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Behaviour of concrete with a disperse reinforcement
under dynamic loads

MoBeneHe 6eToHa ¢ ANCNEPCHBIM apMUPOBaHUEM
NPy ANHAMUYECKUX BO3OENCTBUAX

S.D. Nikolenko, KaHd. mexH. Hayk, npogheccop

E.A. Sushko, C.[. HukoneHko,

S.A. Sazonova, KaHO. mexH. HayK, 3asedyroujasl kaghedpoli
A.A. Odnolko, E.A. Cywko,

V.Ya. Manokhin, kaHO. mexH. Hayk, douyeHm C.A. Ca3oHoea,
Voronezh State Technical University, Voronezh, KaHO. mexH. HayK, npogheccop

Russia A.A. OGHoJIbKO,

0-p mexH. HayK, npogheccop B.51. MaHOXUH,
BopoHexckull eocydapcmeeHHbIl mexHuU4ecKul
yHusepcumem, 2. BopoHex, Poccus

Key words: disperse reinforcement; fiber concrete; KnrouyeBble cnoBa: gucnepcHoe apM1MpoBaHueE;

combined reinforcement; experimental study; ¢u6po6ETOH; KOMOMHMPOBAHHOE apMUPOBAHME;

alternating dynamic highly intensive impact Punbpokene3obeToH; aKCNepMMeHTanbHoe
nccrnefoBaHue; 3HakonepeMeHHoe JUHaMmnyeckoe
BO34eNCTBMM BOMNbLUIOA UHTEHCMBHOCTU

Abstract. Disperse reinforcement of concrete greatly contributes to the properties of the latter.
Most research has dealt with the properties of disperse reinforced concrete and influence of disperse
reinforcement on structures under a static load of one sign or for a regular dynamic load that is not highly
intensive. In practice there might well be alternating dynamic impacts that are highly intensive and over
the calculated ones, e.g., seismic ones. The paper presents the results of an experiment study of beam
structures with a disperse and combined reinforcement under an alternating highly intense dynamic
impact. A method of performing an experimental study of beam elements with a disperse and combined
reinforcement under an alternating dynamic highly intensive impact that is based on the use of a
universal dynamic stand with extra equipment. The results of the experimental studies of cubes and
prisms for static and dynamic compression are discussed. The outcomes of the study of the operation of
beam elements with a disperse and combined reinforcement under an alternating dynamic highly
intensive impact are presented. The operation of fiber concrete structures and ferroconcrete beam
elements under similar impacts are compared. The presented results of the experimental studies allow us
to conclude that a disperse reinforcement has a great influence on the operation of structures with an
alternating dynamic highly intensive impact and the positive effect of a combined reinforcement of
structures operating under such impacts. The use of a disperse reinforcement in structures operating
under alternating dynamic highly intensive impacts would enable the resistance of structures to resist
these impacts.

AHHoTauuA. JucnepcHoe apmupoBaHue 6eToHa 3HauWUTENbHO YyryyllaeT CBOWCTBA NocregHero.
3HauuTenbHas 4YacTb MNPOBOAMMbBIX WCCMEeAOBaHUA MOCBSLLEHa W3YYEHUO CBOWCTB AMCNEPCHO-
apMMpoBaHHbIX OETOHOB M U3y4YeHWe BIIUSHUS OUCMEePCHOrO apMMPOBaHUS Ha paboTy KOHCTPYKUUIA Npu
CTaTMYeCKON Harpy3ke OOHOro 3Haka MUnu npu 3HakonepemeHHOW AMHaMWUYECKOW Harpyske HebonbLion
WHTEHCMBHOCTW. Ha npakTuke nepuoamyeckn BO3HUKAIOT — 3HaKoMepemeHHble  AuHaMuyeckue
BO34eNCTBUS OOMbLUON MHTEHCMBHOCTW, MpEBbIWIAIOWME pacyeTHble, Hanpumep, cerncmuyeckue. B
paboTe npeAacTaBneHbl pe3ynbTaTbl 3KCMEPUMEHTAnbHOro  uccrnegoBaHus paboTbl  HGanoyHbIX
KOHCTPYKUMIA C  OUCMEPCHbIM U KOMOVMHMPOBAHHLIM  apMMPOBaHMEM MpPU  3HAKONMEPEMEHHOM
OVHaMU4eckoM BO3dencTBMM  OOmnblWOW  MHTEHcuBHOCTW. [lpuBedeHa meToavka NpOBeAeHUs
3KCMEepMMeHTanbHOro  MccrnegoBaHuMs  paboTbl  OanmoyvHbIX  3NIEMEHTOB  C  AWCMEPCHbIM - U1
KOMOVMHMPOBAHHBIM apMUPOBaHWEM MpPW 3HAKONEPEMEHHOM AMHAMWYECKOM BO34ENCTBMU OOmnbLUON
WHTEHCUBHOCTWN, OCHOBaHHasi Ha MCNonb30BaHUM 40060PYAOBAHHOIO YHMBEPCANbHOIO AUHAMUYECKOro
cteHaa. PaccmoTpeHbl pe3ynbTaThl SKCNepUMEHTanbHbIX NCCreAoBaHUi KyGoB 1M NpM3M Ha cTaTuyeckoe
N AMHamudeckoe cxatue. lMpuBedeHbl pesynbTaTbl UCCNefoBaHWA paboTbl OanoOYHbIX INEMEHTOB C
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OMcnepcHbIM U KOMBUHNPOBAHHBIM apMUPOBaHMEM Ha 3HaKonepeMeHHOM AMHaAMWYECKOM BO3OEeNCTBUn
OOnbLION MHTEHCUBHOCTWU. BbinonHeHo cpaBHeHue paboTbl PMOPOXKENe3006EeTOHHBIX KOHCTPYKUUN C
paboTon xene300eToHHbIX H6anoyHbIX 3MEMEHTOB MPY aHanornMYHbIX BO3AencTBuAX. [lpeactaBneHHble
pe3ynbTaTbl 3KCNEepUMEHTarbHbIX UCCIeAOBaHMA NO3BONSAIOT CAeNnaTh BbIBOA O 3HAYUTENbHOM BAUSIHUN
OMCNEPCHOr0  apMUpPOBaHUA Ha paboTy KOHCTPYKUMM Npu  3HAKOMEPEMEHHOM  OMHAMUYECKOM
BO30ENCTBUM OOMbLION WMHTEHCMBHOCTM U  LLenecoobpasHOCT KOMOWHMPOBAHHOIO apMMpoOBaHUS
KOHCTPYKUMI, paboTarowmx npu Takux BO3gencTBusx. lNpuMMeHeHMe AMCNepCHOro apMupoBaHWS B
KOHCTPYKUMAX paboTarolmx npu  3HAKOMEPEMEHHbIX OUHAMWYECKMX BO3OENCTBUAX  BOnbLUOK
WHTEHCUBHOCTW MO3BOSUT YBEINMYUTbL CONPOTMBASIEMOCTb KOHCTPYKLNA TaKMM BO3OENCTBUSM.

Introduction

In many industrial developed countries there is a lot of focus on studies of concrete reinforced with
different fibres: steel, glass, basalt, polypropylene, etc. Such concretes are called disperse reinforced
concretes or fibre concretes. According to the data, they have improved characteristics compared to a
regular concrete and outperform it by 2 or 4 times in bending. In the standard literature [1, 2] steel
fibreconcrete structures depending on their reinforcement are classed into structures with fibre
reinforcement (fibreconcrete ones) that are reinforced using only steel fibre that is evenly distributed
along the element; with a combined reinforcement (fibreferroconcrete ones) that are reinforced using
steel fibres in combination with a steel rod or wire reinforcement.

Studies of the properties of disperse reinforced concretes are numerous. In [3] there are the results
of studies of physical and mechanical characteristics of dispersing reinforced fine-grained concretes with
multifunctional modifying additives. Studies of ceramsitefibreferroconcrete elements that has an extra
rough basalt fibre reinforcement are described in [4]. In [5] the combined and individual effects of a
polypropylene and glass fibre on the mechanical properties and rheological characteristics of a self-
sealing concrete are investigated. The combined effect of a polypropylene and glass fibre improves the
compressive, tensile and bending strength.

However, most studies have investigated a metal fibre. A full account of the influence of a disperse
reinforcement on the properties of concrete can be found in [6]. It is concluded that the use of steel fibres
for strong and durable structures and concrete reinforcement is agreed to be promising all over the world.
300 thousands of tonnes of fibre is used for concrete reinforcement, 50 % of them are steel [7].

The investigations described in [8] show the efficiency of steel fibres. In particular it was suggested
that the minimum volume of steel, glass and polypropylene fibres in a concrete matrix that have the best
performance is about 0.31 %, 0.40 % and 0.75 % respectively for each type. The efficiency of steel fibres
in beam structures for pure bending is described in the papers by H.V. Dwarakanath, T.S. Nagaraj [9].
The results of the studies mentioned by Job Thomas, AnanthRamaswamy [10] indicate that the mutual
effect of a metal fibre and concrete matrix largely contributes to the mechanical properties that are
improved by a fibre introduced into a concrete matrix.

The results of static studies of fibreferroconcrete beams and their comparisons by other authors
are accounted for in [11]. In [12] there are the results of experimental studies of fibreconcrete beams with
three types of fibres: a steel fibre with a curved end, a fibre from wavy steel and polypropylene fibres.

In [13] according to the above studies, the introduction of a steel fibre into concrete is reported to
improve the limit bending strength of a material. This bending strength goes up as does the amount of
fibre in concrete. Quick ash is used as an additive. In [13] there are the results of a study of a
fibreconcrete under a dynamic impact load. The outcomes of the investigation of the properties of
fibreconcrete with different fibres are also described in [14]. It is also indicated that concrete must be
designed so that it saturates the energy of natural forces such as earthquakes.

An extensive analysis of studies of disperse reinforced structures is presented in a monography by
F.N. Rabinovich [15].In [16] the methods and results of experimental studies of beam fibreconcrete
elements with a synthetic fibrecan be found.

Based on the theoretical and experimental studies of physical and mechanical characteristics of
disperse reinforced concrete in a wide range of volumetric saturation with fibres, Yu.V. Pukharenko [17]
contributed to the ideas about the structure of fibreconcrete. He also found that the main structural
component of disperse reinforced concrete is fibre. In addition, the general method of designing the
composition of fibreconcrete was developed and features of its use for different types of concrete
reinforced with steel and non-metal fibresare investigated.
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The following papers deal with structures under a dynamic alternating impact. In [18] experimental
studies of ferroconcrete beams reinforced with fibre and their effect on alternating dynamic loads are
presented. The use of metal fibresis shown to have a positive influence of the energy capacity of a
failure. In [19] the results of experimental studies of ferroconcrete beams that are statistically determined
or not determined with a regular and pre-stressed reinforcement under alternating low-cycle loads of a
high level, e.g., seismic ones are described.

The results of dynamic studies of beam elements of a transverse section sized 150 x 200 mm with
a pure span of 1 m are identified in [20]. The samples contained metal fibres with the amount of 40 kg/m3
and 80 kg/m3. Fibres from stainless steel and carbonaceous steel wire were involved. The experiments
were conducted under a static load up to 100 kN and dynamic load up to 80 KN. The results suggest that
metal fibres contribute greatly to the properties of fibreconcrete elements under an alternating
deformation.

Studies addressing improvement of crack resistance of ferroconcrete structures performed by
N.I. Vatin [21, 22] seem promising. They also explore possible improvement of crack resistance of
concrete and nanoconcrete in structures by applying pre-stresses. They are generated by placing a
reinforced rope in a structure along the distribution of bending moments. The rope that is pulled is pre-
stressed without the cohesion with concrete to allow this method to be employed in structures with small
sections.

However, despite a lot of research and materials, most of them have to do with the operation of
disperse reinforced construction under a static load of one sign or alternating loads that are not highly
intensive. In practice most structures operate under alternating dynamic loads, e.g., under seismic loads
that are highly intensive. The properties of the material of a structure are essential to the strength of
buildings subjected to seismic loads.

It seems hardly possible to identify seismic forces and their directions on buildings as the Earth’s
movement during an earthquake depends on a number of factors. While selecting the intensity of an
impact on sample structures it is important to note that actual intensity of earthquakes is significantly over
the expected one. Therefore in the experiments a special shock stand was employed that allowed one to
generate an alternating dynamic highly intensive load on the sample structure.

The objective was to evaluate the effect of a disperse reinforcement of concrete on the operation of
structures under an alternating dynamic highly intensive load. For that experimental studies were planned
of the operation of fibreconcrete and fibreferroconcrete beam elements under an alternating dynamic
highly intensive load and their operation was compared with that of ferroconcrete beam elements.

Experimental sample

All of the sample structures were beams with the length of 1650 mm. Their transverse section was
100 x 100 mm. These sizes were chosen based on the capacity of the laboratory equipment,
requirements for the absolute accuracy of measurements and geometric size of the model and actual
structures. 4 series of beams were designed with the following reinforcement. The beams of series 1
were reinforced as shown in Figure 1. The beams of series 2 and series 4 had a combined reinforcement
as shown in Figure 2, i.e. there was only a transverse operating reinforcement left in them and the rest
was substituted with a disperse one at the rate of 1 % and 2 % in the volume respectively.

@
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. 100 1650
Figure 1. Scheme of the reinforcement of ferroconcrete beams:
1 -reinforcement A —Ill, diameter 6mm, length 80 mm, 18;
2 —reinforcement A —lll, diameter 6mm, length 1620 mm, 4
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Figure 2. Scheme of reinforcement of fibreconcrete beams:
1 —reinforcement A —ll, diameter 6mm, length 1620 mm, 4

The beams of series 3 and series 5 had no rod reinforcement but only a disperse one at the rate of
2% and 1 % in the volume respectively. Hence the beams of series 3 and series 5 are not indicated in
the schemes. Three sample beams were tested in each of the series.

Overall the amount of reinforcement in the beams of the first three series was approximately
identical (Table 1). The beams of series 4 and series 5 had an increased and decreased amount of
reinforcement respectively.

Table 1. Characteristics of reinforcement of the experimental beams

e] ()
o — (@] (@]
@ S - X S IR =<
2 =5 o =5 o =
b} = = = = c c c
b o £ 5 Q@ © £ - @ S ©
o o 9 S o o £ o £
c Names of the beams o Q =) o 0 - o =
- S 5 5 © T 5 c o © O
= —_ s S5 = hust
G S e SIS c = o O < O
o o .S £ = o .S = o=
g ° Q0 < < °0 E c o<
D_ — D_ S S
1 Fibreconcrete 0.565 25 - - 25

Fibreferroconcrete

2 0.565 1.5 1.0 1.2 2.7

with 1.0 % of fibres

Fibreconcrete
3 with 2.0 % of fibres . - 2.0 2.4

Fibreferroconcrete
4 with 2.0 % of fibres 0.565 15 2.0 2.4 3.9

Fibreconcrete
5 with 1.0 % of fibres - - 1.0 12 12

N
N

In order to make the samples, a fine-grained cement mix with the composition Cement:Sand 1:2.5.
The binder was Portland cement M400. The ratio Water/Cement was 0.4. For disperse reinforcement a
fibore was used made from a regular low-carboneous wire of a with the diameter 0.8 mm, density 78.5
g/cm3. Along with cutting the wire fibre on a special machine, their surface was made profiled using
rollers. The scheme of the profile of the fibresis presented in Figure 3.

L step

L b1

Figure 3. Scheme of the profile of the fibre in two planes:
Lstep — profiling step of the fibre is 4 mm;Lo1 — profiling length of the fibre in plane 1is 1.9 mm;
Lbz — profiling length of the fibre in plane 2 is 2.4 mm;B-the bearing angle is 459,
d — diameter of the fibre
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The length of the fibres was 36 mm due to being able to randomly arrange them in the
experimental samples. For larger fibres for these sizes of the transverse sections of the experimental
beams when the fibresare distributed in the beams, they are distinctively “squeezed” and there is hardly
any volumetric reinforcement left. Hence there is no major advantage of disperse reinforcement any
more either. The recommendations on the distance between rods of transverse reinforcements in
structures with a combined reinforcement with no less than 1.5 fibre lengths, optimally no less than 2 fibre
lengths.

Despite the fact that according to a lot of researchers, the accepted ratio of the fibre length and
diameter (I/d) is not optimal and lately fibre with the I/d 45-60 has been used. E.g., fibre from a cut steel
wire “Dramix” produced by the Belgian group Bekaert N.V. with the brand Dramix 3D 45/50BL has the
length of 50 mm, diameter of 1.05 mm. I/d that is indicated in the fibre labelling is 45. The accepted
geometric parameters of the fibre are in agreement with the recommendations by the
Committee 544 [23]. In particular, the ratio of the fibre length to the diameter is from about 20 to 100,
making a fibre by cutting of a regular wire with the diameter 0.25-1.00 mm. The results of the experiment
also showed that for the ratio I/d a disperse reinforcement also shows its major advantages.

In addition, the advantages in the technology of producing structures with a fibre of such
parameters are out of question. The introduction of such fibres into a concrete mix requires no extra
equipment without leaving them clumped. When fibres with the ratio //d=100 are used, additional
introduction of concrete is essential in order to avoid clumping of fibres.

A concrete mix was prepared first with no fibres and then they were gradually introduced.

In order to identify the strength characteristics of concrete and fibreconcrete in the beams and
fibreconcrete in the beams of each mixing, three prisms and three cubes were made
(100 x 100 x 400 mm) (150 x 150 x 150 mm). In order to get comparative characteristics for fibres of the
accepted geometric parameters, prisms and cubes were additionally produced for dynamic studies.

Research method

As providing complete protection of buildings in the event of severe earthquakes hardly seems
possible, the guidelines [24] make it possible to damage individual elements as long as people safety is
guaranteed. Based on that the intensity and scheme of the experiments were chosen as follows
(Figure 4).
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Figure 4. Scheme of dynamic studies (from the top):
1 - mechanism of trapping the shock cart and compressing the springs;
2 —springs of the stand;3 — shock cart; 4, 5 — scheme of centering the shock spot;
6 — operating cart with the tested beam; 7 — elastic filling

The tested structure was safely put on the operating cart (6) using a special structure of the beam
clamping. Using the mechanism of trapping the shock cart and compression of springs (1) while using the
hydraulics of the stand spring (2) was compressed down to a specified level. The shock cart (3) was set
to motion due to the force of straightening of the springs. Applying some shock to the operating cart using
the device for centering of the shock (4, 5), it impacted the tested beam by accelerating through the
supports of a special structure. In order to obtain the second semi-wave of the acceleration of the
supports of the beam between the operating cart and support, an elastic filling was provided (6).

Dynamic tests of the beam elements were conducted on a universal dynamic stand (Figure 5). The
scheme of placing the beam and sensors on the operating cart is presented in Figure 6.
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Figure 5. View of the universal dynamic stand with the tested structure

Figure 6. Scheme of placing the beam and sensors on the operating cart (from the top):
1 -the beam attached to the cart;2 — support;3 — acceleration sensors;4 — tested beam;
5 —angle for placing the displacement sensor;6 — displacement sensors

Throughout the experiment the bendings of the beam were measured at three spots in the middle
of the span, accelerations on the support and the centre of the beam span, deformation of the
reinforcement in the centre of the beam span.

The measurements were performed using acceleration and displacement sensors and the
deformation of reinforcement using strain gauges. The resulting values were fixed by means of
intensifiers and oscillographs. In order to observe cracks and their development, the surface of the
beams was wetted with acetone.

Results and Discussion

The prisms and cubes were tested [25] under a static and dynamic load one by one. The test
results for the cubes are in Table 2. The cubes were made without reinforcement (series 1), with disperse
reinforcement with the fibre content of 1 % (series 2) and 2 % (series 3). The average cubic strength of
concrete at the time of the tests was 31.4 MPa. The average cubic strength of concrete for the dynamic
tests was 32.7 MPa. The strength of concrete during the dynamic tests was 4.2 % higher than that during
the static tests. The average cubic strength of fibrecocnrete for beams with a combined reinforcement
and those with a disperse one with 1.0 % of fibre reinforcement at the time of the tests was 32.6 MPa.
The average strength of such cubes of fibreconcrete during the dynamic tests was 34.4 MPa.

The strength of cubes of fibreconcrete for the dynamic tests was 5.5% higher than that for the
static ones.

Nikolenko S.D., Sushko E.A., Sazonova S.A., Odnolko A.A., Manokhin V.Ya. Behaviour of concrete with a
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Table 2. Results of the compression tests of cubes

Ne Static Dynamics
g;rtir;z Sample labelling Failure load, kN Sample labelling Failure load, kN

K-B-S-1 702 K-B-D-1 735
1 K-B-S-2 709 K-B-D-2 739
K-B-S-3 710 K-B-D-3 738
K-FB-S-1(1.0) 739 K-FB-D-1 (1.0) 776
2 K-FB-S-2(1.0) 736 K-FB-D-2(1.0) 774
K-FB-S-3(1.0) 730 K-FB-D-3 (1.0) 771
K-FB-S-1(2.0) 742 K-FB-D-1 (2.0) 780
3 K-FB-S-2(2.0) 748 K-FB-D-2 (2.0) 785
K-FB-S-3(2.0) 746 K-FB-D-3 (2.0) 778

In Table 2 there are the following denotations: K is a cube; B is concrete; FB is fibreconcrete; S is
static;

D is dynamic; 1, 2, 3 is the number of a sample; (1.0), (2.0) is a percentage of a volumetric fibre
reinforcement.

The average cubic strength of fibreconcrete for beams with combined reinforcement and those with
a disperse one with 2.0 % of fibre reinforcement was 33.15 MPa. The average strength of such cubes of
fibreconcrete during the dynamic tests was 34.7 MPa. The strength of cubes of fibreconcrete during the
dynamic tests was 4.8 % higher than that during the static tests.

The compression strength of fibreconcrete was 4-6 % higher than that of standardized concrete
depending on the percentage of fibre reinforcement.

The results of the tests of prisms are presented in Table 3. The prisms were made in series 1 with
no reinforcement, in series 2 with a disperse reinforcement with 1 % of fibre and in series 3 with 2 % of
fibre.

Table 3. Results of the compression tests of prisms

Ne Static Dynamics
of t_he Sample labelling Failure load, kN Sample labelling Failure load, kN
series
1 P-B-S-1 258 P-B-D-1 285
P-B-S-2 266 P-B-D-2 281
P-B-S-3 262 P-B-D-3 280
2 P-FB-S-1(1.0) 280 P-FB-D-1(1.0) 299
P-FB-S-2(1.0) 283 P-FB-D-2(1.0) 301
P-FB-S-3(1.0) 276 P-FB-D-3(1.0) 308
3 P-FB-S-1(2.0) 290 P-FB-D-1(2.0) 315
P-FB-S-2(2.0) 292 P-FB-D-2(2.0) 309
P-FB-S-3(2.0) 286 P-FB-D-3(2.0) 313

In Table 2 there are the following denotations: P is a prisms; B is concrete; FB is fibreconcrete; S is
static; D is dynamic; 1, 2, 3 is the number of a sample; (1.0), (2.0) is a percentage of a volumetric fibre
reinforcement.

