9. The variant of merging vertices 1 and 4 (step 1)

Let the minimum cut in the first step corresponding to the combined vertex (1,4), (Figure 9). This
variant is a priority definite step. The value of the corresponding cut is remembered.

The second step sequentially considers the variants of merging the merged vertex (1-4) and of
vertices 2, 3, 7.

The process repeats as long as is not merged by all the vertices except the end vertex (Figure 10).

6-1

Ar5_8

-
Rl e i S

N

Figure 10. The variant of merging the vertices 1,4,3,2,6,7,5 (step 6)

Therefore, each step defined a local minimum cut. In total, taking into account the initial cut (at near
the vertex 1), eight local minimum cuts were established (with the total number of considered cuts — 15).
The minimum value of these local cuts will determine the required global minimum cut.
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Table 1 presents the results of the implementation of the algorithm for finding minimal network
sections (Figure 1) according to [29]. The parameters of the activities (the resource values involved to
reduce activity by one unit time) are random numbers from 1 to 9.

Table 1. Results of determination cuts of the network when using a rule of the choice
preferable neighbor vertex (the minimum cut of tentative step)

” The parameters of the activities Local minimum Global
Ar, | Ay | An, | Al | Al | AT, | Algg | Alyg | Al cuts minimum

1 2 6 1 3 4 9 4 5 8 12-36-14 S=7 12-36-14 S=7
2 5 8 9 1 9 4 9 3 6 25-68-47 S=8 25-68-47 S=8
3 4 3 8 6 4 7 5 5 9 12-13-47 S=14 12-13-47 S=14
4 2 1 9 6 2 3 3 9 7 12-13-47 S=6 12-13-47 S=6
5 9 1 1 8 4 3 7 6 6 58-13-14 S=9 58-13-14 S=9
6 2 6 9 5 5 1 3 3 4 12-68-47 S=6 12-68-47 S=6
7 9 9 2 4 4 3 2 1 4 58-68-14 S=5 58-68-14 S=5
8 3 8 4 5 4 3 6 5 1 12-36-78 S=8 12-36-78 S=8
9 5 1 5 6 8 2 2 6 4 58-13-47 S=5 58-13-47 S=5
10 6 4 1 7 2 3 5 8 4 58-36-14 S=8 58-36-14 S=8
11 1 8 9 9 4 2 8 1 5 12-68-47 S=4 12-68-47 S=4
12 9 1 3 1 8 4 6 7 9 25-13-14 S=5 25-13-14 S=5
13 7 5 4 3 7 3 2 3 5 58-68-47 S=8 58-68-47 S=8
14 4 9 2 1 6 3 3 8 7 25-36-14 S=9 25-36-14 S=9
15 7 7 1 9 5 8 4 6 3 58-68-14 S=11 58-36-14 S=10

An analysis of the data presented in table 2 shows that, in 14 of 15 cases, global lows have been
identified. In the last example, the algorithm set only the local minimum.

The presented example does not guarantee that the stated algorithm determines the global minimum
cut. In this regard, it is necessary to justify the conditions for the effective application of the method of
merging vertices (conditions under which the minimum cut is found to be global).

2.3. The scopes of effective application of the vertex merge method
All activities of any critical network can be divided as follows.

Activities of stage 1, for which the merged vertex is the initial event: 1-2; 1-3; 1-4 (A1, B1, Cy),
(Figure 11).

Figure 11. Fragment of a critical network
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Activities of the 2 stage-initial events are the final events of the first stage: 2-5; 3-6; 4-7 (A2, B2, C2).

Activities of the 3 stage-initial events are the final events of the second stage: 5-8; 6-8; 7-8
(As, Bz, C3).

Activities of the | -th stage, for which the initial events are the final work events (i — 1) of the stage.

The proposed algorithm is guaranteed to determine the global minimum cut, passing through the
activities of one or two adjacent stages.

If the global minimum cut passes through three stages of a critical network, the following variants
are possible (Figure 12).

Figure 12. Variants of cuts through the activities of three stages

When two-way merging vertices (left and right), the algorithm detects all global minimum cuts of
type 1-1, most of the cuts of type 2-2 and 3-3.

Studies have shown that the probability of finding a global minimum cut in the presented critical
network (Fig. 11) is greater than 0.95. This is consistent with the data of table 1.

The practice of optimization of schedules shows that the compressible activities is not substantially
spaced in time and are typically located in the progress line area. Therefore, the presented algorithm, which
determines the global minimum cut, passing through 1-2-3 adjacent stages, is quite effective.

3. Results and Discussion
The method presented was used to optimize the network graph (Figure 13), [12, 23].

Ri
R ij - amount of resources
Figure 13. The Initial network schedule
Compression of the critical path from 36 to 22 days was carried out for 14 iterations.

After 13 iterations, the network graph was as follows (Figure 14). The total duration was 23 days. All
paths of this graph are critical. Activities 3-4 and 4-6 are reduced to a minimum. Further, their compression
is impossible.
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R ij - amount of resources

Figure 14. The network schedule after 13th iteration

The next iteration defines the activities that allow you to compress the schedule for another day with
a minimum increase in resources (find the minimum cut off the critical network).

The critical network on 14th iteration looked as follows (Figure 15). The values of increase of
resources for reduction of the corresponding work for one day are presented over the activities of the critical
network.

Figure 15. The critical network on the 14th iteration

After compression of activities 2-4, 2-5, 1-3 on the unit (one day) the optimum schedule was received
(Figure 16).

ot
Ri

R ij - amount of resources

Figure 16. The optimal network schedule

The schedule provides a required duration (22 days). At the same time, the number of additional
attracted resources is minimal (14.5).

The method presented in this study used Microsoft Excel [30].

4. Conclusions

1. When forming the schedules in case of exceeding the planned duration over deadlines requires
a reduction in the total duration. Reduces the planned time schedule and decision-making (compression)
involves primarily the intensification of activities critical path (critical network). Critical activities that require
a minimum number of attracted resources for such compression must be reduced in the first place. These
critical network operations are determined by the minimum cut.

There are a number of methods for finding the minimum cut in the network.