The average prism strength of concrete at the time of the tests was 26.2 MPa. The average
strength of prisms of concrete during the dynamic tests was 28.2 MPa. The prism strength of concrete
during the dynamic tests was 7.6 % higher than that during the static tests.

The average prism strength of fibreconcrete for beams with a combined reinforcement and those
with a disperse one with 1.0 % of fibre reinforcement at the time of the tests was 27.9 MPa. The average
strength of such prisms of fibreconcrete during the dynamic tests was 30.3 MPa. The strength of prisms
of fibreconcrete during the dynamic tests was 8.6% higher than that during the static tests. The average
prism strength of fibreconcrete for beams with a combined reinforcement and those with a disperse one
with 2.0 % of fibre reinforcement at the time of the tests was 28.9 MPa. The average strength of such

Huxonenko C.J., Cymko E.A., CazonoBa C.A., OmHonbko A.A., ManoxuH B.4. TloBenenne OeToHa ¢ qUCTIEPCHBIM
apMHUpPOBaHUEM MPH AUHAMUYCCKHUX BO3AeHCTBHsAX // H)KeHepHO-CTpouTebHbII xkypHan. 2017. Ne 7(75). C. 3-14.



Magazine of Civil Engineering, No. 7, 2017

prisms of fibreconcrete during the dynamic tests was 31.2 MPa. The strenght of prisms of fibreconcrete
during the dynamic tests was 8 % higher than that during the static tests.

The prism strength of fibreconcrete was 6.5-10 % higher than that of standardized concrete
depending on the percentage of fibre reinforcement. The tests of prisms showed that the failure of prisms
of fibreconcrete was viscous unlike fragile failure of concrete prisms. It should be noted that the
distribution of fibre has a great influence on the nature of failure of prisms [26]. It is particularly the case
for the percentage of volumetric reinforcement of 1 %.

Non-reinforced prisms were originally deformed elastically. Then microcracks occurred and
transformed into localized microcracks that came together under a load and as a result, the prism lost its
strength. During the dynamic tests concrete prisms were almost torn into pieces. In order to take a
photograph of the samples, they had to be put together using a wire. In disperse reinforced prisms the
failure was more viscous with its nature having to do with the amount of fibre in concrete. The
comparison of the type of a failure of prisms during the dynamic tests is in Figure 7.

Figure 7. Typical view of failures of prisms following a dynamic impact:
on the left are concrete prisms, on the right are fibreconcrete prisms

The impact on the tested beams was an impulse by applying a dynamic load to the operating cart.
As a result of the impact, the resulting acceleration by using the supports of the tested structure was 18-
22 g. The time of impact of each of the semiwaves of acceleration was 9-10 msec. The difference
between the readings of the sensors of acceleration on different supports was 0.8-1.2%. The centre of
the span of the tested beam started displacement following 2.5-3.5 msec after the supports started
displacement. As a result, there was alternating loading and unloading occurring in the beams, which
caused a change in their stress-strain state. These led to the accumulation of residual deformations and
damages. The results of the tests of the experimental beams are presented in Table 4.

Table 4. Results of the tests of the beams using impacts such as “seismic” ones (the mean
values in the series)

Ne Maximum Time of . .
- i g Maximum acceleration
Sample displacement of the oscillations of the centre of the Notes
of the labelling centre of the span, of the
Series mm beam, msec span, g
1 B-ZHB-D 9 210 48
2 B-FZHB-D(1.0) 6 120 45
3 B-FB-D(2.0) 12 60 12 Fallttj)re of the
eam
4 B-FZHB-D(2.0) 5 105 40
5 B-FB-D(1.0) - _ 8 Failure of the
beam

In Table 4 there are the following denotations: B is a beam; ZHB is ferroconcrete; FZHB is
fibreferroconcrete; D is dynamic; (1.0), (2.0) is a percentage of the volumetric fibre reinforcement.

The ratio of the maximum acceleration on the support and in the centre of the span of the beam
was 0.6-0.7. In Figure 8 there are graphs of the oscillations of the centre of the span of the beam under
an alternating dynamic highly intensive impact.
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Figure 8. Graphs of the oscillations of the centre of the span of the beams under an alternating
dynamic impact with the intensity 20 gbeams of series 1 (a), of series 2 (b), of series 4 (c)

The tests of the beams with a combined reinforcement (series 2 and series 4) showed that the
amplitude of the oscillations in the centre of the span of such beams is almost two times less than in
ferroconcrete ones (series 1). It can be accounted for with the fact that fibres additionally perceive some
of compression forces and curb a bending increase. Damping of the oscillations of fibreferroconcrete
beams was more rapid than in ferroconcrete ones and as the percentage of fibre reinforcement went up,
it grew even more so. Rapid damping of the oscillations of the structure has a positive effect on the
human behavior during earthquakes contributing to low levels of panic.

There were visible cracks all through the ferroconcrete beams and plastic deformations in the
longitudinal rod reinforcement in the centre of the span. Under an identical impact in the beams of series
2 there were visible cracks with less opening but not all through them. In the beams of series 4 there
were no visible cracks and in the longitudinal rod reinforcement in the centre of the beams there were no
plastic deformations. This is due to a great influence of the dynamic strength of concrete of initial defects
in the structure of concrete (e.g., microcracks). The use of a disperse reinforcement reduces this
influence to a maximum.

The tests of fibreconcrete beams showed the following. In the beams of series 3 the total time of
the oscillations was on average 60 msec, maximum bending of the beam was 12 mm with enough cracks
in the beams but they retained their integrity as a self-sustaining element. However, it was not able to
perceive the external impacts that followed. The beams of series 5 almost failed with a crack all through
them. The fibreswere largely stretched from the matrix. Due to a constant stretching of the fibres, the
failure was viscous.

Numerical Calculation of the Oscillations of the Beam

Numerical modelling of the oscillations of the beam under an impulse load was performed using
the finite element method by means of a computational tool Structure CAD (SCAD). In the software in
order to solve a dynamic task, an absolutely stablevatriant of the Newmark method was implemented in
the form of the “predictor-corrector” algorithm [27].

The sizes, mass of the beam, type of an impulse and parameters of the damping of the oscillations
were accepted according to the results of the experiment. A preliminary modal analysis of the dynamic
model of the beam (Figure 9.) showed that the first frequency of the oscillations was f = 26.74 Hz
(T1 = 0.0374 sec). The time of the shock impulse obtained during the experiment was t, = 0.018 sec. With
a relative time of the impulse t,/ T1 = 0.05 its time has no great influence on free oscillations of the beam
[28] as shown in Figure 10.

Huxonenko C.J., Cymko E.A., CazonoBa C.A., OmHonbko A.A., ManoxuH B.4. TloBenenne OeToHa ¢ qUCTIEPCHBIM
apMHUpPOBaHUEM MPH AUHAMUYCCKHUX BO3AeHCTBHsAX // H)KeHepHO-CTpouTebHbII xkypHan. 2017. Ne 7(75). C. 3-14.
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Figure 9. Finite-element model of the beam of a rectangular section

While comparing the calculated linear elastic operation of the material obtained in the assumption
and experimental vibrorecord, it can be concluded that the nature of oscillations of the beam during the
experiment was non-linear due to damages of the concrete and reinforcement. Cracks and plastic
deformations in the reinforcement also contribute greatly to the saturation of the oscillation energy as
shown in the experimental vibrorecord.
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Figure 10. Calculationalvibrorecord of displacements in the middle of the span of the beam

The results of the studie sareinagreement withthoseobtained by otherre searchers [6, 8, 9, 10, 11,
12, 13, 14, 17, 18] and compliment them in terms of the use of disperse reinforcement with steel fibre
with a small I/d ratio in structures under an alternating highly intensive dynamic load.

Conclusions

1. The use of a disperse reinforcement with the use of fibres with a small I/d ratio has a significant
impact on the behaviour of structures with a combined reinforcement under an alternating dynamic highly
intensive load thus resulting in an increase in the crack resistance as well as a decrease in the amplitude
and time of oscillations of structures with a combined reinforcement.

2. Under alternating dynamic highly intensive loads it is reasonable to make use of a combined
reinforcement since structures with only one fibre reinforcement are not capable of perceiving such loads.

3. During an alternating deformationfibre shows extra resistance to the opening of cracks not only
due to cohesion with concrete but also thanks to the resistance in the transverse direction. If the
resistance of fibres is in the axial direction, after being stretched out of the matrix they continue to resist
due to the friction force along the surface of a resulting channel in the concrete.

4. Cubes and prisms with a disperse reinforcement has a higher compression strength compared
to a non-reinforced concrete under a static and dynamic impact for the employed geometric parameters
of fibres. An increase in the strength is due to “the ring effect’ created by a disperse reinforcement that
prevents transverse expansion.
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Impact of forest fires on buildings and structures

Bosgencrteue necHbix NoXapos Ha 30aHnA U COOPYXeHUS

K.O. Fryanova, AcnupaHm K.O. ®psiHoea,

V.A. Perminov, 0-p ¢hus.-mam. HayK, npogheccop

National Research Tomsk Polytechnic University,  B.A. lepmuHos,

Tomsk, Russia HauuoHanbHbIl uccriedosamernbcekuli Tomckul
rofumexHu4YyecKkul yHusepcumem, e. ToMck,
Poccus

Key words: mathematical model; buildings; KnioueBble crnoBa: maTemaTtuyeckas Moaens;

constructions; forest fire; equation; finite volume; 3[aHu1s, COOPYKEHUS; NECHON NoXap; YpaBHEHUE;

numerical method KOHEYHbI 06BEM; YNCNEHHBIA METOL,

Abstract. The mathematical modeling of forest fires actions on buildings and structures has been
carried out to study the effects of fire intensity and wind speed on possibility of ignition of buildings. The
crown forest fire is introduced as a heat and mass source defined by the empirical values of average
crown fire temperature and vertical gas velocity at the top crown surface dependent on fire intensity. The
hydrodynamic and thermal interactions between plume, wind flow and building are analyzed. The
modeling approach is based on the use of standard non-stationary three-dimensional conservation
equations that are solved numerically under the input conditions specific for large crown forest fires.

AHHOTauuA. [NpoBegeHO MaTeMaTUvyeckoe MOAENMPOBaHUE AENCTBUIN JECHbIX MOXapoB Ha
30aHNAX N COOPYXKEHUAX C LENbl U3YYEHUS BAUSIHUST UHTEHCUBHOCTM OFHA M CKOPOCTU BeTpa Ha
BO3MOXHOCTb BO3ropaHusi 3gaHunin. BepxoBow necHor noxap BBOAMTCSA KakK MCTOYHMK Tenrna M Macchl,
onpegensieMbli  AMNUPUYECKMMWN  3HAYEHUSIMW  CpedHen TemnepaTypbl BEpXOBOro noxapa U
BepTUKaNbHOW CKOPOCTU rasa Ha BepxXHen NoBEepXHOCTU KPOHbl B 3aBUCMMOCTU OT MHTEHCUBHOCTU OrHS.
AHanuaupyoTcs rmgpogMHamMmmyeckoe 1 TennoBoe B3auMOLEeNCTBUA Mexay Lwnendgom, NnoToKOM BeTpa n
30aHnEeM. MogenbHbIi  MOAXo4 OCHOBaAH Ha  WCNOMb30BaHUM  CTaHAAPTHLIX HecTauMOHapHbIX
TPEXMEpPHbIX YpaBHEHU COXPaHEHUs, KOTOPble pPeLlalTCd YMCIIEHHO MpU  BXOAOHbLIX YCMOBUSX,
XapaKkTepHbIX AN KPYMNHbIX BEPXOBbIX NECHbIX MOXapoB.

Introduction

This paper addresses the development of a mathematical model for fires in the wildland-urban
intermix. The forest fire is a very complicated phenomenon. At present, fire services can forecast the
danger rating of, or the specific weather elements relating to, forest fire. There is need to understand and
predict forest fire initiation, behaviour and impact of fire on the buildings and constructions. This paper’s
purposes are the improvement of knowledge on the fundamental physical mechanisms that control forest
fire behavior. A great deal of work has been done on the theoretical problem of forest fires. Crown fires
are initiated by convective and radiative heat transfer from surface fires. However, convection is the main
heat transfer mechanism. Crown fires a more difficult to control than surface. The first accepted method
for prediction of crown fires was given by Rothermal [1] and Van Wagner [3]. The semi-empirical models
[1-2] allow to obtain a quite good data of the forest fire rate of spread as a function of fuel bulk and
moisture, wind velocity and the terrain slope. But these models use data for particular cases and do not
give results for general fire conditions. Also crown fires initiation and hazard have been studied and
modeled in detail (eg: Alexander [3], Van Wagner [3], Xanthopoulos, [4], Van Wagner, [5], Cruz [6], Albini
[7], Scott, J. H. and Reinhardt, E.D. [8].The discussion of the problem of modeling forest fires is provided
by a group of co-workers at Tomsk University (Grishin [9], Grishin et al [10]). A mathematical model of
forest fires was obtained by Grishin [9] based on an analysis of known and original experimental data [9,
11], and using concepts and methods from reactive media mechanics. The physical two-phase models
used in [12] may be considered as a development and extension of the formulation proposed by Grishin
[9]. However, the investigation of crown fires thermal impacts on buildings and constructions has been
limited mainly to cases of using simple models [13-16]. But in Russia and other countries these kinds of
WUI (wildfire urban interface) models are developed very intensive [17-29]. The purpose of this paper is
to study the thermal impact of forest fires on buildings and constructions. For the solution of this problem,

OpsHoa K.O. Ilepmunos B.A. BozaeiicTBue JecHBIX MOXKapoB Ha 31aHUSI U coopyskeHus // HxeHepHO-
cTpouTenbHBIN KypHad. 2017. Ne 7(75). C. 15-22.
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it is necessary to solve the following problems: to develop a mathematical model for the spread of forest
fire, to obtain a numerical solution, and to investigate the thermal effect of forest fires on buildings in order
to determine the safe distances from combustion sites to buildings and structures. The present
mathematical model and results of calculation are used to study the forest fire fronts interaction with
buildings of different sizes.

Physical and mathematical model

It is assumed that the forest during a forest fire can be modeled as 1) a multi-phase, multistoried,
spatially heterogeneous medium; 2) in the fire zone the forest is a porous-dispersed, two-temperature,
single-velocity, reactive medium; 3) the forest canopy is supposed to be non — deformed medium (trunks,
large branches, small twigs and needles), which affects only the magnitude of the force of resistance in
the equation of conservation of momentum in the gas phase, i.e., the medium is assumed to be quasi-
solid (almost non-deformable during wind gusts); 4) let there be a so-called “ventilated” forest massif, in
which the volume of fractions of condensed forest fuel phases, consisting of dry organic matter, water in
liquid state, solid pyrolysis products, and ash, can be neglected compared to the volume fraction of gas
phase (components of air and gaseous pyrolysis products); 5) the flow has a developed turbulent nature
and molecular transfer is neglected; 6) gaseous phase density doesn’t depend on the pressure because
of the low velocities of the flow in comparison with the velocity of the sound. Let the point X1, X2 , X3= 0 is
situated at the centre of the surface forest fire source at the height of the roughness level, axis 0x:
directed parallel to the Earth’s surface to the right in the direction of the unperturbed wind speed, axis
Oxodirected perpendicular to Ox; and axis 0xs directed upward (Fig. 1). The building is situated on the right
part of the picture.

building

under[ping surface

Figure 1. The scheme of computational domain

Problem formulated above reduces to the solution of systems of equations (1)—(7):

o 0 .
o (P =Q 1123 @
J
dv, op 0 — _ .
,0 dt 0’7Xj O’JXj ( ,D i ]) pg:d i | | pg| QV| 1’ (2)
ar o —=n .
oo :—axj (—pC,ViT)+0sRs —ar, (T-T,); 3)
®. __ 0 e )4R, -Qc,, a=13
r dt _ﬁxj PViCy a ar 4TS (4)
J | ¢ dUg 4
— = —k(cU, —40TS)=0;
X, (Sk x| ] (U =deTs) ©
4 T 4 :
Z—l:picpi P qus&_quz"'k(cuR_‘lo_TS )+av(T_TS)’ (6)
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The system of equations (1)—(7) must be solved taking into account the initial and boundary
conditions:

t=0:v, =0,v, =0,v, =0,T =T, c, =C,, T, =T, @, =@, (8)

c oUg ¢
=Cper —— +-Ug =0
K ox, 2 ¢ ©)

X =0:v; =V,v, =0,v3=0,T =T, C,

ov. ov oV oc ou
X =X 0 Y2_gNs_g T _g Lu_g Ve Cy _g (10)
OXq 0% OXy OXq 0%y 3k ox 2
ov. 0
X2:_X2e:%:0'%: '_3:0,ﬂ:0, CG’ :Or_iaUR-i-EUR:O; (11)
OX, OX, OX, OX, OX, 3k ox, 2
ov. ov ov ac ou
XZ:XZe:—lZO,—ZZO,—?’:O,ﬂ:O,—a=0,£ R+EUR=O; (12)
OXy OX, X, OXy 0Xy 3k ox, 2
oc ouU
X3 =0:v; =0,v, =0, 2% =0, - S TR, Sy,
X 3K oxg 2
13
3 = po@g T =To,[Xe| < Xo,[Xz| < X, (13)
W3 =0,T =Te, || > Xo,[Xa| > Xo;
ov. ov ov ac ou
X3 = Xg i —= =0,—2 =0, 3=O,£=O,—‘”=O c R+EUR= ) (14)

OXg  OXg  OX3 OXg  OXg 3K Oxg 2

Here and above % is the symbol of the total (substantial) derivative; o, is the coefficient of phase

exchange; p - density of gas — dispersed phase, t is time; vi— the velocity components; T, Ts, —
temperatures of gas and solid phases, Ur — density of radiation energy, k — coefficient of radiation
attenuation,

P — pressure; ¢, — constant pressure specific heat of the gas phase, ¢, pi, @ — specific heat, density and
volume of fraction of condensed phase (1 — dry organic substance, 2 — moisture, 3 — condensed pyrolysis
products, 4 — mineral part of forest fuel), R; — the mass rates of chemical reactions, q; — thermal effects of
chemical reactions; kg, ks — radiation absorption coefficients for gas and condensed phases; T, — the

ambient temperature; c, — mass concentrations of &« — component of gas — dispersed medium, index
a=1,2,3, where 1 corresponds to the density of oxygen, 2 — to carbon monoxide CO, 3 — to carbon
dioxide and inert components of air; R — universal gas constant; My, Mc, and M molecular mass of
o —components of the gas phase, carbon and air mixture; g is the gravity acceleration; cqis an empirical
coefficient of the resistance of the vegetation, s is the specific surface of the forest fuel in the given forest
stratum. To define source terms which characterize inflow (outflow of mass) in a volume unit of the gas-
dispersed phase, the following formulae were used for the rate of formulation of the gas-dispersed
mixture m, outflow of oxygen Rg;, changing carbon monoxide Rs,

Ml
2M,

M
Q:(l—ac)R1+R2+M—CR3,R51:—R3 Rs,
1
Rsp =vg(1-a¢)R —Rs, Re3 = 0.

Here v — mass fraction of gas combustible products of pyrolysis, s andas — empirical constants.
Reaction rates of these various contributions (pyrolysis, evaporation, combustion of coke and volatile
combustible products of pyrolysis) are approximated by Arrhenius laws whose parameters (pre-
exponential constant ki and activation energy E;) are evaluated using data for mathematical models [9,
10].
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The initial values for volume of fractions of condensed phases are determined using the
expressions:

d@l-v
le :gique =Pz = 0,
P1 P2

where d — bulk density for surface layer, v, — coefficient of ashes of forest fuel, W — forest fuel moisture
content. It is supposed that the optical properties of a medium are independent of radiation wavelength
(the assumption that the medium is “grey”), and the so-called diffusion approximation for radiation flux
density were used for a mathematical description of radiation transport during forest fires. To close the
system (1)—(7), the components of the tensor of turbulent stresses, and the turbulent heat and mass
fluxes are determined using the local-equilibrium model of turbulence (Grishin, [9]). The system of
equations

(1)—(9) contains terms associated with turbulent diffusion, thermal conduction, and convection, and needs

to be closed. The components of the tensor of turbulent stresses pv,_vJ , as well as the turbulent fluxes of

heat and mass pViC,T', pViC, are written in terms of the gradients of the average flow properties
using the formulas:

— oV, OV, 2
— PV V; = —r =1 ——K5--,
PVi ] ﬂt(ﬁxj 5X|J 3 1]

— oT — ac,
-pv,c, T :Ztﬁ—x, -pV, Ca:thﬁX \

i ]
Ay = mCo I Pry, pDy = 11 SG, 4 =€, pK? [ g,
where g, At, Dy are the coefficients of turbulent viscosity, thermal conductivity, and diffusion, respectively,
Pri, Sci are the turbulent Prandtl and Schmidt numbers, which were assumed to be equal to 1. The

thermodynamic, thermophysical and structural characteristics correspond to the forest fuels in the canopy
of a different (for example pine [1, 9, 10]) type of forest.

Result and Discussion

The boundary-value problem (1)—(14) is solved numerically. Buildings were set using a method of
fictitious areas [19].In order to efficiently solve this problem in a reactive flow the method of splitting
according to physical processes was used. The basic idea of this method is based on the information that
the physical timescale of the processes is great than chemical. In the first stage, the hydrodynamic
pattern of flow and distribution of scalar functions was calculated. Then the system of ordinary differential
equations of chemical kinetics obtained as a result of splitting was then integrated. The time step for
integrating each function has to be smaller than the characteristic time of physical process to ensure the
convergence of the numerical method. The time step was selected automatically. A discrete analog was
obtained by means of the control volume method using the SIMPLE like algorithm (Patankar [30]).
Difference equations that arise in the course of sampling were resolved by the method of SIP [31]. The
accuracy of the program was checked by the method of inserted analytical solutions. Analytical
expressions for the unknown functions were substituted in (1)—(14) and the closure of the equations were
calculated. This was then treated as the source in each equation. Next, with the aid of the algorithm
described above, the values of the functions used were inferred with an accuracy of not less than 1%.
The effect of the dimensions of the control volumes on the solution was studied by diminishing them.

Fields of temperature, velocity, component mass fractions, and volume fractions of phases were
obtained numerically. The first stage is related to increasing maximum temperature in the place of ignition
with the result that a crown fire source appears. At this process stage over the fire source a thermal wind
is formed a zone of heated forest fire prolysis products which are mixed with air, float up and penetrate
into the crowns of trees. As a result, forest fuels in the tree crowns are heated, moisture evaporates and
gaseous and dispersed pyrolysis products are generated. Ignition of gaseous pyrolysis products of the

FryanovaK.O., Perminov V.A. Impact of forest fires on buildings and structures. Magazine of Civil
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crown occurs at the next stage, and that of gaseous pyrolysis products in the forest canopy occurs at the
last stage. As a result of heating of forest fuel elements of crown, moisture evaporates, and pyrolysis
occurs accompanied by the release of gaseous products, which then ignite and burn away in the forest
canopy. At the moment of ignition the gas combustible products of pyrolysis burns away, and the
concentration of oxygen is rapidly reduced. The temperatures of both phases reach a maximum value at
the point of ignition. The ignition processes is of a gas-phase nature. At Ve 0, the wind field in the forest
canopy interacts with the gas-jet obstacle that forms from the forest fire source and from the ignited forest
canopy and burn away in the forest canopy. The isotherms of gas phase components moved in the forest
canopy by the action of wind. It is concluded that the forest fire begins to spread. The results of the
calculation give an opportunity to consider forest fire spread for different wind velocity, canopy bulk
densities and moisture forest fuel. It is considered the effect of forest fire front on the building which is
situated near from the forest. The influences of wind velocity and distance between forest and building on
ignition of building are studied numerically. The results of calculations can be used to evaluate the
thermal effects on the building, located near from the forest fires. The wind and temperature fields interact
with the obstacle — building (Figure 2 a) and b)).
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Figure 2. The distributions of temperature a) and velocity b) near from the building

Figure 2 shows the simulation results of the wall temperatures at different distances between crown
forest fire and wooden building (20x50%x20 meters) for different values of wind speeds from 3 to 15 m/s.
An analysis of this dependence (Figure 3) shows the following:

OpsHoa K.O. Ilepmunos B.A. BozaeiicTBue JecHBIX MOXKapoB Ha 31aHUSI U coopyskeHus // HxeHepHO-
cTpoutenbHbIit xkypHai. 2017. Ne 7(75). C. 15-22.
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Fire wood construction with a wind speed of 3 m/s will start at a distance of 15-16 meters from the
forest fires;

Fire wood construction with a wind speed of 5 m/s will start at a distance of 26-27 meters from the
forest fires ;

Fire wood construction with a wind speed of 10 m/s will start at a distance of 39-40 meters from the
forest fires;

Fire wood construction with a wind speed of 15 m/s will start at a distance of 46-47 meters from the
forest fires.

T,C p —=V1=3 m/s
-—\2 =5 m/s
500 M e=V3=10 m/s
e==\4 =15 m/s
400 2
1
300 \\
200 \
100
0
10 30 50 Lm

Figure 3. The dependence of the temperature on the walls of awooden house for different wind
speeds (3-15m/s) for the different distances | (10-50 m)

Then using the results of calculation it is plotted the temperature on the walls of a wooden building
(12x15x12 meters) for wind speeds from 3 to 15 m/s. The results are shown in Figure 4.

1, C

—V1i=3m/s
2
600 4 —V2=5m/S
1
3 —V3=10m/s
500 —V4=15m/s
400
300
200
100
0
10 30 l, m

Figure 4. The dependence of the temperature on the walls of a wooden house for different wind
speeds (3-15m/s) for the distances | (10-50 m)

An analysis of this dependence (Figure 4) shows the following:
1. Fire wood construction with a wind speed of 3 m/s will start at a distance of 32—-33 meters from

the forest fires;

Fire wood construction with a wind speed of 5 m/s will start at a distance of 38—39 meters from the
forest fires;

Fire wood construction with a wind speed of 10 m / s will start at a distance of 43—44 meters from
the forest fires;

FryanovaK.O., Perminov V.A. Impact of forest fires on buildings and structures. Magazine of Civil
Engineering. 2017. No. 7. Pp. 15-22.doi: 10.18720/MCE.75.2.
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Combustion of wooden buildings at a wind speed of 15 m/s will start at a distance of 42—43 meters
from the forest fires.

Conclusion
The model proposed there gives a detailed picture of the change in the velocity, temperature and
component concentration fields with time. It allows to investigate the dynamics of the impact of forest fires
on buildings under the influence of various external conditions: a) meteorology conditions (air
temperature, wind velocity etc.), b) type (various kinds of forest combustible materials) and their state
(load, moisture etc.). The calculations let to get the maximum distance from the fire to the building in
which the object possible ignition.
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Vertical transport: resource by the criterion of safety
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Abstract. The issue of engineering systems safety in particular of vertical transportation is
revealed. Inconsistency in the implementation of theoretical developments in practice is defined because
of the probabilistic calculation of the parameters modeled by monotone-logical functions, when real
systems are non-monotone functions. The duality of the results of the processes theoretical description is
revealed. A typical algorithm of safety analysis is based on the deductive abilities of a researcher when
drawing up a scenario of possible hazardous situations, their development and possible consequences.
Critical analysis of the regulated risk assessment procedures FMEA / FMECA was carried out when
compiling the criticality level matrix of the event or process. Conceptually, the risk analysis is represented
by a sequence of logical steps that provide a systematic approach to the identification of hazards
associated with the operation of vertical transportation. It is suggested to supplement the methodology for
data records of the loss time during the nonproduction downtime with the safety parameter assessment.
The condition of the vertical transportation systems and the parameter deviation vector in the dual risk-
safety system are established by introducing a variable value of the parameter in the probabilistic
polynomial of the simulation event model. The obtained result is universally applicable, which allows us to
approach to the value of the simulated criticality of the parameter through the variability of the
calculations. The developed method imposes constrains on the compilation of a logical chain of
assumptions in the program of the experimental research. It also allows creating adequate conditions for
the operating of the physical model of the system. The modified methodology suggests table compiling of
the parameter variation limits ranging the hazard rate and calculating the corresponding values of hazard
factors. It is suggested to apply the developed methodology as the supplement to the existing general
methodology for risk assessment at all stages of the service time of vertical transportation. The example
of the implementation of the modified procedure. The developed service life parameter adjusting method
reduces operation costs, ensures safety and stability of the public mobile movement abilities when using
vertical transportation.

AHHoTauuAa. Packpbita npobnema peweHus 3agad obecnedyeHuss 6e30NacHOCTU TEXHUYECKUX
CUCTeM, B YacCTHOCTM BepTUKanbHOro TpaHCMopTa. YCTaHOBIEHa HeCornacoBaHHOCTbL peanusauumm
TeopeTuyecknx paspaboToK B MpaKTUKe U3-3a BEPOATHOCTHOrO  WMCYUCIEHWS  MapameTpos,
MOOENNPYEMbIX MOHOTOHHO-TOMMYECKMMM (PYHKUMSMU, KOrda pearnbHble cucTeMbl NpeacTaBnstoT cobon
HEMOHOTOHHbIE (PYHKUMW. BbisiBNeHa AyanbHOCTb pe3yrnbTaToB TEOPETUYECKOro onMcaHus npoLeccos.
TunoBon anroputm aHanu3a 0Oe3onacHocTn, 6asupyeTca Ha  OeOyKTMBHbIX  CMOCOOHOCTSAX
uccnegoBaTtens nNpu COCTaBfEHUU CLEHapus BO3MOXHbLIX aBapUWHbIX CUTyauuh, WX pasBuUTUS U
BO3MOXHbIX MOCNeACTBUMA. BbINOMHEH KPUTUYECKUI aHanm3 perriaMeHTUPOBaHHbIX METOOUK OLEHKU
pucka FMEA / FMECA npu cocTaBneHuM MaTpuubl KPUTUYHOCTM CcoObiTMS WM npolecca.
KoHuenTyansHO aHanuM3  pucka npeacTaBfneH  MNOCNeaoBaTenbHOCTbIO — FIOFMYECcKMX  Liaros,
obecneymnBaloLLMX CUCTEMHbBIA MOAXOA K YCTAaHOBMEHWIO OMACHOCTEN, CBA3aHHbIX C 3JKCnyaTaumen
BepTMKanbHOro TpaHcnopTa. [lpegnaraetca [ONONHUTL METOAMKY YyyeTa noTepb BpPeMeHu rpu
HEenpomn3BOACTBEHHbIX  MPOCTOSIX, OLEHKOW noka3atensa ©Ges3onacHocTn. CoCTOsiHME — cuUCTEM
BEPTMKANbHOIO TPaHCNopTa U BEKTOP OTKIOHEHUS NMoKa3aTens B AyanbHOW cucteme puck-6e3onacHocTu
yCTaHaBnvMBaeTCcsa NyTeM BBeAEHUs BapvaTMBHONO 3Ha4YeHUA napameTpa B BEPOSATHOCTHbLIA NMOMIMHOM Ha
UMUTaLMOHHON Modenu cobbiTusa. MNMonyyaeMbin pedynbTaT yHMBepcarneH. no3sonseT npubnusntbcs K
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3HaAYeHMIO0 YCMOBHOW KPUTUYHOCTM MoOKasaTens 4epe3 BapuaTUMBHOCTb ucuucneHus. PaspaboTaHHbIv
MeTo[, HaknagblBaeT OrpaHuMYeHusl Npu COCTaBMEHMM NOMMYECKON LEenoyvku AOMyLeHUn B nporpamme
3KCMEepUMEHTanbHbIX WUCCReAOoBaHUA, NO3BOMSET CO34aTb afeKBaTHble YCMOBUSA (OYHKLWUOHUPOBAHUSA
dusnyeckon mogenu cuctembl. MoamduumpoBaHHasa MeToauka npegrnonaraeT nocTpoeHve Tabnuy
npeaenoB U3MeHeHNs1 NapamMeTpoB C YCTAHOBMEHMEM TSXECTU NMPOSBNEHUS ONAaCHOCTU U BblYUCNIEHNEM
3HaYeHW COOTBETCTBYOLMX WM BeNUYMH nopaxawwux ¢akropoB. [lpegnaraetcs NpUMEHUTb
pa3paboTaHHy0 METOAMKY KakK OOMOSIHEHME K yXKe MMetoLencs obLlen MeTogonorum npym oueHke pucka
Ha BCEX CTagusiX XW3HU BepTuKanbHOro TpaHcnopta. CocTaBreH TWMOBOW anroputm obecneveHus
6e3onacHOCTM KOMMOHEHTOB C COMOCTaBIEHWEM CpoKa Cnyxbbl anemMeHToB nudTa. [daH npumep
peanu3aumM mMoanUUUPOBAHHON METOOMKM MpU YCTAaHOBMEHUM OCTAaTOMHOIO pecypca 3fIeMEHTHOW
6a3bl nudpta. PaspaboTaHHbI MeTod KOPPEKTUPOBKM PECYpPCHOro nokasaTensi CHU3UT 3aTpaTbl Ha
akcnnyaTtauuio obecneumt 6e3onacHOCTb M CTabUNBHOCTE MOOWMBHOMO MEpPEMELLEHUs rpaxaaH npu
NCNoNb30BaHUN BEPTUKANbHOrO TpaHcnopTa.

Introduction

The technical regulations of the Customs Union state the service life of the various technical
systems life cycle as an important factor in determining the probability of the hazardous event under
analysis (Federal Law No. 184-FL of 27.12.2002 "On Technical Regulation"; Technical Regulation of
Customs Union (TR CU) 011/2011 Safety of Elevators). Statutory regulation meets the requirements of
the following documents: Russian State Standard GOST R 53387-2009 (ISO / CU 14798: 2006)
Elevators, escalators and passenger conveyors. Methodology for analysis and risk reduction; Russian
State Standard GOST R 54999-2012 (EN 13015: 2001) Elevators. General requirements for the
instructions for technical maintenance of elevators; Russian State Standard GOST R 55964-2014
Elevators. General safety requirements for operational service.

TR CU 011/2011 "Safety of elevators" provide for the formulation of the scenario, including
hazards, hazardous situation and the causes, as well as possible consequences, i.e. the identification of
damage probability. In many cases risk characteristics cannot be precisely defined, only their level can be
determined. That primarily applies to determining the probability of possible damage. TR CU 011/2011
"Safety of elevators" state four (1-4) levels of severity of possible damage, whereas while performing the
risk analysis six (A-F) levels of damage probability are determined.

The design and maintainability risk assessment of elevators allows us to evaluate the safety level
of the equipment, its components and related control procedures. The regulations of ISO / CU 14798:
2006 state elevators, escalators and passenger conveyors risk analyses subject as the following:
complete elevator, escalator, passenger conveyor; components or systems of equipment; people dealing
with the equipment; processes associated with the equipment and its components [1, 2].

The regulation establishes the stages of both analysis and risk reduction procedure. One of the
steps is determination of the risk analysis subject and analysis-related factors (TR CU 011/2011 Safety of
elevators, Russian State Standard GOST R 53387-2009 (ISO / CU 14798: 2006) Elevators, escalators
and passenger conveyors. The methodology for analysis and risk reduction, Russian State Standard
GOST R 55964-2014 Elevators. General safety requirements for operational service).

The scientists studying this problem put the notion of "acceptable risk" to use as a compromise
solution. The main part of the conclusions and recommended methodologies is based on the statistical
data compilation, on the acceptance of a certain set of assumptions, on the apriority of the proposed
scenarios for the situation development and on the relativity of the results. Additional research,
refinement of the previously obtained results lead to inconsistency, i.e. the scientist makes assumptions
based on the statistical data of the previous studies which already include certain percentage of
assumptions. These result in paradox — that is, an attempt to clarify the result of the previous studies
leads to an increase in the logic-probabilistic influence as well as to an increase in the subjectivity of the
suggested logical function. The article [3] presents a methodology for quantifying the risk of failure of
lifting equipment, based on logic and probabilistic risk analysis techniques and the method of expert
estimates. The article [4] gives an account and analysis of the accuracy of assembly variations in the
parameters of the stress-strain state — according to values of assembly (initial) efforts. The author
suggests constructive solutions for joining rods and installation method for coatings, which are aimed at
increasing their load-bearing capacity, longevity and assemblability. The article [5] defines the ways of
lifting unbalanced loads. Discusses the equipment for lifting is not balanced cargo. The article [6] gives
an overview and analysis of the models of the damage accumulation in monolithic materials when
exposed to prolonged and repeatedly applied load. The application of the principle of equivalence stress
in the continuous and damage body allowed introducing into the strength criterion of Pisarenko-Lebedev
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and the three-parameter plasticity condition of Coulomb-Mohr the measures of the theory to accumulate
damage in capacity of which the damage of Y.N. Rabotnova and the continuity of L.M. Kachanov are
used. It was found that when exposed to repeated load, the process of the reduction of the continuity and
the increase in the damage is hereditary. Therefore, to predict changes in these measures under the
action of cyclic loads the integral equations of the theory of heredity are applied. In [7, 8], synergetic
principles and mathematical apparatus of catastrophe theory were used to model the processes of
destruction of polymeric materials. In polymeric materials, the process of accumulation of damages at
various scale levels is proposed to be taken into account through the synergetic effect, the calculation of
which in this work was carried out using the mathematical apparatus of catastrophe theory. It was found
that a structure of any constructional material as a mechanical system possessed spatial and time
properties and to study them a transition from the material structure to the cybernetic one was done. A
formation process description of a new structure of the cybernetic system was suggested to do, using the
information theory instrument. The authors [9] present a research of the opportunity to construct a
sustainability model of life support systems under different emergency situations in respect of modern
current trends in the development of information-analytical systems and principles of systems
engineering approach.

It should be noted that the calculation methods imply the logic-probabilistic calculation of
parameters, where the function arguments are both dual and Boolean variables. Mathematical calculi
simulate monotone logic functions, although in reality the systems are nhon-monotone functions.

The implementation of the concept of complete or "absolute” human safety in the production
sphere is an insurmountable task due to a number of reasons:

— engineering tools for performing work processes are technologically imperfect;

— the research methods that do not exclude randomness of hazardous situations during the
operation of technical equipment and machinery are theoretically probabilistic.

The purpose of the research is to ensure the stability of the public mobile movement abilities while
using vertical transportation by adjusting service life parameter of the elevator elements in accordance
with the criteria of failure risk and safety throughout the entire period of their operation.

Research problems:

1. To carry out assessment of efficiency of application of techniques of assessment of risk of
FMEA/FMECA making matrixes of criticality of an event in case of the decision of tasks of safety of
vertical transport.

2. To consider the object and parametric characteristic of elevators, escalators and passenger
pipelines taking into account factors of influence on origin of risk of a failure.

3. To set a level of variability of a resource index of vertical transport by development of scenarios
of possible alert conditions

4. To develop the modified technique of assessment of safety of the elevator allowing to adjust
conditions of technical maintenance and the requirement to the load modes of an element basis.

5. To make a safety algorithm with comparison of service life of elements of the elevator.

6. To give a technique example of implementation in case of establishment of a residual resource
of an element basis of the elevator and change of an index of probability risk failure.

Basic aspects of the logic of compiling the mathematical model of the non-monotone
function in the engineering system safety assessment.

From the point of view of reliability and safety, the processes occurring in the engineering systems
when operating machinery and equipment can definitely be classified as irreversible.

The scheme of service support offered by manufacturers is aimed at maintaining the normative
level of operability throughout the service life period.

From the point of view of the process theoretical description, the function arguments of the system
are dual Boolean variables, i.e. carrying out the research suggests obtaining double results.

For elevator equipment, which is a technically complex system, danger is manifested in the form of
failure of various structural elements with different levels of influence on safety. From now forth, it is
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accepted to characterize the possibility of a dangerous situation as failure, and the research is aimed at
the establishment of the criteria throughout the entire operation period of elevators.

During the machine or equipment operation a failure is probable (P), whereas the safety of the
process is ensured by a normative safety level (E) for a single situation under the specific conditions of
both external and internal environment factor influence typical only to the above single situation.
((E = 1- P) it is assumed to present these values ranging from 0 to 1). One of the boundary values has
the form P (E = 1) represented by a probabilistic polynomial of n variables P (x1), ... P (xn) [2, 10, 11].

Relying on the logic of the speculations on duality, the domain of the system existence is in two
boundary states:

— "zero probability of a failure" - "absolutely safe system", P = 0: 1 « E = 1: 0, the Boolean algebra
allows presenting it as a logical expression P 1 | E. This idealized state of the system cannot be
implemented.

— the scheme "danger of the situation - complete lack of safety" refers to the category of hazardous
situations.

In the given example the duality is also inherent to the criterion assessment of the risk of failure in
the design of the elevator, its different elements.

The logic of reasoning implies the presence of intermediate parameters, which many calculation
methodologies rely on.

The basic methodologies of reliability and risk theories allow us to use the computational method to
perform tasks connected with risk, reliability and the systems safety assessment. The standard safety
assessment algorithm is commonly known, it is based on the deductive abilities of the researcher while
drawing up the scenario for possible hazardous situations, their development and possible
consequences. Simulating the event on the computational model by introducing a variable value of the
parameter into the probabilistic polynomial, the state of the system and the deviation vector of the
parameter are established in the dual risk-safety system. It is assumed that both physical and simulation
modeling has a certain spread of data due to misperception of the phenomena by the researcher.

Methods
Analysis of the main statements of the regulation

According to FMEA or FMECA methodologies, functional safety is assessed by the criticality rating
of the event or processes. The criticality rating is established according to the matrix compiled for each
case on the basis of expert analysis. It should be noted that assessing the total risk, FMECA suggests
the ranking system of the event contribution with the description of the factor interaction focusing on the
acceptability parameter. For the systems with high risk or high complexity of the design it is
recommended to use probabilistic risk analysis [7, 11-13].

The classical models of the quantitative evaluation are based on the mathematical models of both
cost calculations and identification of the nondimensional value of the composite parameters. In
particular, the reliability composite parameters are identified as failure free performance, durability and
maintainability quantitatively represented by generalized formulas including loss factor as an indicator of

a separate property:
Nt )
(1+ a J ®
Latbt

where K¢ —is the loss factor due to elimination of technical failures,

tys — is average time to eliminate one failure (design or production defect) during working hours,
hour;

tar — IS average time between failures (design or production defect), hour.
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The average time for elimination of one failure during working hours is directly dependent on the
maintainability of the machine; organizational and production characteristics and the means of performing
service works as well as indirect parameters of climatic conditions.

Technical failure due to the design or production defect depends primarily on the quality of the
design and calculation works performed at the design stage and their implementation in production. It
should be noted that a defect is inherently a failure having a random character and it is probabilistically
difficult to define.

It is suggested to supplement the methodology for recording the time loss data during the non-
productive downtime with the safety parameter record which is quantitatively expressed by the loss factor
because of the elimination of the consequences of the hazardous situation:

ke -1

f N
(1 n tatec] (2)
tadti

where k? is the loss factor due to elimination of the consequences of the abnormal or emergency

situations

L tec —is average time to eliminate the consequences of the hazardous situation, hour,

togi — is average duration of technical preventative measures taken against the hazardous
situation for one technological machine, hour.

Further theoretical development is aimed at the refinement of the main aspects of the methodology
for assessing the risks of elevators, escalators and passenger conveyors.

Conceptually, risk analysis is represented by a sequence of logical steps that ensure a systematic
approach to the determination of hazards associated with the operation of vertical transportation.

This methodology regulates the events that can lead to damage of the different level, regulated in
ISO / CU 14798: 2006.

The next requirement for the risk assessment is the effectiveness of all the available information
records and the collection of data that allow qualitative hazard analysis, which is in good agreement with
the previously suggested theoretical approaches to the influence factor consideration and the equipment
element contribution to the overall safety concept of the operation facility.

Methods and Results
The development of the modified risk assessment methodology
The basic methodology for the reliability assessment of the machine / equipment determins the

interrelationships of the probabilities of the operational state P = P(pr)=ﬁyo of its assembly units

}/..
Pij = P(TM-J- )z ﬁ within the operation period [1, 2].

As the limiting state of the engineering system is determined by the simultaneous limiting state of
the assembly units of the system, the influence factor determined by the type of element connection
J ki
becomes significant: successive connection (P < H R ); parallel connection (P <1— H(l— Rj )
i=1 j=1
Considering vertical transportation as a complex technically unsafe system with various factors of

influence on risk-failure within the random operational period, the concept of "time lag" is introduced. This
concept is mathematically described by Boolean algebra tools as a unit monotone function:

y::_(xm): y(X]_,-.., Xi—l’l X110 Xm).
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Inherent characteristic of the logical function is variability, the function arguments are Boolean
variables (x1).

The variability of the equipment elements state is represented by "zero", "physical” (real) and "unit"
function having a general form [y(Xm)]. Mutual influence within a certain operational period is expressed

by the equation: ly})(xm)Jg [y(Xm)l< lyil(xm)J, in which the elevator is represented as a functional
system consisting of m elements.

Using Boolean tools, we preset the safety parameter via the conjunction operator and the risk
parameter via the disjunction operator. The inversion operator shows the compatibility of the hazard -

safety levels: E<>1c P<>0.