2. The essence of searching the minimum cut by merging vertices (edge tightening) of the critical
network is presented.
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The procedure of selecting vertices consists in the following. Possible merge options (tentative steps) are
evaluated by equivalent cuts. The minimum cut will define priority vertex of a critical network. After this
merge (definite step) again considers all possible options of merging the neighboring vertices (the next
step).

Results of determination minimum cuts of the 15 networks when using a rule of the choice preferable
neighbor vertex (the minimum cut of tentative step) are presented. They show that, in 14 of 15 cases, global
lows have been identified.

3. Conditions of effective application of a method of the merge of vertexes are established. In
networks activities of 1, 2, 3 stage is revealed. The proposed algorithm is guaranteed to determine the
global minimum cut, passing through the activities of one or two adjacent stages. The probability of finding
a global minimum cut in any critical networks is very high.

4. The method presented was used to optimize the network schedule. Compression of the critical
path from 36 to 22 days was carried out for 14 iterations. As a result, the optimal schedule was obtained.

At the same time, the number of additional attracted resources is minimal.
The method presented in this study used Microsoft Excel.

The suggested method can be recommended for use by construction project managers in order to

prevent a potential failure of project completion deadlines.
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Influence of stiffness of node on stability and strength of
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Abstract. The article is devoted to the evaluation of the torsional stiffness of the beam-pillar nodal
connection of thin-walled rack structures. Results of in-place testing of several girder rack models are
described, beam model and combined one are considered. Computational finite element (FE) models of
these racks are designed to develop a FE analysis by software complex ANSYS. Assessment of the
torsional stiffness of the beam-pillar nodal connection in these structures is obtained by comparison of
results of computation and experimental ones. Critical buckling load for the first buckling mode is
determined both experimentally and computationally. Buckling modes of “out of the face plate” and “in the
face plate” are considered. The influence of the torsional stiffness of the beam-pillar nodal connection on
bearing capacity and buckling stability of thin-walled rack structure is investigated. Correspondence of
these characteristics and number of tiers is revealed.

AHHOTaumsA. BbinonHeHa oueHKa KpPYTUITbHOW »XEeCTKOCTU Y3INOBOro coeauHeHunst banka-ctorika B
TOHKOCTEHHOW KOHCTPYKUMK cTennaxa. [lpoBefeHbl HATypHble WCMbITAHUA PasnUYHbIX  MoAenewn
cTennaxen, paccMaTpuBaroTCA KOHCTPYKUMW ©BanovyHoOro M KOMOMHMPOBAHHOIO TUMOB. [lOCTpOEHbI
pacyeTHble CXeMbl 3TUX KOHCTPYKUWUIA, NpoM3BeaeHbl pacieTbl METOOOM KOHEYHbIX anemeHToB (MKOJ) B
nporpammHomM komnnekce ANSYS. N3 cpaBHEHUS aKCNepUMEHTarbHbIX AaHHbIX W pe3ynbTaToB pacyeTa
Ha YCTOMYMBOCTb MOSTyYEHbl OLIEHKM 3HAYEHUS XXECTKOCTU Ha KpydYeHne Ans coeanHeHus banka-cTonka B
3TUX KOHCTPYKUMSX. OKCNEPUMEHTANbHO W YUCMNEHHO onpeferieHbl 3HayYeHUst KPUTUYECKOW Cunbl,
COOTBETCTBYIOLLLEN NepBOiN (hopmMe noTepu ycTondnsocTu. pmn aToM paccmaTpmBanmcb hopMbl NOTEPU
YCTOMYMBOCTU BO  (PPOHTANbHOM  MNOCKOCTU  KOHCTPYKUMM WU C  BbIXOAOM U3  MNOCKOCTWU.
[MpoaHanM3npoBaHO BIMSAHME KPYTWUIBHOW JKECTKOCTU coedunHeHust Oanka-CTeHKa Ha HecyLllyto
CMOCOBGHOCTE M YCTOMYMBOCTb KOHCTPYKUMM TOHKOCTEHHOrO ctennaxa. OTmedeHa 3aBMCMMOCTb 3TUX
XapaKTEePUCTUK OT KONMMYECTBA 3TaXKEN B MOLENN CTeNnnaxa.
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1. Introduction

Wide use of metalwork in industrial and civil engineering is one of the modern development trends
in construction industry. Metalwork attractiveness is connected to development and deployment of new
production technologies.

Use of construction designed of light steel cold-formed thin-walled cross-section (LSTC) is a new
and fast-progressing trend. The low metal consumption, optimum parameters of cross-section, simplicity
of transportation and installation are the general advantages of LSTC.

Estimation of strength and operational characteristics of new types of sections and connections is
made gradually. The first stage is a test of real construction, and the second stage is a numerical analysis
of construction by specialized program complexes. The standard estimate norms are used to interpret
data obtained. Other important factors that influence on operational characteristics of LSTC can be
defined experimentally. In particular, the longevity of connections which considerably influences on
endurance of LSTC can be defined.

Eurocode-3 and AISI are the relevant standards and regulations to be in use now for analysis of
LSTC.

The first who have investigated deformation of thin-walled constructions was S.P. Timoshenko
[1, 2]. Torsion stiffness of thin-walled bar of open cross-section is estimated experimentally. Also the
behavior of thin-walled bars of different cross-section is investigated.

The principles of buckling analysis of thin-walled bar of open cross-section in view of application of
force out of cross-section core as well as of torsion and bending analysis are worked out by V.Z. Vlasov
in [3-5]. Another way to analyze bending with constrained torsion of thin-walled bar is proposed by
A.A. Umanskyi in [6].

D.V. Bychkov and A.K. Mrozchinskyi [7-9] perform a significant contribution to the theory of
calculation of thin-walled constructions. They worked out an algorithm of analysis of torsion beam forces
depend upon number of beam spans and way of end fastening. This algorithm employed as force or
deflection method allows to analyze restrained torsion of frames and other thin-walled constructions.

The FE analysis is applied to torsion and bending of thin-walled constructions in paper by
A.R. Tusnin [10]. This approach appreciates influence of type of connections, centre-of-gravity position,
beam deflection and amount of eccentricity.

Improved algorithm of LSTC analysis is elaborated and fail-safety and endurance of constructions
and way to increase them are examined by V.A. Rybakov [11, 12]. Also Russian regulations
imperfections are pointed out and ways of correction them are proposed.

Reviewing in paper [13] provides insight into production engineering, features of setting-up and
operation of LSTC.

A method of thin-walled constructions with built-up section analysis is developed in paper [14]. This
approach consists in general buckling analysis in terms of limit state of stress in view of form of section.

Composite materials technologies of production reinforced concrete construction are considered in
[15, 16]. In this context, quality control, materials specification, setting-up and operating regulations,
structural reinforcement are also discussed.

Deformations and damage accumulation take their cue for the approaches of thin-walled
constructions analysis developed in [17-19].

General rules, definition, typical thin-walled member specification, reference models and design
techniques are presented in [20-22].

The effect of temperature (from low to high, including fire conditions) on the strength and operating
characteristics of thin-walled structures is discussed in [23, 24].

In-place testing results and results of simulation experiments by means of specialized software
complexes are compared in [25, 26].

Post-buckling behavior columns and rods with open and semi-open thin-walled cross-section are
considered in [27, 28]. The effect of eccentric applying of axial load on the deformation and deflections of
frames and beams in this connection is discussed in [29, 30].
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A review of Russian and foreign references is made in [35-38]. General attention is paid to the
studies of buckling of cold-formed thin-walled beams. The experimental data are compared with values
obtained by using both beam and shell finite elements in a computer simulation. In this context, arising
problems are formulated and ways to solve them are proposed.

The analytic model of the long span footway bridge is studied and tested in [39, 40]. The effect of
the types of thin-walled cold-formed profile members on the operating characteristics of the bridge
construction is tested by numerical simulation.

The new specialized software complex “Stalkon” is presented in [41-43]. This software is meant to
be used for design and static analysis of thin-walled member construction (three-dimensional one
includes) according to modern rules and regulations. An example of pin-ended column’s analysis is
presented. The possibility of restrained torsion analysis of thin-walled structures by software complexes
ANSYS and NASTRAN is discussed.

The purpose of works [44—46] is to develop a numerical method of thin-walled bar systems design
by using semi-sheared and non-sheared theories. Matrixes of the inflexibility of thin-walled finite elements
of four various types are created. Some test torsion problems of the thin-walled beam having various
supporting are solved by the FEM.

Reduction of thin-walled member's cross-section is asserted in [47-49] by investigating of load
carrying capacity. Optimal cross-section area is calculated on the base of buckling analysis. A problem of
analysis of thin-walled member of double-corrugated profile is solved by linear and non-linear
approaches. The results are compared with in-place testing results. Also results of in-place test for real
thin-walled cold-formed member truss with span of 18 m are considered.

Fatigue analysis of LSTC in terms of nonlinear damage accumulation and fatigue rupture is
considered in [50-53]. The energy approach is used in [54-58] to estimate the low-cycle fatigue of thin-
walled member structures. A kinetic algorithm of damage analysis of LSTC is developed and
experimentally verified. The problem of mechanochemical corrosion of a thin-walled pillar under its own
weight is considered in [59].

The objective of this work is to evaluate the stiffness of the beam-pillar connection of thin-walled
members of a three-dimensional structure. Stages of implementation of handling the problem are:

e to construct an experimental set-up for testing of thin-walled structures;

¢ to develop an analytical finite element model of structures by the ANSYS software complex, to
verify results of numerical solution experimentally;

¢ to define stiffness properties of the connection computationally and experimentally.

2. Methods

2.1. Stiffness of connections of horizontal, diagonal and vertical LSTC members

Accounting of a torsional stiffness of connections in a beam rack is important for assessment of
girder rack critical buckling load by a stability criterion. The study request provided only the computational
and experimental evaluation of a beam rack connection stiffness.

A new approach in girder racks design includes only horizontal braces unlike diagonal bracing of
pallet racks that provides the lack of buckling with escaping of the face plane. So in new modification of a
girder rack such buckling mode could appear, and corresponding critical buckling load generally depends
on torsion stiffness of brace-pillar connection. Therefore the need of accounting of brace-pillar connection
stiffness was revealed in the course of the researches. A test trial of indirect observation of the stiffness
not the bound to direct measurements is made. To receive precise assessment extension studies are
recommended.

A complex study both experimental and computational is pursued to determine torsion stiffness of
beam-pillar connection, included in-place testing of girder rack simplified model and the FE analysis.

Beam and pillar members of the model rack are made of BT-PN-1.5 steel band conforming to
Russian State Standard GOST 19904-90. The thickness of the steel band is 1.5 mm. The yield stress for
steel 20 is 230 MPa, allowable stress used in computations is 160 MPa. Bearing horizontal beam
members have closed box-shaped cross-section of 70x30 mm in Figure 1. Bearing vertical members
have opened profile cross-section of 90x30 mm in Figure 2.
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Figure 1. The cross-section of bearing horizontal beams
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Figure 2. The cross-section of bearing vertical pillars

The model rack studied consists of two horizontal 1500 mm long beams (see Figure 3), the height
of the vertical pillars is 1000 mm, each beam is connected with two pillars apart 135 mm from their upper
edge and with two pillars apart 110 mm from their lower edge and then the frames obtained are
connected with two 300 mm long braces. The distance between the pillars is 1500 mm in face plane
direction and 300 mm in crosswise direction. Despite the absence of rack baseplate’s horizontal and
vertical restraint no displacements of baseplates are obtained during tests.
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Figure 3. The geometrical parameters of the model rack

The model is loaded by “Armsler” testing machine through auxiliary device intended to simulate a
uniformly distributed load. The load was converted from concentrated to distributed using an auxiliary
structure. The system was made from channels 16P. The lower part consisted of 4 beams 350 mm long,
located transversely with the investigated. The next tier was made of two beams 50 cm long. The final tier
had a length of 100 cm. The additive weight load from the auxiliary structure is 0.5 kN, which was taken
into account during the tests.