The obvious consequence of the above logical-mathematical steps is the function of the hazardous
situation P probability during the operation of vertical transportation: P, = P(y(xm) = 1).

Considering the factors of the influence on the hazardous situation, a conditional parameter
characterizing "the event contribution” to safety is introduced:

Bi =R, (3)
where B; is conditional indicator characterizing the "event contribution” to the element safety of the
system;

& = p(qu(xm)) is the partial derivative of the probability of the system dangerous operation.

k e

—(r-1 —(r-1) . . .

o] =ZZ (5 )—22 (5-1) is the level of the deviation vector of the "risk-safety" system
i=1 j=1

probabilistic state for the elements of the complex engineering system, in our case, elevators, as the

most mass representatives of the vertical transportation types;

e —is a number;
ri —is arank.

Taking into account the previous influence factors, the model for the elevator safety assessment
within the actual operational period is presented by the following expression:

_p _p
&= PC1 PCo’ (4)
where Pcii is the probability of a dangerous situation throughout the operational period under

observation, considering one of the failure criteria;

Pcoi is the probability of a dangerous situation in the initial operation phase considering one of the
failure criteria.

— "contribution of the event":
_ _pi
B=FR PCo : )

— relative contribution:

_sR
by = R (6)

Using the given methodology, you can adjust the conditions of technical operation, the
requirements for load modes which ensure safety without design modifications.

Furthermore, this methodology allows us to ensure the safety of the system through the main
parameter of the components performance in the system such as a set of energy data
F = mi —MNom
OH 1 *
r-m

where m " — is the minimum severity of danger;

()
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Mnom iS the nominal level of the danger severity.

Table 1. Danger severity aftereffects classification of failures and failure frequency (100
elevators) (in accordance with the analogue SAE J1739)

Danger severity failure criterion Rank | Frequency
aftereffects of failure
Missing No aftereffects 1 Up to
0.010
Very slight Finish of the object does not meet the requirements (noise). The 2 0.1
defect is noticed by picky users of the elevator (less than 25%)
Minor Finish of the object does not meet the requirements (noise). The 3 0.5
defect is noticed by 50% of users of the elevator.
Very low Finish of the object does not meet the requirements (noise). The 4 1
defect is noticed by most users (over 75%).
Low The elevator is operative, but comfort/convenience system is 5 2
poor and ineffective. Users of the elevator are quite unsatisfied.
Medium Elevator is operative, but comfort/convenience system is 6 5
inoperative. Users of the elevator feel uncomfortable (There is
probability for people to get injured, that may pose harm of
medium severity to human health).
High Elevator is operative, but the efficiency is low. Elevator users are 7 10
very dissatisfied (There is probability of serious injury to
humans).
Very high Elevator is inoperative (loss of primary function) (There is 8 20
probability of either severe injury to humans or fatal outcome).
Dangerous with danger There is a very high level of severity when a potential failure 9 50
warning affects safe operation of the elevator and/or leads to the safety
standards discrepancy warning of danger (There is risk of severe
injury/fatal outcome)
Dangerous without There is a very high level of danger severity when a potential 10 100
danger warning failure affects safe operation of the elevator and/or leads to the
safety standards discrepancy without warning of the danger
(There is risk of severe injury/fatal outcome).

Characterizing the severity of danger, it is necessary to come from the qualitative characteristics to
the quantitative analogue. We will assess the severity by the possible damage to the person. It is logical
to classify a scenario as of high severity if it results in the person's social opportunity restriction in
realizing his or her potential, i.e. infliction of health harm, which cannot be recuperated morally and / or
physically.

The parameter of the empirical minimum value of danger severity is determined and the
proportionality coefficient having the dimension of the damaging factor is justified.

It seems to be correct to come from categorizing the danger severity as "death" to such notion as
"loss of social level” which means the person is alive, but with physical or moral limitations with
discreteness of 1x1000:

1is high = 0.5 * 10-3 (the person is alive, but is able to function 50%);

2 is average = 0.25 * 103 (reversible incapacitation requiring a certain period of rehabilitation);
3is low =0.15 * 10 (transfer of danger to a stressful situation, rapid recovery);

4 is negligible = 0.

The parameter is accepted on the basis of the concept of the dangerous situation criticality
assessment considering human beings, according to the methods developed in the national standard of
the Russian Federation "Risk Management. Analysis method of the types and failure aftereffects”, which
was introduced by Decree of the Federal Agency for technical regulation and metrology on December 27,
2007. article No. 572, which is modified in relation to the international standard IEC 60812:2006 “Analysis
methods of system reliability. The analysis method of failure types and aftereffects (FMEA)".
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The deviation of parameters from the standard ones, in terms of the danger severity and the risk of
a mortal danger for humans is expressed respectively:

m' P
Am: av.calc A = caJc. ®)

' p
M rom Prom
where 'y, ¢ is the actual value of the danger severity of the lethality risk demonstration;

Pcaic; nom is the probability of the system failure situation with lethality risk, calculated and nominal
respectively.

It should be noted that the shifting coefficient of the middle degree of the danger severity plays an
important role

b=1-7InP, (9)
where 77 —is the shifting coefficient.

P — is the probability of the system failure with the risk of fatal outcome.

By varying the severity limit value (upper - lower limits) we can determine the shifting coefficient,
and by making the infogram, we can visually assess the consequences of lowering the limits, which in
turn will allow determining the weight limits of the system taken as a whole.

Block diagram of the algorithm for ensuring the safety of components with comparison of the
service life of the of the elevator elements is presented in Figure 1.

r—->i Component selection for analysis

Identification of the selected components failure types]|

| ;>f Failure type selection for analysis

| Failure risk identification

| Identification of the severity of the aftereffects

| Identification of potential causes of the failure type

| The assessment failure frequency or failure probability |
|as well as the security level throughout the particular period|

\
|
|
|
|
|
I
|
\
I
|
|
\
\
|
|
|
|
\
|
\
|
\

| f |
| | The severity of the aftereffects | No
| |and /or probability of failure _—
| |is the trigger for emergency |
| response measures.
L )

\/ Yes

and responsible personnel.

|
| |
| I
| |
AR |
| |Application of failure rate reduction, corrective actions,
| |compensation conditions techniques. Identification of actions | |
| |
| I
| |
| |

| Documented comments, recommendations,

\
|
\
|
|
|
|
|
\
\
|
\
|
\
\
|
|
|
\

} | actions and feedback. |<
‘ J
|
| ) ‘ !
| |Are there any more| No |Are there any more| No
| | types of component ———— > |components for B
| | failures? | | analysis? | |
| : j L |
| T T
— ! Yes | Yes |
. |
Y I
Correction of the lifetime and maintenance | ¢———

]

|

| and repair work period

L J

Figure 1. Block diagram of the algorithm for ensuring the safety of components with
comparison of the service life of the of the elevator elements
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As a result, it becomes possible to determine the safety conditions according to the various criteria.

The typical algorithm of components security with comparison of the service life of the components
is made on the basis of the risk assessment scheme methods FMEA or FMECA. As a result, it becomes
possible to determine the safety conditions according to the various criteria.

The modified methodology implies compiling the tables of limits of parameter range with
determining danger severity as well as calculating the corresponding values of the damaging factors.

It is suggested to apply the developed methodology as the supplement to the existing general
methodology for the risk assessment at all operation stages of elevators, escalators and passenger
conveyors.

The example of the implementation of the modified methodology when determining the
residual operation life of the elevator elements

The initial stage of the elevator safety assessment requires quantifying the gamma-percentile life
value

T,k
T. =21 (10)
N !
where T, is gamma-percentile life of the equipment. It is taken according to the manufacturer's
operational documentation;

k; is coefficient that allows for the use of assembly units / elements according to the time

(0 <k, <1)/

This parameter for a specific component is determined on the basis of the technological cycle
analysis of the equipment operation. So, for the engine, control elements and other assembly units of the

elevator k =1, we take ki =0.75 considering the time factor of usage, the intervals of the elements

operation, and we take k, = 0.15allowing for the frequency of the backup system activation.

N; is the multiplicity of the replacement of the i-jth component before the operation period is

finished, which corresponds to the limiting state of the equipment. The acceptance of any given value is
based on the provision that the elevator components are operated until they reach the limiting state with
repetitive replacement until the elevator reaches the limiting state and it is written off the inventory [8, 10—
12, 14-16].

Using manufacturers data, the whole elevator design is assessed and the elevator elements are
grouped according to the service life parameter : 7 objects — 25 years; 2 objects — 15 years; 16 objects —
12.5 years; 1 objects — 10 years; 6 objects — 5 years (fig.2, top-left box).

As statistical analysis shows, most times elevator structural elements fail in the mechanism, which
plays a key role and is the most loaded, that is elevator drive, its elements have different service life
parameters specified by the manufacturer, they are Electric engine — 15 years; Reducer, Braking
device — 12.5 years; the outlet box — 10 years; Rope driving pulley — 5 years (fig.2, top-right box).

According to the manufacturer initial data, ensuring the components safety algorithm with the
comparison of the elevator elements service time is carried out (Fig. 2).

The authors compiled statistics on the elevator failures in residence buildings with
different operating periods in Moscow and Moscow region within the framework of expert
evaluation of residual operation life. A fragment of the calculations is presented in table 2,
where the sample elevator components making a significant contribution to predicting the risk of
failure were chosen (the state of danger and guaranteed safety) [2, 11, 14].
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Figure 2 Algorithm for ensuring the safety of components with a comparison of the
lifetime of the elements of the elevator

Table 2. A fragment of the calculations, where the sample elevator components making a
significant contribution to predicting the risk of failure were chosen

Components of Conditional indicator which Inversion operator (comparison of the levels of risk
elevator characterizes “the and safety)
equipment contribution of events” to
the security for the elevator
element, Bi Eo1 P<0
Cabin and shaft 0.387 0.880 0.120
doors
Lifting mechanism 0.064 0.990 0.010
equipment
Shaft equipment 0.129 0.980 0.020
Drive system 0.096 0.996 0.004
Control system 0.291 0.900 0.100
Alarm unit 0.032 0.999 0.001

At the initial stage of implementation of the developed technique, elevator elements uniform wear
is assumed, which is expressed in a 4 % decrease in efficiency per year of normal operation. It is
calculated that if the maximum elevator service life is 25 years, in accordance with the manufacturer
consideration, service life loss for a year will not exceed 4 %, on condition that the requirements of the
qualitative normal operation are observed, repair and maintenance work is carried out with high standard
of quality and on time. (The beginning of operation is 100 % — full service life, the end of operation is in
25 years, which is 0% of the service life, the calculations give the value of 100 %:25 years = 4 % for 1
year).

At the initial stage of the developed methodology implementation, it is assumed that the elevator
equipment elements wear is the same; it is expressed by 4 % performance degradation per year of
normal operation.

An additional requirement for safety is establishing the interdependence of the elements. This is
justified by the fact that the elevator design allows for the stand-by system of the individual elements to
reduce the risk of a hazardous situation. At the same time, when the backup system is activated, the
elevator passes into the mode of abnormal operation conditions requiring the delivery of the passengers
to the nearest floor and ensuring the possibility for their evacuation from the cabin. It is logical to
conclude that this state is also included in the list of non-safe conditions [2, 3, 9, 14, 17-21].
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During the entire service life, the residual operation life decreases taking into account the repetitive
replacement of life expired elements, and so, the elevator safety level is calculated:

n
E=>(-q) (11)
i=1

where g — is the level of the deviation vector of the probabilistic state of the system "risk — safety" for the
complex technical system elements, in the proposed design methodology it presents a reduction factor of
the service life, defined as the ratio of the actual period of operation to the stated service life;

i — is the number of structural elements
n — is the actual period of the operation of the whole equipment.

Statistical data on the elevator elements failure for 1 year of operation [18] are taken as initial data.
The level of safety during the operation of the elevator for 1 year is calculated according to the initial data
at 4 % wear of the elements.

E1yo=(7*(1-0.04/25)+2(1-0.04/15)+16(1-0.04/12.5)+1(1-0.04/10)+6(1-0.04/5)))/36=0.885.

Similar calculations are performed for the periods of operation taking into account the replacement
of the expired service life elements, the results obtained are grouped and presented in the form of the
diagram (Fig. 3).

1 T ek EEoH = @= The risk of failure, %
1.00 e Scrvice life, 25 years
== = Service life, 15 years
0.80 e Service life, 10 years
25 years of e e » o Service life, 5 years

operation
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Figure 3 Diagram of the influence of the operating period of the elevator on the change in
the probability of risk-failure

Table 3. The results of calculations of the influence of the operating period of the elevator
on the change in the probability of risk-failure

The number
of objects in
the design Resource The period of operation
1 1 5 10 15 20 25
7 25 0.040 0.200 0.400 0.600 0.800 1.000
2 15 0.067 0.333 0.667 1.000 0.330 0.670
1 10 0.100 0.500 1.000 0.500 1.000 0.500
6 5 0.200 1.000 1.000 1.000 1.000 1.000
The percentage of loss 2.14 10.71 21.42 32.13 42.83 53.54
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The diagram shows the expired service life elevator components / elements replacement periods
and the corrected service life parameter: the safety level 98 % is taken as a reference (this value may
vary from 99.9 % to 95 % in accordance with TR CU Safety of elevators); for 1 year operation period the
safety level is reduced from the stated 98 % to 88.5 %, which refers to the reduction of the safety level by
2.14 %; after a 10-year period losses increase up to 21.42 %; by the end of the operation period safety
level decreases by 53.54 %.

Analysing the obtained results, it can be seen that the risk-failure value increases beginning from
the year of operation regardless of the replacement of the time-expired elements. The wear of the
remaining currently operated elements affects the risk-failure value.

Discussion

The suggested methodology allows performing similar assessment based on the results of the
current condition records of the elevator elements within any period of operation, fixing the current
performance parameters specified in the design model exactly for particular elevator [9, 10], which allows
us to have quantitative value of the safety level in real time.

The social importance issue of safety insurance when operating vertical transportation has not yet
attracted adequate attention of broad scientific camps [18, 22—-26].

At the same time the available statistics data on the hazardous situations show the significance of
the work performed. With high-rise construction, vertical transportation becomes an integral engineering
system for ensuring the public comfort and safety.

The authors believe that the interdisciplinary, systematic approach to the conducted research
ensures the stability of the public mobile movement ability when using vertical transportation and at the
same time it reduces capital investments in the equipment operated [2, 10, 22, 25, 26].

Conclusion

1. The analysis of the scientific part as well as of the safety measures in the production
sphere is performed.

2. Theoretical and practical inconsistency in the issue of taking safety measures in the
production sphere has been identified from the ethical-social point of view.

3. It is revealed that the basic theories suggest a probabilistic computation of the risk
parameters by modeling monotone logic functions, although in reality the systems are non-
monotone functions.

4. It is suggested taking into account the duality of the computational arguments of the
function of the engineering systems and expressing the risk-failure and safety parameters by
Boolean variables using the example of vertical transportation. All these allow reducing errors in
the development of possible hazardous situations scenarios.

5. The modified model of the cost calculation of time losses in non-production downtime
of the elevators is suggested by recording the safety parameter quantitatively expressed by the
factor of loss due to the elimination of the consequences of the abnormal or hazardous
situation.

6. Characteristics of the elevators, escalators and passenger conveyors have been
carried out for the risk and corresponding influence factors assessment.

7. The modified methodology for safety assessment of the elevator within the real
operational period is worked out. The previous influence factors and the contribution of the
event have been taken into account. The methodology allows us to make adjustments both in
the conditions of technical operation and in the requirements for under-load operation of the
elements ensuring safety without design improvements. It also allows ranging weight limits of
the system elements integrally.

8. The example of the implementation of the modified methodology is given when
determining the residual life of the elevator elements. The diagram of the effect of the operating
period of the elevator on the change of the risk probability parameter is constructed.

9. The presented method of adjusting the service life parameter of vertical transportation
according to the failure risk and safety criteria allows us to predict the safety of vertical
transportation operations in accordance with the service lifetime as well as to identify the most
problematic elements and to prepare a set of spare parts for restoring serviceability in advance.
Sevryugina N.S., Stepanov M.A. Vertical transport: resource by the criterion of safety. Magazine of Civil
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Spun concrete properties of power transmission line supports

CBouncTBa LUEeHTpUdyrnpoBaHHoro 6eToHa onop NMHUN

aneKkTponepegavy
D.A. Dedukh, cmapuwuii npenodasamens [.A. Jedyx,
V.L. Schsuzkiy, KaHO. mexH. Hayk, npogpeccop B.J1. Lyukud,
A.A. Kuzmenko, o cmydeHm A.A. Ky3bmeHKo,
Don State Technical University, Rostov-on-Don, [oHckoli MocydapcmeeHHbIl TexHu4ecKutl
Russia YHusepcumem, Pocmos-Ha-/JoHy, Poccusi

Key words: spun concrete; physical and KnroueBble cnoBa: LeHTpUdyrupoBaHHbIi 6ETOH,

mechanical properties of the fresh concrete, dusnko-mexaHmyeckne cBOMCTBa

mechanical properties, hardened concrete, power cBexeynoxeHHOro 6eToHa, NPOYHOCTHLIE

transmission tower XapakTepucTuku 6eToHa, onopbl JIMHWUIA
anekTponepenay

Abstract. The article presents results of investigation study of physical and mechanical properties
of spun and vibrated samples. Heterogeneity of freshly placed concrete was assessed for change in
water to cement proportion, residual water content, density throughout the spun sample height, as well as
changes in mechanical properties of hardened concrete. Analysis of experimental data showed a
significant change (up to 4%) in the average density of concrete throughout the spun sample, while the
overall voids content in the sludge layer increased by almost 10%, and strength of concrete changes by
18-25% along the lift height. By using the method of least squares, a consistent change in the strength of
concrete along the lift height of samples was observed. An experiment, assessing the bearing capacity of
spun pylons, accounting for the resulting changes in strength of concrete along the wall height, was
carried out.

AHHOTauuAa. B cratbe npuBeneHbl pesynbTaTbl 3KCMEPUMEHTAarNbHbIX WUCCREeLoBaHUA (OU3NKO-
MEXaHNYEeCKUX CBOWCTB LEHTPUAYrMpoBaHHbLIX M BUOPUpPOBaHHbIX 00pa3uos. [lpoBegeHa oueHKa
HEOOHOPOAHOCTN CBOWCTB CBEXEYNOXEHHON OETOHHOM CMecu [Ansi OonpenerieHust  U3MeHeHust
BogouemeHTHoro otHoweHuns (B/Ll), octaToyHoro BogocoaepXaHusi W MAOTHOCTM MO TOSLUHE
LeHTpndyrmpoBaHHoro obpasua, a Takke M3MEHEHME MPOYHOCTHbIX CBOWCTB 3aTBepAeBllero 6etoHa.
AHanua akcnepuMeHTanbHbIX AaHHbIX MoKasasn, YTo HabngaeTcs 3HauuTenbHOEe M3MEHeHVe cpegHen
NNOTHOCTK GeToHa No TonwuHe LeHTpudyrmposaHHoro obpasua (4o 4%), npyn aTom obLas NopucTocTb
B LUIT@MOBOM Crioe yBenu4ymBaeTcs noutn Ha 18%, a npoyHOCTb GeTOHA U3MEHSIETCA MO ToNWKMHe Ha 18-
25%. Wcnonb3ys meTog HavMeHbLUMX KBagpaToB, MOSlydeHa 3aKOHOMEPHOCTb M3MEHEHMWSI MPOYHOCTU
6eToHa no TonuwwuHe o6pasuoB. [lpoBedeH YUCNEHHBLIN IKCMEPUMEHT MO WCCNEOOBaHUI0 HeCyLlen
CMOCOBHOCTU LIEeHTPUYTMPOBaHHbBIX OMOP MMHUIA 3neKkTponepenay ¢ Y4ETOM NOSTyYEHHOW 3aBMCMMOCTU
N3MEHEHNsI NPOYHOCTM BETOHA MO TOMLWMHE CTEHKN U3OEeNus.

Introduction

Reinforced concrete structures of annular cross section attract researchers’ attention in the
beginning of the last century. Prof. Schule F [1] conducted one of the first studies in the Swiss laboratory;
results of which were published in 1908.

Interest in such structures especially increased with introduction of spun manufacturing products.
In 1933-1935, engineer P.A. Abeles [2, 3] conducted experiments on bends of reinforced concrete
elements of annular cross section of different diameter, under varying value of reinforcement percentage.
At the same period prof. V.V. Mikhailov [4] and prof. S.A. Dmitriev conducted research of different spun
structures and offered calculation methods as well as means of prestressing in laboratory and semi-
industrial conditions.

Spun reinforced-concrete poles and masts [5, 6] were widely used in 50-70" of the last century in
Russia for high-voltage power transmission line (PTL) supports, due to the rapid development of power
construction America and the European countries.
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I.N. Akhverdov [7, 8], S.A. Dmitriev [9], V.M. Batashev[10, 11], R.R. Valduga [12-14], A.P. Kudzis
[15-22], R. Kliukas [23], V. Sh. Kalandadze [24], E.E. Mikhelson [25], V.I. Soroker [26-28] and other
scholars studied strength, crack resistance and deformability of PTL supports as well as physical and
mechanical properties of the spun concrete in different years.

Methods of vibrated concrete strength measurement are well studied and rated. Physical and
mechanical properties of the spun concrete are less studied, and there is no standard method of strength
measurement in normative documents.

Offers of different studiers relating to spun concrete strength measurement can be divided into
following groups:

- according to the results of vibrated samples with initial water to cement proportion (W/C)init
having regard to conversion factor testing [13, 14];

- according to the results of vibrated samples with residual water to cement proportion (W/C)res
testing [27, 28];

- according to the results of spun cubes testing [11, 17, 27];
- according to the results of annular cross section spun samples testing[12-14, 17, 26];
- according to the results of cubes (samples) cut out from spun hollow circles testing [24].

Each of the listed methods has special features and reflects the actual strength of spun concrete in
manufactured item with various reliability. For example, determining the strength of spun concrete from
the test results of vibrated cubes of concrete mixture with initial water/cement ratio, can result in
significant error, because it does not account for the influence of the structure of the spun concrete wall
along the height, the mode of centrifugation and some other factors.

I.N. Akhverdov has conducted the most extensive research in the field of spun concrete structure
in the Russian Federation. He notes that the pressing pressure changes during the manufacturing of the
product, and has the greatest value at the surface. Therefore, water is pressed optimally from an outer
layer of a wall. Besides, a large number of filtration channels are found along the wall height, section and
guantity of these channels increases in wall inner surface direction. It leads to concrete density and
strength change along the manufactured item height.

When assessing the strength of spun concrete from the results of vibrated cubes of concrete with
water/cement residual ratio [27], the actual structure of concrete wall is not considered, and the process
of concrete mix selection is very time consuming.