Beams are connected by wire in horizontal direction to prevent a horizontal bending and therefore
keep safety arrangements. Central nodes of beams in computational model have rigid connection in
z-direction to consider this construction feature. Displacements of pillars are measured by dial indicators.

In an experiment the following results are obtained. Under total load of 11.2 kN the model gets a
stability mode without inelastic deformation. This load can be considered as a first buckling mode critical
load for the model. The load of 11.2 kN was determined from the indications of a dynamometer attached
to the moving part of the "Armsler" power machine.

The numerical simulations were performed by the FE tool ANSYS. The model consists of beam
finite elements. This FE model is represented in Fig. 4. Beam-pillar connection torsional stiffness with
regard to the turn about Z-axis (plane deformation in face plane) can be calculated by computational
analysis of the model.

In computations, the dead load of the beams was not taken into account, since it is negligibly small
in comparison with the permissible load of the structure.

Supporting nodes of pillars are connected with rigid base (displacements Ux, Uy and U; are zeros),
angular rotation Ry is also zero, non-zero angular rotations Rx, R; are defined automatically in the FE
computations by means of account of elastic torsional stiffness of supports.

Transfer of loads from beams to pillars is simulated by elastic z-axis turn-elements.

Arrangement of nodes allows to consider effect of non-centering load applying correctly by
simulation of interaction between pillars and beams through spiked hooks (the beam loads the pillar
along rigid wall).

Required value of beam-pillar connection torsional stiffness is approximately defined by the
iterative method with considering experimental data. Convergence condition of the iterative process is
agreement of the first buckling mode and corresponding critical load obtained numerically and
experimentally.
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Figure 4. Computational model of rack for evaluation of
beam-pillar connection torsional stiffness

In computation the following results are received. Torsional rigidity of beam-pillar connection with
regard to the rotation about z-axis for simplified single-span girder rack model is 2820 Nem/rad.
Corresponding buckling mode is represented in Fig. 5. Further tests are needed to reveal dependence
torsional stiffness of beam-pillar connection and critical tier load from number of tiers. The “Eigen
Buckling” type of analysis based on block Lanczos method was used in FE computations.

Figure 5. The first buckling mode (plane deformation in face plate).
Critical load is 11.2 kN (experimental value). Torsional stiffness of beam-pillar connection with
regard to the rotation about z-axis is 2820 N-m/rad

2.2. Experimental invesrigation of the connection stiffness

In order to confirm the reliability of the obtained results of the buckling critical load, in-place tests of
real girder racks were carried out and additional analysis of elaborated rack models was done to imitate
real structures as close as possible. Two versions of the rack design were tested: beam and combined
(plate-beam) versions. The cross-sections and characteristics of the beams and pillars correspond to
those used in the experiment with the simplified model. Geometric parameters of both versions are (see
Figures 6a and b): single-section or three-section rack, height H=2500 mm, length of span
L = 1500 mm, height of the first loaded level h = 135 mm, width of the rack b = 600 mm.

Structure was loaded by a uniformly distributed load through the shelves made of the same rolled
steel as the beams (see Figure 6c). Loads for all tiers were equal. Boxes filled with metal blanks of 1 kg
weigh were used to simulate load on the shelves.
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Figure 6. Geometry of a) one-section and b) three-section racks;
¢) quasi-uniformly distributed loading

Measurements of the displacements of the investigated thin-walled structure were made by several
dial indicators. Dial indicators have an operating range from 0 to 80 mm, the measurement accuracy is
0.01 mm. In the case of a single-section rack, the indicators for a single-section girder rack are installed
to determine the displacements of one of the pillars along the X and Z axes in its upper part. On the other
hand, the indicators determine displacements of one of the two most stressed internal pillars when a
three-section girder rack is tested.

Beam finite elements are used to make a FE model of the racks. This approach allows to take into
account the shape of the beam cross-section profile in the most correct way. The horizontal beams of all
tiers are loaded with equal uniformly distributed load.

Boundary conditions are the conditions of the elastic rotation connections (an elastic flap hinge) of
the pillar's supporting nodes with the rigid base. The displacements Ux, Uy, Uz, and also the angular
rotation Ry are fixed, the angular rotations Rx and R: are defined by the elastic flap hinge stiffness.

The main difference between the beam and combined FE models is except that in the combined
one the upper and lower tiers also consist of beam element (with a certain value of torsional stiffness of
the beam-pillar connection), the other tiers are replaced by shelves (with zero value of the torsional
stiffness of the beam-pillar connection).

3. Results and Discussion

The results of calculations of the critical buckling load according to the approach developed above
for the considered versions of girder rack’s design are presented in Table 1. In the same table, the results
of computations for a three-section girder rack are given for comparison (Figure 7).
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Figure 7. The FEM model of the three-section girder rack

Table 1. Estimated critical buckling load on the level (in kN)(H = 2500 mm, L = 1500 mm,
h =135 mm, b =600 mm, 5 tiers)

Beam model Combined model
1 section 3 sections 1 section 3 sections
"Out of the face plane" 3.36 2.35 3.49 2.44
"In the face plane” 6.29 5.87 2.46 2.17

According to the results represented in Table.1 a single-section rack is more stable than a three-
section one. This effect can be explained by the fact that the most stressed pillar's load of the three-
section rack is 2 times greater than in the one-section. So if the beam-pillar node connection would be
hinged, the critical load for “in the face-plane” buckling of the single-section rack would be 2 times greater
than the critical load for the three-section one. But since this node has definite stiffness, the difference in
values of critical loads is smaller than 2. Moreover, a certain ratio of the stiffness of the beam-pillar
connection and the stiffness of the pillar itself allows the critical load for a three-section rack to be greater
than one for the one-section rack. This situation is typical for pallet girder racks, where the stiffness of
both the pillar itself and the beam-pillar connection are large enough.

Table 2. Experimental critical buckling load for combined girder rack (in kN)

1 section 3 sections
1 2 3 1 2 3
"Out of the face plane" 2.49 2.49 2.48 1.74 1.74 1.75
"In the face plane" 1.75 1.77 1.76 1.56 1.54 1.57

As a result of the experiments, the following data were obtained. In the course of the experiment,
three girder racks of each type were tested. The test results are shown in Table 2. The average critical
load on the combined girder rack was 1.76 kN. It corresponds to the initial stage of buckling “in the face
plane”. The structure got an adjacent deflected equilibrium state. The rack did not fracture. The maximum
load reached during the test was 2.49 kN. the test was stopped due to the fact that the load exceeded the
expected calculated value of 2.46 kN. The rack under this load had stability mode deflected from the
vertical one, the deviation was 60 mm. The ratio of the experimental and calculated critical load values is
1.76/2.46 = 0.717.

Table 3. Experimental critical buckling load for beam girder rack (in kN)

1 section 3 sections
1 2 3 1 2 3
"Out of the face plane" - - - - - -
"In the face plane" 3.34 3.36 3.33 3.12 3.10 3.13

Atavin L.V., Melnikov B.E., Semenov A.S., Chernysheva N.V., Yakovleva E.L. Influence of stiffness of node on
stability and strength of thin-walled structure. Magazine of Civil Engineering. 2018. No. 4(80). Pp. 48-61.
doi: 10.18720/MCE.80.5
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Testing beam girder racks had the same amount of sections that combined one. The average
value of the critical load for the beam rack was 3.34 kN. This value corresponds to the initial stage of
buckling “in the face plane”. The rack got a adjacent deflected equilibrium state and did not fracture. The
maximum load reached during the test was 3.76 kN. The rack under this load had stability mode
deflected from the vertical one, the deviation was 15 mm. A tendency to "out of the face plane" buckling
isn't observed. The value of the expected calculated critical "in the face plane" buckling load of 6.29 kN
was not achieved. The ratio of the experimental and calculated critical load values is 3.34 / 6.29 = 0.532.

The difference between experimental and estimated critical buckling loads for the beam and
combined racks is given in Table 4 and 5.

Table 4. Comparison of experimental and estimated critical buckling loads for beam

girder rack
1 section 3 sections
Estimated, Experimental, Difference, | Estimated, Experimental, Difference,
N N % N N %
"Out of the face plane" 3.36 - - 2.35 - -
"In the face plane” 6.29 3.34 53.2 5.87 3.12 53.15

Table 5. Comparison of experimental and estimated critical buckling loads for combined

girder rack
1 section 3 sections
Estimated, | Experimental Difference, Estimated, | Experimental | Difference,
N N % N , N %
"Out of the face plane" 3.49 2.49 71.3 2.44 1.74 713
"In the face plane" 2.46 1.76 71.7 2.17 1.56 71.9

Reduction of the experimental values of the calculated critical "in the face plane" buckling load in
comparison with the calculated ones has two main causes.

The first reason is that the calculation of this work is based on value of the stiffness of the beam-
pillar connection equal to 2820 N-m/rad. This value obtained in part 2.1 due to experimental data of the
simplified model and corresponds to a load of 11.2 kN. In this assumption the calculation model (the
simplified model in the beginning of the paper) has a deflected (not vertical) stability mode. Thus, the
calculation is based on an overestimated value of this rigidity. The actual value of the equivalent stiffness
of the beam-pillar connection is in the range 1330—-2030 N-m/rad.

The second reason is more complicated. Increasing of the number of tiers of the rack without
change of its height results in non-uniform distribution of the stiffness of the middle tiers located in the
zone of kink of buckling pillars decreases. Thus equivalent stiffness of the middle tiers located in the zone
of kink of buckling pillars decreases. An analysis of causes of this non-uniform distribution of the level of
stiffness decrease and of the way to consider influence of these factors on calculating of the rack critical
buckling loads would be the topic of future studies.

4. Conclusions

The results of the computational and experimental work can be formulated as follows:

1. The torsional stiffness of the beam-pillar connection for turning around the Z-axis is 1330-2030
N-m/ rad.

2. The values of the critical buckling loads of the beam and combined models of girder racks (on
the level) are determined by the stability condition. The values are given in tables 2-3.

To verify the results we recommend that:

1. The combined computational and experimental determination of the stiffness of the beam-pillar
connection. For the most accurate results it is recommended to take into account the connecting plates in
the joints, bolts, and contact between the elements on the surface.

2. The combined computational and experimental correction of the stiffness of the brace-pillar
connection.

3. To evaluate the influence of the height of the first loaded level on the critical buckling loads for
beam and combined girder racks of different types.

AraBun U.B., MensaukoB B.E., CemenoB A.C., UepnrimeBa H.B., SIkosnesa E.JI. BiusHue KeCTKOCTH Y3IOBBIX
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4. To investigate the causes of the non-uniform distribution of the stiffness of the beam-pillar

connection. To consider influence of these factors on calculating of the rack critical buckling loads.
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The seismic stability of facade system with facing by composite
panels

CencmoctonkocTb dpacagHon CUCTEMbI C OONULIOBKOW
KOMMO3UTHbIMU NMaHensamm

V.M. Tusnina*, Kand. mexH. Hayk, doueHm B.M. TycuHa*,
National Research Moscow State Civil HauuoHanbHbIl uccriefoeamenbekuli
Engineering University, Moscow, Russia Mockoeckuti 2ocydapcmeeHHbIl cmpoumesibHbIU
D.A. Emelianov, yHugepcumem, Mockea, Poccusi

Center of Engineering Services and Technical KaHO. mexH. HayK, eedyuw,uli UH)XeHep
Expertise, Moscow, Russia A.A. EmenbsiHos,

LleHmp UHXUHUPUH208bIX yCIly2 U MexXHUYeCcKol
akcnepmu3sl, Mockea, Poccus

Key words: suspended facade system; KnroueBble crnoBa: HaBecHas pacagHas

composite cladding panels; notched hub cuctema; obnMuoBKa N3 KOMMNO3UTHBLIX NAHENeN;

mounting; seismic resistance; dynamic load; 3yb64aToe y3rnoBoe KpenneHue; CeMCMOCTONKOCTb;

vibration platform; acceleration ONHamun4eckas Harpyska; Bubponnardgopma;
yCKOpeHue