Annular cross section samples testing provides the most exact data about spun concrete strength
in the manufactured item, but samples are unwieldy, tests are time consuming and demand pressure
equipment of high power [10, 11].

The results of sample (cubes, prisms, hollow circles) cut out from natural structures testing can
provide the actual spun concrete strength with adequate accuracy. But all the preparatory works before
testing are highly time consuming and demand special equipment.

The strength of spun concrete is most frequently determined by taking into account the conversion
factors. But these factors considerably differ in works of different authors. R.R. Valduga and A.P. Kudzis
[12, 14] suggest conversion factor value equal to 1.18, V.l. Soroker [27, 28] — 1.5-1.7, V.Sh. Kalandadze
[24] - 1.37, E.E. Mikhelson [25] — 1.35.

Taking into account the data indicated below we can assume, that methods of spun concrete
mechanical properties measuring require further research. And the regularity of concrete mechanical
properties change throughout the manufactured item wall is almost not studied.

Methodology of the research

Methodology of the material and concrete research
Rationale for the raw materials for the experiment

Normative documents for the manufacturing of centrifuged reinforced concrete structures define
main requirements for quality of raw materials for concrete mixing.

Use of Portland cement without additives or with mineral additives of cement grade 400 and higher
as the binding agent is acceptable; and granulated blast-furnace sludge can be used as a mineral
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admixture in an amount no greater than 20 % of the cement mass. Use of Portland sulfate-resisting
cement and Portland cement that is meant for concrete surfacing of roads is acceptable.

These requirements to the cement are associated with the fact that the material composition of the
used Portland cement changes in the centrifugation process, since light floured additives are pressed to
the inner cavity of the product and go to the sludge.

It is noted that cement paste normal consistency (CPNC) is one of the main factors, which
influences the strength and uniformity of centrifuged concrete. It should not be more than 28 %.It is
specified in the studies of different authors [8, 14, 26], that changing of CPNC from 24 to 28 % increases
centrifugation durability by 1.3 times. Increasing the strength of spun concrete by increasing the
consumption of cement over its optimal content does not produce a proportional effect. Besides, it was
determined that increasing spending of cement over 500 kg/m3 doubles heat-shrinking deformation.

According to normative documents, the use of coarse- and average-grained natural and crushed
sands as the fine aggregate is acceptable. In the case when fine sand is used, it is necessary to increase
centrifugation durability [28]. Increased water requirement of fine sand mixes leads to increment of initial
water /cement ratio (W/C)init and demands extra cement to warranted concrete strength. For example,
increasing of the initial water /cement ratio (W/C)init from 0.35 to 0.41 leads to concrete strength reduction
on the average by 28 %, in such case transition coefficient value changes from vibrated samples strength
to centrifuged samples strength.

Use of gravel or crushed gravel of hard rock and freeze-proof rock is acceptable as the coarse
aggregate. Gravel strength should be as much as twice the concrete strength. Coarse aggregate size
regulations are especially specified. It is recommended to perform gauging of two fractions of size 5-
10 mm and 10-20 mm separately by proportion of 1:1.5 between them and at maximum allowable voids
ratio of mix as much as 40 %.

In our research [29, 30] we used fine-grained mixes a model concrete mix, consisting of stone
screening dust of fractions size 2.5-5 mm, refined glass sand of fractions size 0.14-2.5 mm and Portland
cement without admixtures made by Novorossisk cement plant “Oktyabr”’. The choice of raw materials
completely corresponded to the requirements of centrifuged concrete normative documents described
above.

Fine-grained concrete mix segregation in the process of centrifugal consolidation will surely be less
expressive than segregation of ordinary concrete mix, but we were limited by the size of the formed
sample and the necessity of sample fragmentation for physical and mechanical properties measurement
of the centrifuged concrete.

For this very reason all the mentioned tests were conducted on fine-grained concrete mixes.
Quiality evaluation of the used raw materials.

Properties measurement of the used Portland cement was conducted according to the Russian
State Standard GOST procedure 310.1...310.3-76 “Concretes: Test methods. General requirements.
Methods of grind fineness, normal consistency, setting up time and soundness measurement.” And
guality evaluation was conducted as per Russian State Standard GOST 10178-85 “Portland cement and
Portland blast-furnace sludge cement. Technical regulations.”

Properties measurement of glass sand of fractions size 0.14-2.5 mm and stone screening dust of
fractions size 2.5-5 mm was conducted according to the Russian State Standard GOST procedure
8735-88 “Sand for construction activity. Test methods.” And their quality evaluation was conducted as per
Russian State Standard GOST 26633-2015 “Heavy concrete. Aggregates technical requirements.”
Potable mains water, which complies with the requirements of Russian State Standard
GOST 23732-2011 “Water for concrete and mortar. Technical regulations.” was used as mixing water.

Basic properties of the used raw materials (concrete, glass sand and stone screening dust) as well
as their quality evaluation are presented in Table 1.

By these means fine-grained concrete mix components, which are used in tests, comply
requirements of the normative documents and can be used for centrifuged concrete mixing.
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Table 1. Properties of the initial raw materials

Name of the
component

Basic properties

Compliance with the
requirements of
normative documents

Portland cement
without admixtures
made by
Novorossisk
cement plant
“Oktyabr”

Cement fineness (rest on a sieve 008) — 9 %.
Setting up time:
- initial set 2h. 10 min.
- final set 3 h. 50 min.
Soundness — bears the activity of Ry = 43.5 MPa
Flexural strength of 28 days — 5.65 MPa

Complies GOST Standard

10178-85*and has M400
grade

Refined glass sand
of the Volzhsky
occurrence

Average bulk density 1510 kg/m?3
Density — 2.66 g/cm?
Void ratio —43.2 %
Fineness modulus = 1.8
Content of flour and clay particles — are absent
Content of organic impurities — are absent

Complies GOST Standard

8736-93* “Sand for
construction activity.
Technical regulations.”

Granit crushing
riddlings Pavlovsky
quarry (fractions
size 2.5-5 mm)

Average bulk density 1300 kg/m?3
Density — 2.67 g/cm?®
Void ratio — 51%

Complies GOST Standard

8736-93* “Sand for
construction activity.
Technical regulations.”

Content of flour and clay particles — are absent
Content of organic impurities — are absent

Investigation of centrifuged concrete mix properties

The analysis of the experimental studies [29, 30] of heterogeneity and centrifuged concrete
strength along the product wall was conducted. The experiments were conducted on test cylinders with a
diameter of 6.5 cm and height of 8 cm in laboratory condition with compliance with GOST
Standard 18105-2010. The possibility of the laboratory setup, Centrifuge, to form the samples is
responsible for the choice of the former. Measurement assurance of the experimental results validity was
reached by means of parallel tests on 5 set of vibrated and centrifuged samples with 5 twin samples in
each. Low-slump fine-grained concrete mix (Cone Slump = 3-4sm) was used for investigations as well as
for production of the actual centrifuged reinforced concrete supports. Initial concrete mix composition per
1 m3 cement — 500 kg, water — 225 |, sand — 745 kg, stone screening dust — 915 kg for an average
density of the concrete mix — 2385 kg/m?®.

The evaluation of centrifuged concrete heterogeneity was conducted in two stages. The freshly-
placed concrete mix properties were studied at the first stage, the properties of the hardened concrete -
at the second one.

The production of the cylinder samples was made in special individual forms with removing bottom
plate and the sample consolidation was made by using laboratory Centrifuge.

Before centrifugation the weighted concrete mix was placed into a mold in two layers with 15 times
rodding of each layer. Then the next centrifugal consolidation mode for the experimental samples
according to the GOST Standard 22687.0-85 and GOST Standard 22687.3-85 [6] was set on.

- accelerating to the 300 r/min rotation speed — 2 min;
- cure by n=300 r/min — 1 min;

- accelerating to the 500 r/min speed - 2 min;

- cure by n= 500 r/min — 15 min;

TOTAL: 20 min.

As-formed samples were weighted once again to measure pressed sludge quantity, the molds
were removed, and as-formed samples were divided into three parts along their height.

Thereupon, each piece was divided into two portions. The first portion was to measure residual
water of mixing. The second one was washed off through the 0.071 mm sieve and dried to fixed-mass.
The measurement of cement paste content in each layer of the formed sample became possible after dry
mineral components were weighted. The quantity of mixing water AB, that passed to sludge by
centrifugal consolidation of the experimental samples, determines from the formula:
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My — M
AB = (“V—K) ; 1)
where Mu — concrete mix mass before consolidation, g;
Mk — concrete mix mass after consolidation, g;
V — sample volume, cm?,

To determine sample volume, we measured its height with caliper with an accuracy of 0.1 mm
straight after pressing-out.

To determine the quantity of retained mixing water we used the following dependence:

M,;—M
B — 2wl cC : 2
ocT My, pbc ( )

where Mv — mass of the wet concrete mix portion, g;
M. — mass of the dry concrete mix portion, g;
ps. — an average density of the concrete mix after the centrifugal consolidation, g/cm?.

To determine pg, we measured as-formed sample mass and volume.

Investigation of the hardened concrete strength

Solidification of the formed samples was performed in two stages: curing in the laboratory curing
room and supplementary standard curing.

Molded samples in forms after 2—3 hours of air storage were placed in the laboratory curing room
with automatic control of the cycle mode and were steam cured according to the regime:

— temperature rise up to 80° C — 2 hours;
— isothermal warming at a temperature of 80° C — 10 hours;
— cooling in natural conditions.

Demolding operation and marking of the cured samples was carried out after cooling. Then they
were placed in special capacities and matured up to the age of 28 days in wet scrubs (relative humidity of
the atmosphere 90-100 %) at the temperature of 20 + 5° C.

When reaching the age of 28 days the samples were deplaned out from curing room and dried to
fixed-mass. Then they were placed in special plastic bags and were kept there until the test.

Samples preparation constituted of dimension measurement, then they were weighted and
scanned by ultrasonic device. The samples of each set were divided into two parts. The first part that
consisted of three centrifuged cylinders, was tested on compression.

The second part that consisted of two centrifuged cylinders, was exposed to layer-by-layer cutting
into three pieces along height.

Then the edges of each piece were trimmed extensively. After dimension measuring, weighting
and scanning by ultrasonic device the pieces were tested on compression.

The special test for the purpose of showing “Concrete strength to ultrasonic sound propagation
velocity” calibration curve was conducted for actual control of concrete strength by ultrasonic sound
propagation velocity. The test procedure and its elaboration corresponded to GOST Standard 17624-
2012 “Concretes. Ultrasonic method of strength measurement.” Instrument inverters were placed against
the samples sides due to the fact that in order to measure ultrasonic travel time in the samples we used
through-scanning method.

3 sets of cube-samples, 10 cm on edge (6 samples in each set), were produced for the purpose of
this test. Planned concrete grades in each set were M400; M500 and M600. The samples had been dried
for 28 days after concrete hardening, then the ultrasonic travel time in each sample was measured.

The ultrasonic travel time in each sample was measured at least three times. The measurement
result of the ultrasonic travel time in the sample was ignored in the calculation of the ultrasonic travel time
in a given sample set, if there was a departure of more than 5 % of measurement result of the single
ultrasonic travel time measurement in each sample from the mean arithmetical value of the measurement
results for a particular sample.
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The concrete samples strength was determined by compression testing, by applying the
compression apparatus according to the GOST Standard 18105-2010 “Concretes. Strength testing rules”.
Then we made the results equal to standard sample strength value by multiplying the obtained result by
scaling factor, that is equal to 0.91.

The primary investigation of the obtained results has shown a little data spread within each set; this
has made it possible to start data computing.

The obtained results with their statistical analysis are represented in Table 2.

The arithmetical average of strength, speed and ultrasonic travel time in set samples were taken
as a unit value of these properties in determining the “Concrete strength to ultrasonic sound propagation
velocity” calibration curve.

The abnormal results processing of the testing of single samples in a set followed the rule: the test
result of the single sample will be considered to be abnormal and will be ignored in calculating of the
average result in the set, if “T” value, which is determined from the formula (3), is a subject to the
condition:

Table 2. Main results of the test

Set and Ultrasonic travel time, us Breaking strength, kg-f
number of
samples
At the top In the At the Average in | Average in A single Average in
of a middle part | bottom of a sample a set sample a set
sample of a a sample
sample
1-1 26.66 25.7 25.6 25.9 48300
1-2 25.9 25.5 25.5 25.7 46625
1-3 25.5 25.0 25.2 25.2 25.52 49625 48250
1-4 25.8 25.5 25.4 25.7 48250
1-5 25.8 25.6 25.6 25.7 48875
1-6 25.0 25.5 25.0 25.2 47850
2-1 24.3 24.0 23.9 24.1 64250
2-2 24.1 24.2 24.0 24.1 64250
2-3 24.8 24.4 24.3 24,5 24.18 67125 66810
2-4 24.4 24.1 24.0 24.2 68750
2-5 24.0 24.3 23.8 24.0 68500
2-6 24.3 24.4 24.1 24.3 68000
3-1 23.6 23.5 23.4 23.5 72250
3-2 23.3 23.3 23.2 23.3 74625
3-3 24.0 23.9 24.0 24.0 23.73 71250 70810
3-4 24.0 24.0 23.9 24.0 67500
3-5 24.2 24.0 23.7 24.0 71000
3-6 23.6 24.0 23.5 23.7 68250
T = —(’“;X’) > 1.74, )

where Xjis an average strength or ultrasonic sound propagation velocity (travel time) of the set of
samples;

S —mean root square deviation of strength or sound propagation velocity (travel time);

_ ZI]V=1(X1max_X1min) 4)
N 1.69N ’

S

where X1,,,, and X1,,;, — maximal and minimal test results of samples in a set;

N — number of sample sets used in the test.
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Average concrete density, concrete voids content, ultrasonic sound propagation velocity;
compression strength determined from “Concrete strength to ultrasonic sound propagation velocity”
calibration curve, actual compression strength were evaluated as outcome parameters.

Concrete voids content calculation was determined from the formula:
Po
M, = (1 _F) -100; ©)

where p§ — average concrete density, g/cm3;

p° — actual concrete density, g/cm?;

Results and Discussion

Results of investigation of concrete mix
Comparative data on heterogeneity of the properties of fresh concrete are shown in Table 3
Table 3. Average density and water/cement ratio of concrete mix

Layer of Average density | Actual residual | Actual residual | Residual water/cement
concrete mix in flow of water in content of ratio
a sample mix cement in mix
kg/m® | variati | I/m® | variatio | kg/m?® | variatio
on,% n,% n,%
top 2282 1.48 223 2.06 477 0.96 0.47
middle 2295 0.44 218 3.03 485 1.16 0.45
bottom 2296 0.58 219 2.01 488 1.19 0.45
whole sample 2291 1.07 220 1.41 484 0.871 0.46
inner 2290 2.92 142 8.6 495 0.47 0.287
middle 2338 2.10 133 55 478 0.50 0.277
outer 2375 151 123 5.3 466 1.23 0.263
whole sample 2334 1.07 133 5.0 480 0.99 0.275

Experimental graphs of variance of compacted concrete physical properties along a sample height
are represented in Figure 1.

Analysis of the received experimental dependence represents a significant difference in quantity of
residual mixing water and cement in each layer of the compacted concrete sample. The average density
of the inner layer decreased by 6-7%, but consumption of residual water and cement increased. In such
manner the conducted test provides not only an illustration of concrete mix segregation along samples
depth by centrifugal consolidation, but allows to quantify this heterogeneity of properties as well. Different
values of (W/C)resin each sample layer are critically important conditions in determination of physical and
mechanical properties of hardened concrete. (W/C)res value of compacted concrete mix in the inner layer
(towards centrifuge axis) of concrete is 10-12% greater than in the outer layer.
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Figure 1. Variance of compacted concrete physical properties along a sample height
(a—residual water/cement ratio; b — residual content of water; ¢ — residual cement content;
d — average density).

1 — centrifuged samples & L _the 1stset
. @® O -the 2nd set
2 — vibrated samples B _tho 3rd ot

¥ V' _the 4th set
@B -the sth set
Results of investigation of concrete strength along a wall height

Comparative data on evaluation of structural heterogeneity of hardened concrete is represented in
Table 4.

Table 4. Average density, porosity and strength of concrete

Layer Average Concrete Compressive strength
concrete porosity
density
kg/m3 | variatio % variatio | Determined from actual
n,% n,% the calibration
curve, MPa MPa variation,
%
a) vibrated samples
top 2260 0.96 16.72 47 50.66 51.28 4.03
middle 2268 1.28 16.42 6.4 52.06 52.08 4.84
bottom 2268 1.08 16.42 5.9 51.20 51.72 3.02
whole sample 2265 1.40 16.52 4.9 51.31 51.69 0.80
b) centrifuged samples
inner 2270 0.51 16.23 2.10 59.22 60.26 3.51
middle 2317 0.31 14.40 1.62 64.93 65.04 2.64
outer 2356 0.33 13.30 2.78 72.78 73.89 4.40
whole sample 2314 0.20 14.64 1.62 65.64 66.39 1.91

Dedukh D.A., Schsuzkiy V.L., Kuzmenko A.A. Spun concrete properties of power transmission line supports.
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Experimental graphs of variance of average concrete strength and compressive strength through
sample height are represented in Figure 2.
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Figure 2. Variance of physical and mechanical properties of concrete along a sample height.
(a—average concrete density; b — total porosity; ¢ — compressive strength)
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2 —vibrated samples e T T
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Analysis of the received data revealed that centrifuged concrete properties in samples sawn by
layers (fragments) change considerably. The average concrete density change is observed along the
height (up to 4 %), the total porosity in sludge layer is up almost by 18 %, and concrete strength in the
outer layer is up by 18-25 %. Gross data of property distribution along a sample height conforms fully to
analysis results of fresh-placed concrete mix properties.

A mathematical treatment of the received experimental data was conducted to determine a
dependence of centrifuged concrete strength change along a product wall. Parabolic, hyperbolic and
linear relations were taken as approximating functions.

Different regression equations describing the concrete strength change dependence along the
height were obtained by the least square method (Fig. 3).

Particularly for parabolic function the following regression equations is provided:
R, = Rp; + 2,064 -6, + 18,382 - 62; (6)
where R,; — concrete strength on the inner surface of a centrifuged product (MPa);

6, — wall height ratio
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Figure 3. Comparison of mathematical relationships describing the patterns of change in the
strength of centrifuged concrete
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Analysis of the experimental data revealed that the relationship of centrifuged concrete strength on

the inner surface Re: to the average strength along the height Rex was changing within the following limits
Rb1/Rpk=0.87-0.94.

To assess the reliability of the obtained dependence (6) of concrete strength change a numerical

experiment, investigating the bearing capacity of power transmission line supports was conducted
[31-34].

Tower bodies of high-voltage power transmission lines were taken as study samples according to

the GOST Standard 22687.0-85, 22687.3-85. The recommendations and directions presented in design
codes Eurocode 2 and ACI 318-05 are not perfect and not fully formulated. This can lead to groundless
overestimation or underestimation of reliability of designed and executed spun and vibrated concrete
tubular structures [21, 23].

General constant and variable parameters of cylindrical tower bodies are represented in Table 5:

Table 5. General constant and variable parameters of cylindrical tower bodies

Parametrs of tower bodies Code number and height of tower bodies (m)
(unit of measurement) CC20.0 CC22.2 CC26.4
Constant
- outer diameter (m) 0.80 0.56 0.56
- inner diameter (m) 0.63 0.43 0.44
- flexibility 37.5 60.7 75
- grade of concrete B45 B40 B40
- reinforcement grade A600 A600 A600
-pretensioning level of reinforcement 0.7 0.7 0.9
(0sp/Rsk)
Variable
Total reinforcement ratio, ;¢ % 25 2.7 2.7
35 3.7 3.7
4.5 4.7 4.7
The ratio of prestressing reinforcement to 0;25; 0;25; 0;25;
the whole area, (Asp/As,lm),% 50;75; 50;75; 50;75;
100 100 100
The ratio of vertical load moment to the 0; 0; 0;

Dedukh D.A., Schsuzkiy V.L., Kuzmenko A.A. Spun concrete properties of power transmission line supports.
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full moment, (MJ/M),% 20: 20 20:

40 40 40
In the numerical experiment total reinforcement ratio coefficient ., % for all types of tower bodies

was changing withing the limits: 2.5+4.5% (for CC=20.0 m), 2.7+4.7% (for CC= 22.2), 2.7+4.7% (for
CC=26.4).

The ratio of prestressing reinforcement area to the whole area (Asp/Astt) and the ratio of vertical
load moment to the full moment (MJ/M) was changing in each samples set. Bearing capacity for each
tower bodies was determined in accordance with three conditions:

1 — according to strength conditions (V);
2 — according to target crack width (Macrc);

3 — according to limit deflection (Mx).

a)
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Figure 4. Changing of bearing capacity of CC20 tower bodies when
a) MV/M=0; b) MV/M=0.2; ¢) MV/M=0.4
1 -according to strength conditions (V); 2 — according to target crack width (Macrc);
3 —according to limit deflection (Mf).

Graphs of changing of bearing capacity of 45 CC20 tower bodies are depicted in Figure 4. Similar
dependence is observed for other series of tower bodies (CC22, CC25).

Analysis of the received results demonstrates, that bearing capacity of tower bodies by uniform
cross-section of concrete increases when total reinforcement ratio ysttincreases. However, by constant
Mstot, When ratio of prestressing reinforcement area Asp to the whole area Astot increases, a modulated

(close to linear) reduction of bearing capacity (Fig. 4) appears. This value goes up when percentage of
reinforcement increases.

Similar changing of bearing capacity is observed in others series of tower bodies (CC22, CC25).
The reason for this is connected with a symmetrical distribution of prestressing reinforcement according

Henyx J.A., Ilynkmit B.JIL., Ky3smenko A.A. CgoiictBa neHTpu(YyrupoBaHHOro OeTOHa OIOp JIMHHH
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to the parameter of the annular cross section and can be explained by the earlier destruction of a
compression area as a result of increasing prestressing reinforcement content.

It is interesting to compare the carrying capacity of tower bodies on the procedure adopted in the
standards and methodology. The numeral comparison by different procedures is demonstrated in the
Table 6.

Analysis of these results revealed, that standards inflate the bearing capacity for all the cylindrical
series of tower bodies, besides the more reinforcement ratio is, the more the overestimation is.

Analysis of the graphs (Fig. 4) of changing of calculated strength of tower bodies according to
crack width condition and limit deflection shows, that strength according to crack width condition for all
types of tower bodies, as a rule, is higher than strength according to limit deflection.