Abstract. The hinged ventilated facades installing is a perspective technology of buildings
decoration. Suspended facade systems are widely used for construction and reconstruction of residential,
administrative, public and industrial buildings. Using suspended facade systems for decorating exterior
walls is helping designers to solve the problems of thermal protection and architectural and artistic
expressiveness of buildings by using modern heat-insulating and decoration materials. The finishing of
facades with composite panels is especially effective for buildings erected in areas with seismic activity
because the using of lightweight cladding leads to a significant reduction in the mass of external walls
and to the reduction of seismic loads. In this article we present the results of the experimental study of
bearing capacity and operational reliability under dynamic loads of hinged facade system with toothed
nodal fastening of aluminum composite panels, which was developed in the Moscow State Construction
University. The tests were conducted on a vibrating platform of a pendulum type by a vibrational
(resonant) method, which allows to determine the power load simulating seismic actions in a wide range
of frequencies, in the Central Research Institute of Building Constructions named after
V.A. Kucherenko (CRIBC). The results of experimental studies clearly demonstrated the increased
seismic stability of the structure with toothed nodal fastening of composite panels in comparison with
facade systems having a similar type of cladding. We found out that the developed design is able to
dissipate the energy from the dynamic load due to the presence of additional connections in the structural
solution of the tooth assemblies and allow to quench the energy of the oscillation of the system under
seismic influences.

AHHOTaums. B HacTosllee BpeMsi MEepPCneKTMBHOW TEeXHOMOorven OTAENKU 34aHun SBrnseTcs
YCTPOMCTBO HaBECHbIX BEHTUNMpyeMbIX (acagoB. HaBecHble pacagHble CUCTEMbl  LLMPOKO
NCMNOMb3yTCA AN CTPOMTENBbCTBA M PEKOHCTPYKUUWN XKUMbIX, aAMUHUCTPATMBHBIX, OOLLECTBEHHbBIX W
MPOMBILLMIEHHBIX 30aHWA. [MpMMeHeHWe cUCTeM HaBeCHbIX hacadoB AN OTAENKM HAPYXHbIX CTEH
Mo3BOMSIET MPOEKTUPOBLUMKAM 3(PPEKTUBHO pelaTb 3agadn TEnnoBOM 3aWwuTbl U apXUTEKTYPHO-
XyOOXECTBEHHON BbIPA3MTENbHOCTU  30aHWA, WUCMNOMb3ys COBPEMEHHbIE TEMNNOM3ONAUMOHHbIE W
otgenoyHble matepuwansl. Otgenka ¢acagoB NaHensAMM u3 KOMMO3UTHBIX MaTtepuanoB OCOBEHHO
apcbekTMBHA ANA  34aHWA, BO3BOAUMbIX B paloHaxX C CENCMUYECKOW aKTMBHOCTbIO, MOCKOSbKY
NpUMEHeHNe NErkon obGnMLOBKA MPUBOOUT K CYLLECTBEHHOMY CHUXEHUIO MacChl HapPYXHbIX CTEH W,
CnegoBaTenbHO, K CHDKEHMI0 CENCMUYECKUX Harpy3ok. B HacTosien cratbe nNpuMBOASTCA pesynbraThbl
3KCMEePUMEHTANBHOIO WCCNEAOBaHNst Hecyllel CMocOOHOCTM M SKCMyaTauMOHHOW HadeXHOCTU B
YCINOBUSAX ONHAMUYECKUX Harpy3ok, paspaboTaHHoh B MOCKOBCKOM rocygapCTBEHHOM CTPOUTENLHOM
yHMBEpCUTETE, HaBecHoW pacagHoM cucTemMbl C 3yO4yaTbiM Y3MOBbLIM KpenneHnem oO6nuuUoBKA U3
antMUHUEBbBIX KOMMO3UTHbIX naHenen. Ucnbitanns nposogunuce B LUIHUUCK um. B.A. KyyepeHko Ha
BMOponnatdopMe MasTHUKOBOIO Tuna BUOPAUMOHHBIM (PE30HAHCHBIM) METOAOM, MO3BOJISAOLLUM
onpeaensTb CUITOBYKO Harpysky, MMWUTUPYIOLLYID CENCMUYECKME BO3OEWCTBUS B LUMPOKOM AManasoHe

Tycuuna B.M., EmenssaroB JI.A., CeficMOCTONKOCTE (hacagHOl CHCTEMBI ¢ OOIHUIIOBKONW KOMITO3UTHBIMH TAHEISIMH
// IikeHepHO-CcTpouTeNbHbIH sKypHa. 2018. Ne 4(80). C. 62-72.
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yactoT. PesynbTaTtbl  3KCMEpUMMEHTanbHbIX  WUCCMEOOBAHMM  HarnsgHO  NPOAEMOHCTpUpoBanmu
MOBLILLIEHHY CENCMOCTOMKOCTb KOHCTPYKLIMN C Y3NMOBbIM 3yG4aThiM KpensieHneM KOMMO3UTHBLIX NaHenemn
B CpaBHEHMM C dpacagHbIMU CUCTEMAMU, UMEKLUMM aHaNOrMYHbIA TUN OGSMLIOBKN. YCTaHOBIIEHO, YTO
3a CYET Hannuus [OOMOSIHUTENbHbLIX CBSI3€M B  KOHCTPYKTMBHOM peLleHun 3ybyaTbiX Y3IrioB,
pa3paboTaHHas KOHCTPYKUMSI CNOCOBHa XOpOLLO pacCcemBaTb SHEPrn0 OT AUHAMUYECKOW Harpysku, 4to
NO3BOMSIET racuTb SHEPruIo KonebaHnsa CUCTEMbI, MMEIOLLIE MECTO MPU CENCMUYECKMUX BO3LENCTBUSX.

1. Introduction

Various in design and finishing hinged facade systems (HFS) are widely used in building and
reconstruction of buildings [1-6]. HFS allows to effectively solve energy conservation problems [7-9] and
to give the building the necessary architectural look in the high tech style.

Thermotechnical and economic calculations [10-15] and studies on the operational reliability of
ventilated facades [16—19] clearly demonstrate the effectiveness of HFS.

Facade systems with aluminum composite panels finishing (ACP) amount a great part in the total
volume of applied facade systems in construction. The using facades with composite panels is especially
effective for buildings erected in areas with seismic activity because the using of lightweight cladding
leads to a significant reduction in the mass of outer walls and to the reduction of seismic loads [20-22].

There are some constructive solutions for fastening linings from aluminum composite material
which meet the safety requirements under the action of dynamic loads. But these systems are
characterized by increased material consumption and, correspondingly, low economic indicators. Some
systems do not allow creating the required architectural appearance of the facade. This applies to
systems in which the cladding is fixed with the help of visible rivets on the fagade. Also designs fastening
lining in such systems do not take into account the deformation elements from temperature
effects [23-26].

The design of a hinged facade system with toothed lining fasteners made of aluminum composite
panels was developed and researched in the Moscow State University of Civil Engineering. The fastening
cladding elements in the design is carried out by the toothed connection hook with carriage bracket. The
design of gear units is capable of receiving all horizontal and vertical loads while earthquakes due the
L-shaped hooks, which are arranged specularly to each other. There is no need for temperature-strain
joints due the absence of vertical and horizontal guides in the structure. There are special ventilated
channels, arranged with cutouts in the lower sides of the cassettes made for airflow in the structure. The
structural elements of the system are made of aluminum alloy. Finishing cassettes are inserted into the
gear connection, but mounted on vertical guides, which reduces the complexity of installing such
structures.

A detailed description of the constructive solution of the HFS is presented in the works [27-31].

The purpose of this article is to study the bearing capacity and operational reliability of the
developed vented HFS with toothed lining fasteners made of ACP under dynamic loads, simulating the
7-9 point seismic and wind pulsation effects.

The HFS tests on a vibrating platform allowed to solve the following problems:

e to set dynamic indicators, physico-mechanical and operational characteristics of HFS with
toothed lining fasteners made of ACP;

e to determine the scope of possible use of the developed HFS design, taking into account all
requirements required for constructions erected in areas with seismicity of 7-9 points on the MSK-64
scale [32];

e toreveal the increased seismic resistance of the developed design in comparison with existing
facade systems with a similar material consumption.

2. Methods

Experimental studies on dynamic loads simulating 7-9 point seismic and wind pulsation (at a height
of 75 m from ground level) were carried out to assess the operational reliability of the HFS with toothed
lining fasteners made of ACP (Figure 1). The tests were conducted on a vibrating platform of a pendulum
type by a vibrational (resonant) method, which allows to determine the power load simulating seismic
actions in a wide range of frequencies in the Research Institute of Building Constructions (TSNIISK)
named after V.A. Koucherenko.
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Figure 1. The HFS fastening unit: a — vertical joint; b - horizontal joint; 1 — the gear hook (iklya);
2 —the carriage gear bracket; 3 —the carriage; 4 — the drainage profile; 5 — the extension reverse
part; 6 —the extension; 7 —the bracket; 8 —the HFS; 9 — the mineral wool insulation;

10 —the anchor dowel; 11 — the bowl dowel; 12 — the paronit cushion; 13 — the self-tapping screw;
14 —the exhaust rivet @ 5 x 12 mm; 15 — the exhaust rivet @ 3.2x10 mm

The study of the actual work of the developed design was carried out on two experimental models:
“angular” — made from one HFS formed the facade angle and “fragmentary” — made from several HFS'’s
bilateral facade of the experimental stand (Figure 2).

We used brackets with emission set at 100 mm, which were mounted on a stand with a vertical
and horizontal step equal to 1200 mm for experimental models. The total overhang was 200 mm. To
excite dynamic effects on the system under test, we used a pendulum-type vibration platform with
a VID-12M vibrator (Figure 3). To control the given loads, the accelerometers were mounted on a
vibration platform near the oscillation excitation source. The displacement and acceleration from the
given loads were measured by six sensors mounted on the model (sensors 1-4) and on the platform
(sensors 5,6) (Figure 4). Measuring, recording, processing and transmission of information from sensors
were carried out using a specialized measuring and computing complex MIC-036. Automation of
processing of strain-gauge records was carried out with the help of WinPOS software.

Experimental stand

| “Angular” model

Experimental stand

“Fragmentary” model

Figure 2. The scheme of the experimental stand

The HFS estimation of the limiting state was carried out on the basis of a comparative analysis of
the test results with the data of the instrumental part of the macroseismic scale MSK-64 according to [15].
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Figure 4. Experimental equipment: a — arrangement of sensors;
b — system node with measuring equipment

Tests were carried out in several stages. The frequency spectrum varied from 0 to 10 Hz at the
initial stage, with the amplitude of the movements of the vibrating platform unchanged. Then the
amplitude value varied with the frequency assignment in the same spectrum. The duration of each stage
of the dynamic loading of the system fragment was from 20 to 25 seconds. Acceleration levels of the
vibratory platform corresponding to 7 + 9 points on the MSK-64 scale and the levels of impacts
corresponding to the resonance oscillations of the system were established based on the results of the
first stage of the tests. Then repeated tests of the system were performed with combinations of the
amplitude-frequency parameters of the vibratory platform corresponding to resonant oscillations of the
system at 7 + 9 points. The test duration was 40 + 50 sec.

3. Results and Discussion

In the course of the test, the acceleration of the vibrating platform varied in the range from 0.4
to 5.05 m/s? according to the accelerometers. The oscillation frequencies of the system varied in the
range from 1.6 to 7.8 Hz, the vibration amplitude of the vibratory platform — from 0.6 to 3.8 mm. The
acceleration in different system points varied in the range from 0.01 to 30.82 m/s?.

Accelerograms recorded from the sensors installed on the system fragment (sensors 1-4) and on
the platform (sensors 5, 6) are shown in Figure 5.
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Centering and filtering of the accelerograms were made for a fragment of the developed system.
Spectra of peak values of accelerations for sensors at various stages of loading are obtained using a fast
Fourier transform. Spectra of peak values of accelerations for one of the stages of loading are shown in

The peak values of the oscillation frequencies were determined from the spectra. The values of
displacements at various stages of loading were obtained by double integration of the accelerogram

function.