Table 6. The numeral comparison of bearing capacity of tower bodies by different
procedures

Type Total Bearing capacity, kN/M L N
of reinfor 8‘ 8‘
tower | cement Author’s procedure Standards procedure oy s ¢
body ratio b o b S
Ms tot Asp/As.tot=0 Asp/As.tot=1 Asp/As.tot=0 Asp/As.tot=1 & &
V1 V2 V3 V4 > >

CC20 2.5 1129.8 1066.1 1179.5 1115.4 4.2 4.4

35 1409.9 1289.0 1555.9 1406.8 9.4 8.4

4.5 1651.7 1468.9 1899.1 1632.1 12.8 10

CC22 2.7 416.9 388.3 456.5 429.0 8.6 9.5

3.7 510.7 458.6 589.5 528.8 13.4 13.2

4.7 594.2 516.2 710.4 605.7 16.3 14.7

CC26 2.7 390.7 357.7 428.0 401.2 8.7 10.8

3.7 478.3 415.2 552.4 492.6 13.4 15.7

4.7 556.2 463.1 665.2 561.8 16.3 17.5

Conclusion

1. Investigation of fresh-placed concrete mix properties determined a substantial segregation of its
components by centrifugal consolidation. Density of the inner layer of the as-formed concrete is by 6-8 %
less, but increased content of water and cement. Besides, a residual water content (W/C)res in the inner
layer was 10-12 % greater, than in the outer layer.

2. Centrifuged concrete has a considerable heterogeneity of physical and mechanical properties
along the wall of a formed product. The difference in average density of the outer and inner layer in our
test varies within the limits of 4—-6 %, and porosity of the inner layers was higher than porosity of the outer
layers by over 18 %.

3. Actual compressive resistance varies within wide limits. In the analyzed tests on the inner
surface the actual compressive resistance was 60.3 MPa in average and on the outer surface it was 74
MPa.

4. Parabolic dependence of change of centrifuged concrete strength from the wall height ratio of
the product annular cross section was provided. Values of empirical coefficient were also determined.

5. Investigation of the bearing capacity of cylindrical power transmission line supports by using the
provided dependence of concrete strength changing along the wall height (6) showed a satisfactory
repeatability with calculation of tower bodies by standard procedure. Besides, bearing capacity of tower
bodies, according to standard procedure, has an inflated value by 4.4-10 % for CC20 tower bodies with
flexibility — 53.5, and for CC26 tower bodies with flexibility 75 by 10.8-15.7 %in comparison with the
procedure provided by the author.

Dedukh D.A., Schsuzkiy V.L., Kuzmenko A.A. Spun concrete properties of power transmission line supports.
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The authors are planning to continue the investigation of crack resistance and deformability of
power transmission line supports with running values of the total reinforcement ratio, the relation between
prestressing and nonprestressed reinforcement and different flexibility.
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Reliability of scour protection design
near the platform "Prirazlomnaja”
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Abstract. Results of experimental researches of scour protection for marine ice-resistant platform
(MIRP) "Prirazlomnaja" at impact of irregular waves together with a current are presented and analyzed
in the article. Experimental researches were executed taking into account maintenance of the basic
similarity criterions. In particular, difference of density of sea water in natural conditions and density of
fresh water in modelling conditions was taking into account at physical modelling. The various directions
of irregular waves relatively MIRP and various combinations of simultaneous impact of waves and
currents were considered at carrying out of experimental researches. On the basis of the natural data and
the results of experimental researches safety criteria for scour protection of MIRP "Prirazlomnaja"
containing 4 diagnostic parameters and their critical levels (warning and ultimate) were proposed.

AHHOTaumMA. B cratbe nNpuvBOOATCA W aHANU3UPYKOTCA pe3ynbTaTbl 3KCMEepUMMEHTarbHbIX
uccnegoBaHUM  3aWnMTbl OT pa3MbiBOB AHA Ans Mopckon nepgoctorkonm nnatdopmel  (MICIT)
«[punpasnomHas» nNpu BO3AEWCTBMM pPaCYETHOrO HeperynsipHoro BOSIHEHMSI COBMECTHO C TeYeHUeM.
OkcnepyMeHTanbHble KUCCNeaoBaHWs MNPOBOOUIINCE C  y4EeTOM COOMNIOAEHMS OCHOBHbBIX KpUTEPUEB
nogo6bus. B yactHocTw, npu onanyeckoM MoOenMpoBaHUM yYUTbIBANOCh OTMMYME MIIOTHOCTUM MOPCKOW
BOAbl B HaTYpHbIX YCMOBWUSX W MNPEecHOW BOAbl B MoAenbHbIX Yycrnosusax. [lpn npoBegeHuu
3KCNepuUMeHTanbHbIX MCCnegoBaHW 3adaBanochb pasfnuyHoe HanpaBfeHue HeperynspHoro BOSIHEHWUS
oTHocuTenbHo MJICIT n paccmaTpuBanmcb pasnuuyHble COMeTaHMs OOHOBPEMEHHOIO BO3AENCTBUSA BOSMH
N TeyeHWN. Ha OCHOBE HATYypHbIX [AaHHbIX W pPEe3ynbTaToOB 3KCMEPUMEHTamNbHbIX WCCMEeOOBaHWUN
npeanoxeHsl kKputepun 6e3onacHOCTU Ans 3awmTbl OT pa3mbiBoB AHa B6nn3m MIICI «[lMpupasnomHasy,
cogepxawme 4 OnarHOCTUYECKUX MokKasaTens M UX KpUTUYEeCKMe YpoBHM (npedynpeguTenbHbIn 1
npegenbHbIN).

Introduction

MIRP "Prirazlomnaja” is located in the Pechora Sea. It was moved on the place in 2011 and it was
placed in operation in 2013. The first lot of oil from MIRP "Prirazlomnaja" has been shipped in 2014.
MIRP "Prirazlomnaja" is the first in the world platform for oil recovery behind polar circle. Scour protection
of the bottom for MIRP "Prirazlomnaja", which was realised as two-layer rockfill, had width of the
protection layer on the top of 25 m. Experimental researches and designing of scour protection for MIRP
"Prirazlomnaja" were made at the usage of regular waves [1].

The considerable number of publications is devoted to researches of scour protection nearby
marine hydraulic structures, for example, [2—17]. In the mentioned publications possible variants of scour
protection [8, 9], questions of physical and mathematical modelling of rockfill scour protection stability [2—
5, 11, 12, 16, 17], features of the hydrodynamic impacts leading to initiation of scour [2—6, 16] are
discussed; results of experimental researches are resulted and summarized in [2-4, 7, 8, 13-16]. At the
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same time it is necessary to notice that experimental researches are necessarily executed by designing
of scour protection nearby the bases of marine platforms of gravitational type. On the basis of these
experimental researches the final design of scour protection is fulfilled.

Carrying out of experimental researches for the realized design of scour protection for MIRP
"Prirazlomnaja" with width of protective layer on top of 25 m had the purpose to receive an additional
substantiation of reliability of scour protection design at hydrodynamic impact from waves (irregular) and
currents. Also these experimental researches had to detect necessity of strengthening of scour protection
for MIRP "Prirazlomnaja".

Development of safety criteria for scour protection of MIRP "Prirazlomnaja" was defined by
necessity of reliable operation and timeliness of acceptance of technical decisions for a non-admission of
extreme and abnormal events.

Initial data

Initial data for carrying out of experimental researches of scour protection are presented below. In
location of MIRP "Prirazlomnaja" water depth at the mean sea level is 19.4 m, the maximum elevation of
sea level at storm surge and tide phenomena repeatability of 1 times in 100 years is 2.2 m. Wave
characteristic at a storm repeatability of 1 times in 100 years: the considerable wave height (hs) - hs =5.9
m; the peak period of a wave spectrum (Tp) - Tp =15.7 s; wave spectrum is TMA spectrum with spectrum

parameter = 2.5. Extreme current velocity repeatability of 1 times in 100 years is 1.2 m/s.

Average salinity of water in the location of MIRP "Prirazlomnaja" is 30 %o, i.e. average density of
sea water py=1030 kg/ms.

The top soil layer of a sea-bottom (3-5m in depth) in the location of MIRP "Prirazlomnaja” consists
basically of sand and sandy loam. Particles with the sizes 0.05-0.25 mm are prevail in grading of the top
soil layer.

The design of scour protection for MIRP "Prirazlomnaja” is presented on fig. 1.2. The top protective
layer is executed from a stone in the size 0.3-0.4 m. The bottom filter layer is executed from gravel in the
size 20—70 mm. Dimensions in plain view of the MIRP "Prirazlomnaja” base are 126 x 126 m.
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Figure 1. Plan view of scour protection for MIRP "Prirazlomnaja" (the natural sizes)
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Figure 2. Cross-section of scour protection for MIRP "Prirazlomnaja" (the natural sizes)

Experimental researches

At carrying out of experimental researches the model of base of gravity type (BGT) of MIRP
"Prirazlomnaja" was reproduced as geometrically similar to natural BGT. The general view of wave pool,
in which researches were conducted, is shown on Figure 3. Below of foreground Figure 3 wave absorber
is visible, on the far end of wave pool wavemaker of piston type is located and the hole for water delivery
and creation of currents is visible, model BGT and scour protection is located in a zone of wave pool with
a scouring material (a thickness of scouring material layer is 30 cm).

Figure 3. General view of wave basin with BGT of MIRP "Prirazlomnaja"

The basic modern requirements for experimental researches of wave impact on hydraulic facilities
(HF) and their separate elements are resulted in [16]. In particular, the model scale according to [16]
should satisfy a condition that the considerable height of waves on model was more than 0.05 m (as a
rule, linear scale of model is greater 1:60). Herewith it is especially noticed that for the mostfull modelling
of wave natural conditions it is required to reproduce irregular waves with specified spectrum. Also the
special requirement is imposed to elimination of the reflected waves in modelling conditions — it is
supposed reflexion no more 5 % of waves.

In the present researchers the linear scale of model has been chosen 1:60 (1 = 60). Firstly, the
choice of this model scale was caused by requirements [16]. Secondly, stream constriction at impact of
waves and currents in modelling conditions can lead to essential defect of hydrodynamic modeling results
(the width of a modelling basin has the fixed size and for enough big sizes of model it can lead to flow
defect). The width of a modelling wave basin of JSC “The B.E.Vedeneev VNIIG” was 15 m, the
characteristic linear planned size of model (B) at scale 1:60 was B= 2.1 m (or 3 m if waves are directed
at an angle 459 to a plane of one side of the platform). Thus, already at model scale 1:60 in the conditions
of VNIIG wave basin the obstruction factor (the ratio of effective cross-section and full section of a
modelling basin) was 0.86 (or 0.8).

At modelling on the basis of geometrical similarity, similarity of Froude numbers (Fr)
Kmumosnu B.U., IlapreB K.B. HamexHoCTh KOHCTPYKIMH 3aliuTBl OT pPa3MbIBOB AHA BONM3M IIaT(OPMBI
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Fr=V/(gd)®®
and time scale as 1°°, scales of physical characteristics can be defined according to table 1 (V — velocity,
g — acceleration of free falling, d — depth)

Table 1. Scales of model characteristics

Name Scale Scale for 1=60
length ) 60
square 12 2600
volume 13 216000
time 105 7.75
velocity 105 7.75
mass” 28 216000

*) concerning a choice of modelling stone weight of a protective layer see the following explanation.

The difference in density of water for modelling and natural conditions affects on the forces which
impact at stones of a protective layer. Therefore for correct modelling it is necessary to estimate quantity
of this effect and to choose correct scale of modelling stone weight of a protective layer (in modelling
conditions use, as a rule, fresh water). In [16] for the account of the above described effect it is offered to
have similarity on stability parameter (Ns)

Ng=hg/(4Dg), A=(pr - pw)! Pw
Here Dso — average diameter of stone, pr — stone density, pw — water density.

Hereby, for correct modelling of hydrodynamic impact at the stones of protective layer with account
of equality of stability parameter in natural and modelling conditions it is necessary to change size of

stones of protective layer (Dso) as follows (the index “m” concerns to model, an index “p” — to nature)
Dsom _ 14p

Assuming that stone density in nature and in model conditions are equal prp=prm=2650 kg/m3, we
receive that the scale of protective layer stone size should be equal 2 r, giam= 63.

Let us notice that taking into account the chosen scale of model 1 =60 it is impossible to make
correct modelling of the material composing a bottom in location MIRP "Prirazlomnaja" as the size of
modelling bottom material should be less 0.01 mm. Therefore sizes of scour of a bottom near scour
protection for model conditions it is necessary to consider as estimating, however locations of zones with
possible maximum scouring in depth of unprotected bottom can be detected. The sea-bottom in VNIIG
wave basin was modelled by sand with size Ds=0.16 mm.

Reynolds's number Re=V-d/v (also Reynolds's numbers Re=V-h/v, Re=V'B/v, v — kinematic
coefficient of viscosity) for modelling conditions exceeded 0.5°10° that corresponds to automodelling

area. Reynolds's number Re-=Vx‘Dsolv (Vx = /7 / p — dynamic velocity, r — shear stress on bottom,

defined according [16]) for modelling conditions exceeded 3.0°102 that corresponds to area of
independence of critical value of Shields parameter from Re-.

Experimental researches of scour protection for MIRP "Prirazlomnaja" were executed as sequence
of tests for each of two wave directions to plane side of platform (45° and 90 °) at design scenario
(waves for a storm with repeatability 1 times in 100 years and a current with repeatability 1 times in 100
years) according to the data presented in Table 2.

Carrying out of researches in the presence of a co-ordinated current, in the absence of a current
and at the account of wave transformation on opposite current allows to envelope all range of possible
hydrodynamic impacts on scour protection at the design storm. Necessity of execution of the test No. 3
explains that for currents and waves with opposite directions the height of waves for conditions of MIRP
"Prirazlomnaja” increases in 1.1 times (see [18]). The sequence of experiments has been chosen taking
into account increase of wave impact (in the presence of a co-ordinated current the wave height was
minimum, and for wave transformation on opposite current the wave height was maximum).
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Table 2. Parameters of the executed tests for wave directions with angle 90° and 45° to a
plane of side of MIRP "Prirazlomnaja" base

NeNe Wave Current Duration nature/model Note
nature/model (1=60) nature/model
hs, m Tp S Vav, m/s test duration total time of
impact
la 5.9/0.098 15.7/2.03 1.2/0.155 3h/23.25min 3h/23.25min waves+current with

repeatability 1 times in
100 years co-ordinated in
a direction

1b 5.9/0.098 15.7/2.03 1.2/0.155 3h/23.25min 6h/46.5min waves+current with
repeatability 1 times in
100 years co-ordinated in
a direction

lc 6.5/0.108 15.7/2.03 1.2/0.155 6h/46.5min 12h/93min waves+current with
repeatability 1 times in
100 years co-ordinated in
a direction

2 5.9/0.098 15.7/2.03 0 6h/46.5min 18h/139.5min Waves (without current)
with repeatability 1 times
in 100 years

3 6.5/0.108 15.7/2.03 - 6h/46.5 min 24h/186.0min Correspond to wave
parameter for opposite
current

Separate experiments were executed during time which correspond to duration of peak of design
storm 3-6 hours of natural time (it was also useful for estimation of dynamics of bottom and scour
protection deformations).

The protective layer stones of MIRP "Prirazlomnaja" were modelled by means of gravel, which
grain-size distribution is presented on Figure 4. We will notice that grain-size distribution has been
received by means of gravel sifting through a set gauging sieves.

P, %

100 —

80 —

60— -

40 —

20
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Figure 4. Model grain-size distribution of protective layer stones

Average diameter of a modelling material was Dso = 5.65 mm (Fig. 4) that will be co-ordinated good
enough with required on criteria of similarity value 350/63 = 5.56 mm. Also it is necessary to notice that in
a range P from 10 % to 90 % there was a material with size from 4.7 mm to 6.8 mm (that in recalculation
for the natural sizes coincides well with a required range 300—400 mm).

The model filter layer was reproduced by means of sand with size 0.4-1.1 mm that will be co-
ordinated good enough with required on criteria of similarity nature value 20-70 mm. The model grain-
size distribution of the filter layer material is shown on Figure 5.
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Figure 5. Model grain-size distribution of filter layer material

At calibration of current characteristics it was taken into consideration that the theoretical profile of
velocity should change under the logarithmic law [19]:

8.5 + 2.5In(z/k)
?'6.5 + 2.5In(d/k)

Here k — roughness parameter (k = 2.5Dsg [4]), z — vertical coordinate.

U(z) =7V

Results of comparison of the measured and theoretical distributions of velocity on depth for current
modelling with repeatability 1 times in 100 years are shown on Figure 6, Velocity measurements were
made by means of the velocity gauge MiniWater20Micro.
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Figure 6. Distribution of current velocity on depth (repeatability — 1 times in 100 years)
for model conditions ( —theoretical profile of velocity,°~ measured value of velocity)

Vertical distribution of velocity for chosen location of model MIRP "Prirazlomnaja" will be co-
ordinated well enough with theoretical profile for the steady turbulent flows (Fig.6).

At calibration of wave conditions the possible location of model MIRP "Prirazlomnaja" was defined
so to receive demanded wave characteristics in this place. As example, comparison of the required and
measured wave spectra for tests 1,2 (table 2) is shown on Figure 7.
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Figure 7. Wave spectrum for conditions of tests 1,2 with repeatability 1 times in 100 years
( —required distribution, e — measured value)

Results and Discussion

The first series of experiments was executed for wave direction with angle 90° to a plane side of
BGT. Certain moments and results of the executed experimental researches are shown on Figures 8-12.
Measurements of scour protection and bottom levels around model BGT were made by means of Trimble
M3 total station (the error of measurements did not exceed 1 mm). Data on dynamics of scour protection
and bottom levels are presented on Figures 13-15.

Figure 8.View on BGT model and scour protection before the beginning of experimental
researches for wave direction with angle 90° to a plane side of BGT

Figure 9. Interaction of waves with BGT during execution of researches for wave direction with
angle 90° to a plane side of BGT "Prirazlomnaja" (view from windward side)
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Figure 10. View on BGT model and scour protection (from leeward side) after after execution of
tests 1a, 1b, 1c, 2, 3 for wave direction with angle 90° to a plane side of BGT "Prirazlomnaja"

Figure 11. View on BGT model and scour protection (from windward side) after after execution of
tests 1a, 1b, 1c, 2, 3 for wave direction with angle 90° to a plane side of BGT "Prirazlomnaja"
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Figure 12. Plan of scour protection levels after execution of tests 1a, 1b, 1c, 2, 3 for wave direction
with angle 90° to a plane side of BGT "Prirazlomnaja" (level —1.62 m corresponds to the top level
of scour protection before researches)
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The geometry of the central section of windward scour protection face after execution of
corresponding tests (Table 2) is shown on Figure 13.
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Figure 13. Geometry of the central section of windward scour protection face after execution of
tests 1la, 1b, 1c, 2, 3 for wave direction with angle 90° to a plane side of BGT "Prirazlomnaja”
(— — — —initial geometry).

Let us notice that the leeward face geometry, and also lateral faces of scour protection after
execution of 5 tests has not changed practically. On Figures 14, 15, for example, the geometries of the
central sections of left side face and leeward face of scour protection are shown after execution of tests
la, 1b, 1c, 2, 3.
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Figure 14. Geometry of the central section of left side scour protection face after execution of
tests 1la, 1b, 1c, 2, 3 for wave direction with angle 90° to a plane side of BGT "Prirazlomnaja"

(— — — —initial geometry)
Z, m

-1.48 —
-1.52 — !

- l
-1.56 — l
-1.6— I : “ T T T Tinit

- ! 1 1 L (e ;“~\/\ I '1a‘
-1.64—- | | v3 | | | | 1c \ | |

S,

-1.68|||I||l|||l|'|'|||Y1m

14 142 144 146 148 15 152 154 15.6 15.8

Figure 15. Geometry of the central section of leeward scour protection face after execution of
tests 1a, 1b, 1c, 2, 3 for wave direction with angle 90° to a plane side of BGT "Prirazlomnaja"
(— — — -initial geometry)
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Small deformations of a protective layer were observed near to angular points of interface of
windward face with the cutaway corners of BGT. The maximum vertical deformation (scour) of protective
layer in these local zones near to angular points after execution of all 5 tests did not exceed 1 sm and
was not critical.

Let us notice that after 24 hours of impact of a storm with repeatability of 1 times in 100 years
scour protection with width of a protective layer 25 m (on top) has kept the function of protection of the
foundation from scour for a case of wave direction with angle 90° to a plane side of BGT. As follows from
Figures 13-15, deformations of scour protection induced of waves for a design storm in any combination
with a current are stabilized after ~18-24 hours. Herewith adjacent part of protective layer on distance
10-12 m (the natural sizes) from BGT surface was not deformed except vicinity of angular points of BGT
where vertical size of scour can reach 0.6 m (in natural conditions).

The second series of experiments was executed for wave direction with angle 45° to a plane side
of BGT. Certain moments and results of the executed experimental researches are shown on
Figures 16, 17.

Figure 16. Interaction of waves with BGT during execution of researches for wave direction with
angle 45° to a plane side of BGT "Prirazlomnaja" (view from windward side)
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Figure 17. Plan of scour protection levels after execution of tests 1a, 1b, 1c, 2, 3 for wave direction
with angle 45° to a plane side of BGT "Prirazlomnaja" (level —1.64 m corresponds to the top level
of scour protection before researches)
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Let us notice that after 24 hours of impact of a storm with repeatability of 1 times in 100 years
scour protection with width of a protective layer 25 m (on top) has kept the function of protection of the
foundation from scour for a case of wave direction with angle 45° to a plane side of BGT. Scour
protection surface practically was not deformed except vicinity of angular points of BGT where vertical
size of scour can reach 0.6 m (in natural conditions).

As it was noted in [2], at present time there are no empirical relations allowing reliably to predict
size of bottom scours for marine hydraulic structures of the big sizes and any form. Even for cylindrical
piles with big diameters for values of Keulegan-Carpenter numbers (KC) KC <1 prognosis of a bottom
scours is not possible [2]. In experimental researches of scour protection of the bottom for MIRP
"Prirazlomnaja" the Keulegan-Carpenter number was equal KC=0,2.

The obtained experimental results about scours of unprotected bottom near to rockfill for MIRP
"Prirazlomnaja" have been co-ordinated in whole with the data [1]. Scours of unprotected bottom in the
presented experiments were about 1.2—-1.8 m, in [1] scours of unprotected bottom (scour protection had
width on top of 20 m) were 1.5-2.5 m. The stabilization time of a protective layer deformations under
impacts of design waves and currents in the present experimental researches was some more than in [1].
Unfortunately, in [1] it has not been given the concrete data about protective layer deformations, therefore
it is not possible to spend comparison of this data at impacts of irregular (in the present experiments) and
regular waves (in [1]).

Experimental results on protective layer deformations under design impacts of waves and currents
show that the realized scour protection provides reliable protection of a bottom. These results should be
considered in development of safety criteria of scour protection for MIRP "Prirazlomnaja”.

Safety criteria

In the present domestic and foreign normative literature [2, 16, 20—24] do not contain specific
requirements to setting of safety criteria for scour protection near marine stationary platforms. In [16]
(chapter 10) it explains by means of the big variety of natural conditions and a variety of platform base
designs. The general recommendations for setting of safety criteria assume the presence of the natural
data on a situation of scour protection and presence of experimental data on behaviour of scour
protection under design impacts. As an example the natural data for one of scour protection cross profile
located near to the center of North face of MIRP "Prirazlomnaja" are shown on Figure 18. Comparing the
data on the monitoring, which was spent in 2012-2016, and results of experimental researches of scour
protection it is possible to notice that character of scour protection deformations at wave impacts in
natural and laboratory conditions are coordinated in whole. It is observed flattening of a scour protection
slope, the basic deformations (scours) of a protective layer are observed in the central part of the scour
protection faces, significant scours in a zone adjoining to BGT on distance of 10—12 m is not observed.
Such agreement of the natural and laboratory data, which were received independently, indicates that
monitoring and experimental researches were executed at good level.
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Figure 18. Natural data on the changes of geometry of scour protection section located near to
the center of North face of MIRP "Prirazlomnaja" - - - - —a design profile, — a profile after
building of scour protection in 2011, =——— — a profile in conditions of 2016).

According to results of experimental researches different parts of scour protection were deformed
differently (the central part of scour protection faces can be deformed much more strongly, than that
which were located more close to edge, see Figure12). Therefore it is reasonably to divide each of lateral
scour protection faces on 4 segments, and also to consider in addition segments of scour protection,
adjoining to the cutaway corners of BGT. In total, thus, it will be possible to consider 20 segments of
scour protection. Safety criteria will be applied to each segment separately and the total condition of
scour protection will be estimated on a segment with the worst condition.

Kmumosnu B.U., IlapreB K.B. HamexHoCTh KOHCTPYKIMH 3aliuTBl OT pPa3MbIBOB AHA BONM3M IIaT(OPMBI
«IIpupaznomHuast» // UmxeHepHO-CcTpouTenbHbIi xypHai 2017. Ne 7(75). C. 52-65.

62



Magazine of Civil Engineering, No. 7, 2017

As the diagnostic indicators, characterizing a condition of scour protection of
MIRP "Prirazlomnaja", it is proposed to use:

- the area of scour (level lowering) of a protective layer, exceeding the specified critical value from
design level, in a zone adjoining to the base of a platform on distance of 12 m (D1);

- depth (in meters) local scour (level lowering) of a protective layer from design level (D2);
- a steepness of scour protection slopes (D3);

- depth of local scours of unprotected bottom near to scour protection on distance 10m from outside
of scour protection (D4).

For diagnostic indicator D1 the criterion of condition K1 (warning level) is offered from a
requirement that on distance of 12 m from the BGT of MIRP "Prirazlomnaja" the total area where scour
exceeds average stone size (Dso= 0.35 m), makes more than 50 % from the area of a considered zone
for each segment. The criterion of condition K2 (ultimate level) for diagnostic indicator D1 is offered from
a requirement that on distance of 12 m from the BGT of MIRP "Prirazlomnaja" the total area where scour
exceeds half of protective layer thickness (0.75 m), makes more than 50 % from the area of a considered
zone for each segment. We will notice that changes of diagnostic indicator D1 can be connected with
protective layer scours as a result of wave impacts and also with subsidence of a protective layer as a
result of washing away of filter layer particles.

For diagnostic indicator D2 the criterion of condition K1 (warning level) is offered from a
requirement that on distance of 12 m from the BGT of MIRP "Prirazlomnaja” depth of local scours of a
protective layer make no more than two average diameters of a stone (0.7 m) for each considered
segment. The criterion of condition K2 (ultimate level) for diagnostic indicator D2 is offered from a
requirement that on distance of 12 m from the BGT of MIRP "Prirazlomnaja" depth of local scours of a
protective layer make no more than three average stone diameters (1.05 m) for each considered
segment. We will notice that introduction of diagnostic indicator D2 is connected with possible ice impacts
and also with influences on scour protection from falling subjects which can affect on its ability to protect
of a sea-bottom near platform from scours.

For diagnostic indicator D3 the criterion of condition K1 (warning level) is offered from a
requirement that the steepness of a slope does not exceed the design level (1 to 3) for each considered
segment. The criterion of condition K2 (ultimate level) for diagnostic indicator D3 is offered from a
requirement that the steepness of a slope does not exceed a natural steepness of a stone slope under
water (1 to 1.2) for each considered segment. We will notice that introduction of diagnostic indicator D3 is
connected with possible ice influences and also with the possible underwater landslips because of
washing away of filter layer particles and particles of a bottom soil.

For diagnostic indicator D4 the criterion of condition K1 (warning level) is offered from a
requirement that depth of local scour of unprotected bottom on distance of 10 m from outside of scour
protection does not exceed 2.0 m for each considered segment. The criterion of condition K2 (ultimate
level) for diagnostic indicator D4 is offered from a requirement that depth of local scour of unprotected
bottom on distance of 10 m from outside of scour protection does not exceed 6.0 m for each considered
segment. We will notice that introduction of diagnostic indicator D4 is connected with possible scours of
unprotected bottom which can lead to transformation of scour protection slopes. Choice of level K1 equal
of 2.0 m was made because of scour depth of unprotected bottom did not exceed 2.0 m in experimental
researches and in natural observations. Choice of level K2 equal of 6.0 m was made because of such
scour depth of unprotected bottom near scour protection for design steepness of slope begins to affect on
area located on distance of 12 m from the BGT of MIRP "Prirazlomnaja”.

The total condition of scour protection for MIRP "Prirazlomnaja" is offered to estimate according
[25]. If diagnostic indicators D1-D4 do not exceed criterion K1 for all 20 segments then total condition of
scour protection is estimated as normal. If at least one of diagnostic indicators D1-D4 exceed criterion K1
for any segment and do not exceed criterion K2 total condition of scour protection is estimated as
potentially dangerous. If at least one of diagnostic indicators D1-D4 exceed criterion K2 for any segment
total condition of scour protection is estimated as abnormal.

At present time according results of natural observations in 2016 the total condition of scour
protection for MIRP "Prirazlomnaja" is normal.
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Conclusions

1. Experimental researches of scour protection for MIRP "Prirazlomnaja" were executed at design
hydrodynamic impact from waves (irregular) and currents. It was shown that at impact of design storm
with various combinations to a design current scour protection with width of a protective layer on top 25 m
and stone sizes of a protective layer 0.3-0.4 m provides reliable protection of a bottom against scour near
BGT at various directions of waves to MIRP "Prirazlomnaja".

2. Safety criteria for scour protection of MIRP "Prirazlomnaja" based on results of experimental
researches and natural data on a state of scour protection were proposed.

3. By the results of natural observations in 2016 the technical condition of scour protection for
MIRP "Prirazlomnaja" according to the accepted criteria of safety is estimated as normal.
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Abstract. One of the options to improve the reliability and increase the service life of concrete
structures can be a reinforcement of the total volume of fine-grained concrete with different fiber types.
The article presents the results of complex researches on studying of influence of parameters of the
dispersed reinforcement (fiber, length and type of fiber, dosage by volume) and the material of the fibers
of strength of disperse-reinforced fine-grained concrete on a stretching at a bend, the estimation of
efficiency and accountability in the calculation of building structures. The article considers the possibility
of using industrial materials. It is proven that rougher texture leads to a larger force of adhesion between
the particles of filler and the cement matrix. In addition, the large surface area of angular aggregate
facilitates the development of greater traction. The article considers the issues of application of steel
fibers to disperse reinforcement of fine-grained concrete. As a binder we used fine ground cement and
the binder with low water demand. Their physic-mechanical characteristics of binders were studied. From
the results of experiments it was found that grinding cement with plasticizing additive "Polyplast SP-1" in
the amount of 0.6 % by weight of cement is more intense. This shows that in addition to the plasticizing
action, it has an intensifying effect at grinding; this is due to the wedging action of most additives. It is
also seen that the kinetics of grinding TMC and VNV on attrition crushing granite similar and previously
studied industrial raw materials. As reinforcing material steel wave fiber were used. For increasing the
strength and deformation characteristics were developed by the compositions of fine-grained fiber-
reinforced concrete on technogenic raw materials (screening instruments) and composite binders with the
use of nanodispersed powders (NDP). The use of composite binder and high-density packing of grains of
filler significantly increases the strength characteristics. Optimal selection of filler allowed to receive on
technogenic Sands of Kursk magnetic anomaly of the fiber-reinforced concrete with strength limit under
compression — 160.2 MPa, at a bend of 31.2 MPa.
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AHHOTauusA. OgHMM M3 BApMaHTOB MOBbLILWEHWS HAOEXHOCTU U YBENUYEHNS CPOKOB 3KCMyaTauum
Xene3obeTOHHbIX KOHCTPYKLMIN MOXET OblTb apMyMpoOBaHMe Bcero obbema Menko3epHUCToro 6etoHa ¢
MOMOLLIbIO pas3nuyHbIX BUAoB ombpbl. B cTaThe npeactaBneHbl pesynbTaThl KOMMIEKCHbIX UCCNeaoBaHUN
MO W3Yy4YEeHUIO BMUSIHUS NapameTpoB AUCNEPCHOrO apMupoBaHus (OnMHa BOJIOKOH M Buag ¢ubpsl,
gosmpoBka Mo ob6bbemMy) M MaTepuana BOMOKOH Ha MPOYHOCTb  AWCMNEPCHO-apMUPOBAHHOMO
MEIIKO3epHUCTOro 6eToHa Ha pacTskeHue npu u3rmbe, gaHa oueHka 3dh(EKTMBHOCTM Takoro MeToaa u
BO3MOXHOCTb y4yeTa Mnpu pacyeTe CTPOUTENbHbIX KOHCTPYKUUA. B cTatbe paccmoTpeHa BO3MOXHOCTb
NPMMEHEHNsT TEXHOTeHHOro cbipbs. [JokasaHo, 4yTo Bonee rpybas TekcTypa npvBoAWT K DonbLuen cune
cuenneHms Mexagy 4Yactuuamu 3anosfiHUTENS U ueMeHTHon maTtpuuen. Kpome Toro, 6onblias nnowagb
MOBEPXHOCTN YrNoBaTOro 3anofiHATENs AaeT BO3MOXHOCTb pa3BuTust Gonbluen cumbl cuennexHus. B
cTaTbe pacCMOTPEHbI BOMPOCbI MPUMEHEHUS CcTanbHOW uUbpbl AN OUCNEPCHOrO0 apMMUpPOBaHUS
MeNKO3epHUCTbIX BETOHOB. B kauecTBe BsXyLLEero MCNonb30Barncs TOHKOMOMOThIA LEMEHT 1 BaXyLlee
HU3KON BOOOMNOTPEOHOCTU. BbinNn M3yyeHbl UX (U3MKO-MEXaHUYECKME XapaKTEePUCTUKM BsXKyLuX. A3
pe3ynbTaToB 3KCMNEPVMEHTOB YCTAHOBMEHO, YTO NOMOMN LEeMeHTa C nnactuduumpytowlen nobaskon
«Monunnact Cll-1» B konnyectBe 0,6% OT mMaccbl UeMeHTa MNPOXOAUT WHTEHCMBHee. JTO
CBMOETENLCTBYET, YTO MOMUMO NNacTUULMPYIOLLEro AeUCTBUS, OHa obnagaeT n MHTEHCUULNPYIOLLNM
Oe’icTBMEM NpPW MOMoOIe, 3TO OOBSACHSETCA packnUHMBaKOWMM OeicTBuem camon gobaeku. Takke
BMOHO, YTO KMHETUKa pasmaneiBaemoctn TML 1 BHB Ha oTceBe opobneHuns rpaHuTa aHanornyHa, kak u
Ha paHee M3y4eHHOM TEXHOreHHOM cbipbe. B KkayecTBe apmupylollero martepuana Mcnonb3oBanacb
cTanbHasa BonHoBasi pmbpa. Ona yBenMyeHUs NPOYHOCTHLIX U AedOPMaTUBHbBIX XapaKTepUCTUK Oblnu
pa3paboTaHbl COCTaBbl MeENKO3epHUCTOro ¢ubpobeToHa Ha TexHoreHHom cbipbe (oTceB KBIT) wu
KOMMO3WLMOHHBIX BSKYLUMX C MPUMEHEHMEM HaHogucnepcHoro nopowka (HAMM). YctaHoBneHo, 4To
NPUMEHEHNE KOMMO3ULMOHHBIX BSXKYLLUA U BbICOKOMITOTHOW YMaKOBKW 3€pPEH 3anOnHUTENS 3HaYNTEeNbHO
MOBbLILAKT MNPOYHOCTHbIE MokasaTenu. OnTumanbHbIA NOA0OP 3anonHUTEnNs MO3BONWU MOMNYYUTb Ha
TexHoreHHblx neckax KMA ¢pumbpobeToH ¢ npegenom npovyHocTv npu cxatum — 160,2 MlMa, npu nsrnbe
31,2 Mrlla. KnioueBble cnosa: ¢ubpobeToH, AMCnepcHOe apMMpoBaHWeE, BOMIOKHA, MPOYHOCTHbIE U
AedopmaunoHHble cBoncTBa 6eToHa, ANCNEPCHO-apMUPOBaHHbLIN MENKO3ePHUCTLIM BETOH, NNOTHOCTL B
HOpManbHbIX BMAXHOCTHbLIX YCMOBUSAX, MNpegen npoYHOCTM Ha pacTskeHue npu u3rnmbe, npegen
NPOYHOCTU NpU CXKaTUN.

Introduction

In recent years, many developed countries increases production of high quality concretes for
various purposes, i.e. concrete, performance characteristics which meet or exceed the highest quality
criteria, regulated by standards of different countries [1].

The main building material that provides high load capacity and long life span is concrete. The
development of modern concrete Sciences is aimed, on the one hand, at improving physical and
mechanical characteristics of concrete, and on the other hand, the reduction of costs in production and
operation of concrete and reinforced concrete structures. For the implementation of these tasks requires
the use of innovative technologies in concrete production.

The use of traditional methods of reinforcement of concrete steel flat or three-dimensional frames
leads to heterogeneity of structure, the formation of voids in the concrete, deterioration of the deformation
characteristics of structures [2—4], one of the effective ways of the directed formation cementogenesis
systems (mortars and concretes) is volumetric dispersed reinforcement. The use of finely dispersed fibre
reinforcement, regardless of material (steel, glass, basalt, etc.), aims to promote the formation of more
ordered and homogeneous structures, characterized by high resistance to development of cracks [3, 5].

The wide application of fiber-reinforced concrete is found in many areas of construction and
successfully used in countries such as South Africa, Germany, Japan, USA, etc. [6—13].

Currently in concrete science is widely used by different types of particulate fillers: crushed waste
of metallurgical and energy industries, quartz sand, limestone, and carbonate, the Dolomites, there is a
considerable resource base in many regions of the country.

Currently, more and more active in the construction industry implemented multi-component fine-
grained concrete, the use of which previously was constrained by several factors: used as filler sand only
led to a significant increase in the specific surface of the filler and its emptiness; for obtaining concrete
mixtures required elevated (15-25 %) water consumption and cement compared with concrete large
aggregate, which ultimately led to increase in shrinkage of concrete, etc [14, 15].
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Fine structure of cement composites has several advantages, among which: the possibility of
creating high-quality fine uniform structure without inclusions of grains of large aggregate having a
different structure in relation to the cement-sand matrix; high thixotropy and the ability to transform the
concrete mix; the possibility of forming structures and products by casting, extrusion, pressing, stamping,
spraying, etc. [1]. In addition, the size of the aggregate in concrete allows you to utilize the effect of
particulate reinforcement in the manufacture of fiber-reinforced concrete.

Finely fibrous fillers in cement compositions to have a positive influence on the processes of
structure formation, the strength of the filled concrete and other physical-mechanical and operational
properties of materials. Use of dispersed reinforcement in the hardened cement mortars and concretes
allows to:

e increase the tensile strength of shear and tensile bending, impact and fatigue strength;

¢ reduce shrinkage strain; to increase the fracture toughness by changing the nature of cracking

at all levels of the structure;

e increase elasticity, resistance to impact and abrasion;

e increase the frost resistance, water resistance, heat resistance and fire resistance [16—-21].

In cement composites, cracks are present from the sub micro - to the macro-scale level. The
process of destruction of the concrete structure under the action of force factors at the micro level
emerges as a local act of promoting primary cracks to the point of bifurcation, which is a defect structure
in the form of grain filler or pores, while at the mouth of the crack resets the critical energy density. The
process of destruction of the sample consists of discrete acts of destruction at the micro scale level.

Thus, the destruction of the concrete under action of static loads has a discrete character, and the
feasibility of applying particulate reinforcement is dictated by the fractal hierarchy of process fracturing is
offered.

A positive effect of the disperse reinforcement of concrete is beginning to tell after reaching the
volumetric concentration of fibers contributing to the initial spatial coherence of fire tracker [22, 23]. It is
possible to allocate two stages of the mechanism of influence on the structure of concrete and its
physical-mechanical characteristics:

e at the stage of fiber structure formation during plastic shrinkage contributes to the redistribution

of stresses from the shrinkage of the busiest areas on the entire volume of concrete;

¢ when loading in the process of operation of structures fiber of the fiber slow the growth of

cracks, evenly distribute concentrations and reduce pressure in areas of macro defects, the
surface area of the different components of concrete and the points of application.

e The theory of change of creep strain and shrinkage to date, the following [24]:

¢ reduction of shrinkage deformations is achieved through distributed interaction between fiber

fibers with cement stone;

¢ in composite material with a perfect uniform arrangement of fibers, creep of the concrete matrix

is limited to a tangential surface tension between the matrix and fiber reinforcement due to the
forces of adhesion of materials.

At the present time a large number of experimental studies for specific production conditions and
types of concrete (wire mesh, heavy-duty transport construction, etc.) are held. There is no scientific
theoretical basis explaining the relationship of the properties of fine-grained concrete, the dosage and
type of fiber of the fiber. To predict the possible positive effects it is necessary to study the interaction of
fibers dispersed reinforcement with the mortar matrix, the relationship of the characteristics of various
types of concrete for the purpose of modifying / adjusting the strength and performance characteristics to
the structural analysis. To expand the scope of fiber in the manufacture of reinforced concrete structures
it is necessary to systemize the production and the scientific and experimental experience that allows you
to justify its use and define the deformation properties of the structures of fine-grained concrete. To
expand the areas of calculation and application of dispersion-reinforced structures necessary theoretical
generalization and systematization of the dependencies between process parameters (properties of the
starting materials, composition and manufacturing process products), formation of structure and
deformation-strength characteristics of fine-grained concrete.

The properties of the material of the fibers depend on the scope of fine-grained concrete and its
characteristics. Fiber fibers can be nylon, acrylic, glass, steel, polyester, basalt, polypropylene, cotton
and other materials (table 1). At present three main types of dispersion microanatomy are used abroad:
fiber (fibre) in the form of short pieces of thin steel wire, glass and polypropylene fibers. In the Russian
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Federation more widely used is the fiberglass on the basis of basalt [25]. The difference of material
properties fiber reinforcement necessitates a differentiated approach to their use as reinforcement.

Table 1.Technical characteristics of the different fibers of a fiber

Figure Basalt fiber Polypropylene fiber Fiber glass Steel (metal) fiber
Material Basalt fiber Polypropylene Fiber glass Carbon steel Wire
Fiber Diameter 13-17 um 10-25 um 13-15 um 0.5-1.2 um
Fiber length 3.2-15.7 ym 6-18 pm 4.5-18 ym 30-50 pm
Melting point. °C 1450 160 860 1550
Resistance to High Low Low, alkali — middle Middle
alkali and
corrosion

Works of some researchers [16-21, 26, 27] established that to obtain high-strength compositions
must satisfy the following conditions:

e asignificant part of the strength of the fibers must be maintained in the process;

e you need a high fiber grip with the mortar matrix and the most dense of their contact without
any entrapped air in the contact zone;

e optimal most uniform distribution of fibers throughout the volume of the matrix at simultaneous
exclusion of direct contact with each other;

e materials of the fibers should have chemical inertness relative to the cement matrix;

¢ higher elastic modulus compared to the matrix.

Methods

However, the calculation of bearing capacity of structure, it is necessary to know the dependence
of bending strength on the parameters of reinforcement. Comprehensive research work on the creation of
multi-factor mathematical models of fiber-reinforced concrete is conducted in the following areas:

¢ the study of the macrostructure of the disperse-reinforced concrete: the location, the uniformity

of distribution, effect of fiber on a surrounding structure of concrete;

o the interaction between fibers and concrete, manifested in the strength characteristics of the

resulting composition;

¢ integration of dispersed reinforcement in the design strength and deformation characteristics of

structures and prediction of internal stresses arising under the action of operational loads.

By results of the given experiments conclusions are drawn on that the substantial increase in the
length of fiber fibers filler a larger particle size results in a deterioration of the concrete structure and
decrease of the strength indicators. The required fiber length of the fiber for maximum strength in bending
shall be determined by the maximum aggregate size of concrete, for example, for fine-grained concrete is
2—6 mm, for coarse — 12—20 mm.

Results and Discussion

Currently, experiments carried out at various constant parameters to cover all possible
combinations of baselines. In the next stage of research it will be determined by other deformation and
strength parameters of disperse-reinforced concretes that are required to calculate the model design.
After the arrangement of empirical data they will be calculated based on the strength properties of
dispersion-reinforced concrete from the entire range of initial parameters for use in mathematical models
to calculate the strength characteristics of this type of concrete.

With the aim of recycling of technogenic raw materials are in the dumps of mining — waste wet
magnetic separation of ferruginous quartzite and eliminations of crushing is proposed their use as filler for
composite binders and aggregate of fine-grained fiber-reinforced concrete.

The influence of the shape and texture of aggregate on concrete strength is not sufficiently
researched, but possibly a rougher texture results in greater force of adhesion between the particles and
the cement matrix. In addition, the large surface area of angular aggregate means that you can develop
greater traction. Conducted research using scanning electron microscopy (SEM) showed that the
screenings from the crushing of granite and quartzitic sandstone (COI) have a rough surface and angular
shape, in contrast to the natural sand with a smooth surface and rounded form of grains (Fig. 1).
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Figure 1. The grain: a—dropping out of quartzitic sandstone; b — dropout granite; ¢ — natural sand
Main physico-mechanical properties of fillers are presented in Table 2.