Graphs of the dependence of accelerations and displacements on the frequency of system

t, sec

\ Sensor 6

Figure 5. Accelerograms recorded from the sensors 1-6 (mm)

oscillations are obtained from the results of tests (Figures 7-14).

As can be seen from Figure 7, the maximum peak acceleration value with horizontal oscillations of
the system of 36.0 m/s? at a frequency of 5.9 Hz was recorded by the sensor 3 installed at the top of the
structure at an altitude of 3000 mm from the platform level. The peak acceleration value for the platform

is equal to 5.1 m/s? is observed at frequencies of 3.3 Hz + 4.0 Hz.
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Figure 6. Spectra of peak values of accelerations for sensors 1-6
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Figure 7. Graphs of the dependence of Figure 8. Graphs of the dependence of the relative
acceleration on the frequency of system acceleration op "system-platform" on the frequency
horizontal vibrations of horizontal oscillations

As can be seen from the graph in Figure 8, the acceleration value of the system upper part
(sensor 3) considerably exceeds the acceleration of the lower part of the structure with the same
frequency of horizontal oscillations (where op is a dimensionless quantity equal to the ratio of the
accelerations of the system and the platform).

The peak value of the system acceleration equal to 7.1 m/s? was recorded at a frequency of 5.9 Hz
with vertical oscillations. The peak acceleration value of the platform, equal to 5.0 m/s?, was observed at
a frequency of 7.8 Hz. The maximum system acceleration at the same frequency of vertical oscillations is
noted in the upper part of the structure, at the location of the sensor 4 (Figure 9).
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Figure 9. Graphs of the dependence of acceleration on the frequency of
vertical oscillations of the system

Graphs of the dependence of the relative acceleration op "system-platform” on the frequency of
vertical oscillations are shown in Figure 10. It is noted that the acceleration in the system upper part
(sensor 4) exceeds the accelerations in the lower part of the structure (sensor 2) at the same frequency
of vertical oscillations.
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Figure 10. Graphs of the dependence of the relative acceleration op "system-platform" on the
frequency of vertical oscillations
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As can be seen in Figure 11, the maximum value of the system displacement at the frequency of
horizontal oscillations of the structure was 37 mm at a frequency of 4.3 Hz (sensor 1). The maximum
value of the horizontal platform displacement, equal to 15.1 mm, was observed at a system oscillation
frequency of 1.7 Hz.
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Figure 11. Graphs of the dependence of displacements on the frequency of horizontal
system oscillations

The graphs of the dependence of the relative displacement (op) "system-platform” on the horizontal
frequency are shown in Figure 12. The maximum movement of the tested structure is marked in its upper
part (sensor 3).
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Figure 12. Graphs of the dependence of the relative displacement (op) "system-platform” on the
horizontal frequency

The maximum value of moving the system equal to 5.2 mm was fixed by the sensor at a frequency
of vertical oscillations corresponding to 5.9 Hz. The maximum displacement value of the platform was
3.0 mm at an oscillation frequency of 5.0 Hz. Maximum movements with vertical oscillations of the
structure occur in its upper part (sensor 4) (Figure 13).

s 'Sensor 4
4
S, mm \
3 :
Sensor 2
o P, Platform |
= —
\ - ‘
1 - By
s - - 7 |
-\" 3 ]
- e ’_ ¥

[#] !

1 2 3 4 iy 5 6 7 8 °

Figure 13. Graphs of the dependence of displacements on the frequency of vertical system
oscillations
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Graphs of the dependence of the relative displacement (op) "system-platform" on the frequency of
vertical oscillations are shown in Figure 14. The maximum displacement of the structure with vertical, as
in the case of horizontal oscillations (Figure 12), is marked in its upper part (sensor 4).
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Figure 14. Graphs of the dependence of the relative displacement (op) "system-platform"
on the vertical frequency

At the moment when the natural frequencies of the system oscillations coincided with the forced
oscillation frequencies of the vibrating platform, a phenomenon of resonance was observed. The
phenomenon of resonance was observed at different stages of loading at a frequency of f = 6.4 + 6.6 Hz.
The operational reliability of the system was not affected by resonance.

It should be noted that the developed facade system dampens the vibrations from the dynamic
loads effectively due to the features of the structural solution of the toothed junction of the facing with the
substructure.

An estimation of HFS with a toothed fastening of the cladding seismic resistance was made on the
basis of a comparative analysis of the results of an experimental study of the operation of a structure
under dynamic loads with data from similar tests of a traditional system with fastening of facing plates to
the guides [22-25, 33].

The generalized test results of the developed and traditional HFS designs are given in Table 1.

Table 1. Test results of the developed and traditional HFS designs

HFS’s natural vibration HFS’s maximum HFS’s maximum
. frequency, Hz acceleration, m/s? displacement, mm
HFS designs ; i i ; ) )
horizontal vertical horizontal vertical horizontal vertical
oscillations | oscillations | oscillations | oscillations | oscillations | oscillations
Developed HFS (with toothed
fastening of the lining) No 3+4 6 37 7 37 5
damage detected
Traditional HFS (with fastening of
facing to guides) Damage 5+6 6 19 7.8 55 5.7
detected [24]

4. Conclusions

It is possible to conclude from the results of an experimental study of the load-bearing capacity of
the HFS structure with toothed fastening of the lining of ACP under conditions of dynamic loads:

1. The developed system with toothed units for fastening facing plates is characterized by
increased seismic resistance with less material capacity, operational reliability of which has not been
disturbed at all stages of dynamic loading in comparison with existing facade systems.

2. As a result of testing, visible defects and damages in the elements of the developed HFS
design were not detected in contrast to traditional systems.

3. It is established that the developed HFS well dampens the oscillations from the effect of
dynamic loads due to the features of the node-toothed clamping of the cladding, which confirms the
possibility of its effective use in areas with seismicity of 7-9 points on the MSK-64 scale.

Taking into account the above mentioned, it can be concluded that the HFS design with the
clamping of the lining of ACP has a high load-bearing capacity under conditions of high wind and seismic
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loads and can be recommended for use in high-rise buildings for all Russian climatic regions. This will
expand the area of effective use of hinged facade systems with aluminum composite panels.
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