Table 2. Physico-mechanical properties of filler

Indicator sollseizariy | e Tavolzhanskiy sand
crushing granite
Module size 3.50 2.89 1.38
Bulk density. kg/m? 1490 1536 1448
True density. kg/m® 2710 2640 2630
Voidness % 47.8 51.2 44.9
Water requirement. % 5.5 7.8 7

For obtaining of fine-grained fiber concrete with high performance characteristics, reduction of the
clinker component and optimization of the processes of structure formation, appropriate use of highly
active composite binders (KV) such as fine crushed cement (TMC) and cementing agent of low water
requirement (VNV).

From the results of experiments found that grinding cement with plasticizing additive "Polyplast SP-
1" in the amount of 0.6% by weight of cement is more intense. This shows that in addition to the
plasticizing action, it has an intensifying effect at grinding; this is due to the wedging action of most
additives. It is also seen that the kinetics of development TMC and VNV on attrition crushing granite
similar and previously studied industrial raw materials.

The study of the properties of composite binders showed that VNV-100, the activity of more than
70 % higher compared to the baseline cement, decreases water-cement ratio and the normal density in
comparison with cement (table 3).

Table 3. Physico-mechanical characteristics of the composite binder

N . The activity of the binder
Setting time, hours min. (MPa)
. . The normal density
View binder of the test, % V/C
beginning ending bending compression
CEMI1425N 26.2 2-40 4-50 0.4 7.2 48.9
TMC-50
. 26.8 2-40 4-40 0.41 5.8 41.7
(on granite)
TMC-50
27.1 2-30 4-40 0.43 6.5 46.3
(on KVP)
VNV-50
. 23.2 2-10 4-30 0.33 5.2 47.1
(on granite)
VNV-50
24.3 2-10 4-10 0.35 8.8 52.2
(on KVP)
TMC-100 25.3 2-20 4-10 0.44 10.2 713
VNV-100 22.8 2-10 3-30 0.28 12.4 85.2
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Thus, when introducing super plasticizer "Polyplast SP-1" in the amount of 0.6 % it is possible to
obtain binding activity of 85.2 MPa.

The structure of cement stone on VNV-100 denser compared to ordinary Portland cement (Fig. 2).
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Fig. 2. Microstructure depending on the properties of the binders:
a, ¢ —morphology of neoplasms of the cement stone CEM | 42,5 N;
b, d — morphology of neoplasms of the cement stone VNV-100;
increase a, b -x4000, c, d- x35000

This is determined by the availability of the thinnest water films between the grains of binder and
the formation in a confined volume of low-basic calcium hydrosilicates and other tumors.

To improve the operational characteristics were developed by the compositions of fine-grained
fiber-reinforced concrete on technogenic raw materials (screening instruments) and composite binders
with the use of nanodispersed powders (NDP). Nanodispersed powder was obtained by Professor
V.V. Potapov from natural hydrothermal vents of Kamchatka Krai.

Powder, which is injected as a nano-additive in the cement samples had a specific surface area
equal to 156000 m?/kg (detection was carried out by low-temperature nitrogen adsorption on the ASAP
parametre-2010 N Micromeritics), the average particle diameter of 7.3 nm, a density of 35 kg/m? (Fig. 3).

Klyuev SV., Klyuev A.V., Abakarov A.D., Shorstova E.S., Gafarova N.G. The effect of particulate reinforcement
on strength and deformation characteristics of fine-grained concrete. Magazine of Civil Engineering. 2017. No. 7.
Pp. 66-75. doi: 10.18720/MCE.75.6.

71



HuxeHepHO-CTPOUTENBHBIH KypHaJT, Ne 7, 2017

—‘- ™
LT T e T
SEM HV: 15.0 kV WIS: 5.00 mm
View field: 1.54 ym Det: SE
SEM MAG: 180 kx

MIRA3 TESCAN MIRA3 TESCAN

Ll |

SE 150 kY
View field: 3.08 pm
SEM MAG: 80.0 kx

WD: 5.00 mm
Det: SE

BITY um. B.I. Wyxosa BITY um. B.I. Lyxosa

Figure 3. General view of the nanodispersed powder

Dried up sand, elimination of crushing of a quartzitic sandstone and composite astringent material
have been mixed before obtaining homogeneous structure then the steel fiber was entered batch wise to
avoid formation of their uniform distribution on all volume.

Nanodispersed powder was introduced into the aqueous phase before the mixing of the mixture in
the amount of 0.2 % by weight of cement. Uniform distribution of powder particles in the liquid volume
was achieved with the help of ultrasonic treatment till their full dissolution, the spent time for it up to 20
minutes. Then water with the dissolved nanodisperse modifier before receiving homogeneous mass was
added. After formation and consolidation samples within 24 hours were at a temperature not lower than
15 °C. Then forms have been taken off and concrete samples there were in the curing camera with a
temperature of 20 ° C and humidity more than 90 %. Test of samples for determination of durability on
compression (cubes 100x100x100 mm) and on stretching at a bend (prisms 100x100x400 mm) were
carried out by universal test machine by a standard technique.

Calculation of high density packing of mix fillers on the basis of which the percentage ratio of her
components has been established has been made. Earlier [19] the efficiency of application composite
astringent materials for fiber concrete has been proved since increase in strength characteristics gains to
60 % at insignificant extension in prime cost of mix due to additional power consumption by their
receiving.

Table 4. Physico-mechanical characteristics of fine-grained concrete depending on the type
of binding agent

Material consumption per 1 m? of . .
mixture The _ The limit _of TenS|Ie_
View binder - - NDP Steel fiber. | compressive | Strength in
Knit— | Screenin | o 4 | \water. ka/m? kg/m?3 strength. bending.
ing. | gCOL | s | yms | @ (MPa) (MPa)
kg/m?3 kg/m?®
CEMI\'I 425 1 10 1100 | 340 | 204 - - 56.3 14.3
CEM 1425
810 1100 340 208 - - 67.7 15.1
N+ VPU
CEMI\'I 425 1 10 1070 | 340 | 195 - 75 86.8 17.4
CEM 1425
810 1070 310 197 - 75 97.7 18.2
N+VPU
CEM 1425 810
1070 310 197 0.2 75 119.4 22.7
N+VPU
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Table 5. Physico-mechanical characteristics of fine concrete depending on the type of
binding agent

Material consumption per 1 m® of mixture The limit of Tensile
View S i iz Steel compressiv | Strength in
bind Kniting. creenin | sand. | water. | NDP. fiber. trenath bendi
inder ka/m> g COl. ka/m? Im? kg/m? kg/m? e strength. ending.
9 kg/m?3 9 (MPa) (MPa)
TMC-100 810 1100 340 209 - - 65.7 15.5
TMC-
810 1100 340 213 - - 77.3 16.7
100+SPM
TMC-100 810 1070 310 199 - 75 92.6 19.1
TMC-
100+SPM 810 1070 310 201 - 75 102.4 20.5
TMC-
100+SPM 810 1070 310 201 0.2 75 127.1 26.5

Table 6. Physico-mechanical characteristics of fine concrete depending on the type of
binding agent

1.

Material consumption per 1 m® of The limit of Tensil
e e szl coriplrrzlssci)v Streer?gtlk:?in
View binder it — i NDP. fiber. ;
KIES fgrgg:l Sand. | Water. | yom el e strength. bending.
: : 3 3 MPa MPa
kgim? | kgim? kg/m I/m (MPa) (MPa)
VNV-100 810 1100 340 180 - - 97.5 17.7
VNV-
810 1100 340 185 - - 100.6 18.6
100+SPM
VNV-100 810 1070 310 172 - 75 118.1 22.2
VNV-
810 1070 310 174 - 75 125.8 24.1
100+SPM
VNV-
810 1070 310 174 0.2 75 160.2 31.2
100+SPM
Conclusions

The study of physical and mechanical properties showed that the fiber-reinforced concrete on
VNV-100 in all cases, exceed the characteristics of samples of similar composition made at other
binders. Hence it can be concluded that the use of composite binders with the addition of superplasticizer
can significantly increase the strength characteristics of concrete.

The proposed approaches improve the effectiveness of fine-grained concrete used for the
production in the construction industry, namely, to optimize the structure at the nano-, micro - and macro-
levels through the use of composite binders, nano-dispersed modifier, creation of high-density packing of
grains of filler of technogenic raw materials and the dispersed reinforcing fibers, increasing the strength
characteristics of the composite 3 times.

Bazhenov Yu.M.,
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Workability of high rockfill dam with a polymer face

PaboTtocnocobHOCTb BLICOKOW KAMEHHO-HABPOCHOM NMAOTUHBI
C NOSIMMEPHBIM 3KPaHOM

M.P. Sainov, KaHO. mexH. Hayk, doyeHm M.I1. CauHoe,

A.O. Zverev, o ' . acnupaHm A.O. 3eepes,

National Research Moscow State Civil Engineering  HayuoHanbHbil uccrnedosamensckuli

University, Moscow, Russia Mockosckuli eocyGapcmeeHHbIl cmpoumesnbHbIl

yHusepcumem, 2. Mockea, Poccus

Key words: geomembrane; rockfill dam; combined KnroueBble cnoBa: reomembpaHa; KaMeHHO-
dam; stress-strain-state; numerical modeling; HabpocHasi NNoTMHA; KOMOUHMPOBaHHAsK NITOTUHA;

strength; soil-cement; Bovilla dam; perimeter joint HanNpsKEHHO-AeOPMUPOBAHHOE COCTOSIHME;
YncneHHoe MOoOEeNUpoBaHuE; NPOYHOCTb;
TPYHTOLIEMEHT,; nroTuHa Bosunna;

nepMMmeTpanbHbIN LWOB

Abstract. The results of numerical study of stress-strain-state (SSS) of a rockfill dam with a face
whose main watertight element is a polymer geomembrane. Analyses were conducted with consideration
of non-linearity of contact interaction of structure elements and non-linearity of soil behavior. Bar finite
elements were used for modelling of the thin geomembrane. The study was conducted on the example of
Bovilla dam structural design which was built in 1996 in Albania. Initially Bovilla dam was planned to have
a reinforced-concrete face, but later there was realized the design with multy-layered face consisting of
PVC geomembrane, the underlying layer of soil-cement and a protection layer of reinforced concrete
slabs. The face is conjugated with the concrete structure being an integral part of the dam. The results of
numerical analyses showed that the weakest part of the dam design is the place of conjugation of the
face with the concrete structure. The joint between the face and the concrete structure opens and the
face shifts with relative to concrete surface. The polymer geomembrane may withstand these
displacements without damages because the face structural design is provided with a compensating
device in the form of a geomembrane loop. However, as calculations showed, the face design provokes
formation of tensile stresses in protection reinforced concrete slabs and in the soil-cement underlying
layer. In case the dam face was made of reinforced concrete, cracking in the face could be less probable.
In our opinion, more feasible solution of the conjugation zone could be the alternative when the polymer
geomembrane is placed over the face and is covered by soil protection layer. Taking into account high
strength and safety of polymer geomembranes they may be recommended to be used as a backup
seepage-control element of high concrete faced rockfill dams.

AHHOTaumsa. PaccmatpuBaloTcs  pesynbTaTbl  YMCMEHHOrO  WUCCNEAOBaHWUst  HanpshKEHHO-
aedopmmpoBaHHoro coctosHns  (HOC) kamMeHHO-HabpOCHOW MMOTUHBI € 3KPaHOM, OCHOBHbLIM
BOAOHENPOHULIAEMbIM  3MIEMEHTOM KOTOPOro ABMSIETCA MONMMepHasi reomemobpaHa. Pacuétbl
NpOBOAMIMUCE C YYETOM HESNIMHEMHOCTU KOHTAKTHOMO B3aMMOAEWCTBUS OSMEMEHTOB KOHCTPYKLMU U
HENUHEWHOCTM MoBeAeHna rpyHTOB. MogenupoBaHue TOHKOM reomMemMbpaHbl  UCNOMb30BanmMCh
CTEPXXHEBbIE KOHEYHble 3NeMEeHThl. ViccnegoBaHMe NpPOBEAEeHO Ha NPUMEpPEe KOHCTPYKUMU MIOTUHbI
Bovilla, noctpoeHHon B 1996 rogy B AnbGaHun. lNepBoHayanbHO nnoTuMHY Bovilla nnaHupoBanock
BbIMOSIHUTE C >Kene300eTOHHbIM 3KpaHOM, HO B nocneactBun Obina peanusoBaHa KOHCTPYKUUST C
MHOFOCIOMHBIM 3KpaHOM, cocTosAwum n3 PVC-reomembpaHbl, NOACTUNAIOLENO Cros U3 rPYHTOLEMEHTA
N 3alUUTHOrO Crosi U3 Xene3obeToHHbIX NNUT. OkpaH conpsraeTcsd ¢ OETOHHbIM COOPYXEHUEM,
ABMNSIOLLMMCS COCTABHOWM YacTbio MMOTUHBLI. Pe3ynbTaTbl YACMNEHHBIX pacYETOB Noka3anu, Yto Hanbonee
YyA3BMMbIM  Y3IOM KOHCTPYKUMW MNIOTUHbI SBNSIETCA y3€N COMPSPKEHWs 3KpaHa C  OEeTOHHbIM
coopyxeHuem. LLloB mexay akpaHOM u GETOHHLIM COOPYXEHMEM pacKpblBaeTCsl, a 3KpaH CMeLlaeTcs
OTHOCUTENbHO MOBEpPXHOCTU 6GeToHa. [lonumepHaa reomembpaHa MOXET BblAepXaTb [OaHHble
nepemelleHms 6e3 MOBPexXOEeHUs, T.K. KOHCTPYKUMS 3KpaHa npefycMaTpuBaeT  YCTPOWCTBO
KOMMeHcaTopa B BuAe netnu reomemopaHbl. OgHako, Kak nokasanum pacy€Tbl, KOHCTPYKLMSA 3KpaHa C
KOMMEHCaTOpOM TakoBa, YTO MpOBoOUMpPYET obpas3oBaHWE PacCTArMBAOLIMX HAMPSHKEHUIA B 3aLLMTHbBIX
XKene3obeToHHbIX NnMTax M MOACTMMAKLWEM Ccroe u3 rpyHtouemMeHta. B crniyyae, ecnu 6bl akpaH
NAOTUHBLI ObiN BLINOMHEH Xene3o0eTOHHbIM, TpelimMHoobOpa3oBaHMe B 3KpaHe Obina Obl MeHee

CaunoB M.IL., 3BepeB A.O. PaboTocnocoOHOCTH BHICOKOW KaMEHHO-HAOPOCHOH IUIOTHHBI C TTOJMMEPHBIM IKPaHOM
// InkeHepHO-CTpouTenbHbIN xypHat 2017. Ne 7(75). C. 76-83.
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BepOATHbIM. 10 Hawemy MHeHuto, Gonee yaavHbIM peLleHUeM y3na conpsbkeHusa Obin 6bl BapuaHT,
Koroa nonvMmepHass reomembpaHa ynoXeHa NOBEpX 3KpaHa W 3akpbiTa 3alUTHbIM CROEM rpyHTa.
YuntblBasg BbICOKYHD MPOYHOCTb M HAAEXHOCTb MOMMMEpPHbIX reoMembpaH, MOXHO peKOMeHOOoBaTb
ncnonb3oBaTb MX K AyGnupylowmi NpoTMBOMUNILTPALNOHHBIA SNEMEHT BbICOKMX KaMeHHO-HabpOoCHbIX
NNOTUH C Xene3obeTOHHbIMU 3KpaHaMU.

Introduction

At present the sphere of using synthetic (polymer) materials in hydraulic engineering is expanding.
One of the promising trends of this process is use of polymer geomembranes as seepage-control
elements in dams and dikes [1-5]. Already 60 years ago the polymer films started to be used for
combating seepage in dams and dikes, but mainly in temporary structures [2, 6-8]. By present the
possibilities of using polymer items have considerably increased; they became safer. Due to large
thickness the modern geomembranes have good puncture resistance. During laboratory tests [9, 10] and
field tests [11] it was established that polymer geomembranes may be used for a very long time. The
guaranteed life of open geomembranes is 50-100 years [10]. Operation conditions of closed
geomembranes in the dams working at temperatures about 0°C are the most favorable for polymer
materials, therefore, many of them (for example, high-density polyethylene) may be effective for several
hundred years [9].

Experience in hydraulic engineering shows, that up-to-date geomembranes may serve as
seepage-control elements (SCE) of high dams. Namely, covered by a membrane the upstream face of
concrete dams and reinforced concrete faces of rockfill dams may be repaired [2, 12, 13]. A number of
dams have been constructed where SCE was arranged of geomembrane [2, 14].

In this regard, the type of an embankment dam appears to be promising, in which the main SCE is
a polymer geomembrane, laid on smooth rigid bedding. This bedding may be arranged both of concrete
and of a cheaper material - soil cement, i.e. mixture of soil with cement

Such a construction was realized in Bovilla dam in Albania in 1996 [1, 2, 15, 16]. This is the highest
dam in the world with a seepage-control element made of a polymer geomembrane. The height of the
earthfill dam is more than 71.6 m. Bovilla dam has a combined structure — a concrete water-retaining
structure with a height of approximately 25 m is integrated in the combined dam (Fig. 1). It is deepened
into a rock foundation. Taking into account the embedment of the concrete structure into the foundation
the maximum construction height of Bovilla dam is almost 81.6 m. The rockfill is arranged with a lower
slope of 1.6. The slope of its upstream face is variable - in the upper part it is 1.55, in the lower part it is
1.6.[1, 2, 15, 16].

V318 V 321.6

[4]

Figure 1. Cross section of Bovilla dam
1 —rockfill shell, 2 — concrete structure, 3 — multi-layer face, 4 — foundation soil layer,
5 —filter layer, 6 — rock foundation

Initially Bovilla dam was designed with reinforced concrete face, but then it was decided to change
its structural design. The dam has a face of 3 mm thick PVC geomembrane. The face is placed on the
layer of soil-cement bedding about half meter thick. From the upstream side the polymer face is covered
with 20-30 cm thick precast concrete slabs. From both sides the geomembrane is protected by a
geotextile layers. Thus, the seepage-control element has a complicated multi-layer structure where the
geomembrane is the main but not the only one seepage-control measure.

The most complicated part in Bovilla dam design is conjugation of the rockfill part seepage-control
face with concrete structure. The geomembrane is rigidly attached to concrete, but is placed with
formation of a loop (compensator) permitting the face extension and displacement [2, 15]. A sand pad is
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provided between the soil-cement concrete and the reinforced concrete face to provide geomembrane
free displacements.

Figure 2. Design of contact zone between the face and the concrete structure.
1-rip rap, 2 — concrete structure, 3 —reinforced concrete slabs, 4 — soil-cement bedding,
5 —filter layer, 6 — sand pad, 7 — geomembrane.

We studied stress-strain-state (SSS) of Bovilla dam design to assess safety of its SCE, including
the place of its conjugation with the concrete structure. Besides, the task was assigned for assessment of
effectiveness of the design solution for use of a polymer face in comparison with other structural
alternatives.

For this purpose SSS of three SCE alternatives of rockfill dam were studied:

Alternative 1 — continuous by length reinforced concrete face (RCF) laid on soil-cement bedding.
This is the initial non-realized alternative of Bovilla dam SCE;

Alternative 2 — realized SCE design where the polymer face was laid on soil-cement bedding and
on the top covered with reinforced concrete slabs

Alternative 3 — SCE differing from that realized at Bovilla dam (alternative 2) by the fact that the
polymer face was laid not on soil-cement bedding but on soil (sand-gravel) bedding.

Methods

SSS studies were conducted by finite element method with the aid of software worked out by
Dr. Ph. (Tech) M.P. Sainov [17]. There were considered conditional flat cross section of the dam.

The finite-element model of the structure for Alternative 1 consisted of 730 finite elements, for
Alternatives 2 and 3 — 830 finite elements. In calculations the non-linear character of interaction between
non-soil structural elements and soils was taken into account. For this purpose the contact finite elements
were introduced. In the model of Alternative 1 there were 83 such elements and in Alternatives 2, 3 —
128. The geomembrane in Alternatives 2, 3 was modelled by 27 bar finite elements.

In order to provide, at great difference between rigidity values of structural elements composing the
dam, the sufficient accuracy of the obtained results of analyses all the finite elements had cubic
approximation of displacements. The total number of degrees of freedom in the Alternative 1 model was
6854, in Alternatives 2, 3 — 7372.

During analyses the staged dam construction was taken into account: 32 design steps each
simulating either construction of part of the structure or the reservoir filling.

For modeling non-linear behavior of soil medium the model of Professor L.N. Rasskazov was used
[18]. Deformation properties of rockfill were assumed by analogs. The rockfill averaged modulus of
deformation amounted to about 60 MPa.

Non-soil materials were assumed to be linearly deformed. For reinforced concrete the modulus of
deformation was taken equal to 29000 MPa, Poisson’s ratio — 0.18. For soil-cement the modulus of
deformation was taken equal to 5000 MPa, Poisson’s ratio 0.22. For geomembrane material the modulus
of deformation was taken equal to 1000 MPa, which approximately corresponds to that of HD
polyethylene (high density) [1]. In contacts there was used a non-linear model permitted their opening
and slip.
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Results and Discussion

By the results of analyses at the adopted properties of rockfill the maximum settlement of an
embankment dam under its own weight amounts to 33 cm. The face under hydrostatic pressure displaces
for 16.2 cm in direction normal to the slope surface (Fig.3).

321.6

7 318

7 250
7 240
Figure 3. Displacements of the dam upstream face in perpendicular direction (deflections, cm).

The green color indicates displacements for Alternative 2,
red — for Alternative 1, violet — for Alternative 3.

In the zone of the face conjugation with the concrete structure the displacements of the upstream
face are not equal to 0, because soil of the embankment dam slips relative to the concrete surface. The
face displacement relative to the concrete structure comprised 8+12 cm depending on the Alternative
(Fig. 3). Besides, there observed opening of the joint between reinforced concrete slabs covering the
upstream face and the concrete structure. In Alternative 1 it amounted to 1.8 cm, in Alternative 2 it was
2cm.

The zone of conjugation between the earthfill and concrete structures is the weakest and the least
safe zone in the dam design. In this zone the soil mass (and contact “concrete-earth”) is subject to
complicated deformations and has unfavorable SSS. This also affects the SSS of reinforced concrete
face (Alternative 1), reinforced concrete layer (Alternatives 2, 3), covering the dam upstream face.

In Alternative 1 the lower part of RCF adjoining the concrete structure is subject to deflection
toward the upstream side, while the rest part deflects toward the downstream side. As a result tensile
stresses in direction along the face (longitudinal stresses) arise in the RFC lower part. On the upper face
of RCF they reach 2.8 MPa (Fig.4a). These stresses exceed design tensile strength of concrete. The rest
part of RCF is compressed in longitudinal direction by stresses with values up to 5.3 MPa.

321.6 321.6

Figure 4. Longitudinal stresses in reinforced concrete face (MPa) in Alternative 1
a-—on the upstream face, b — on the downstream face

Soil-cement under-face zone also has unfavorable SSS in the zone of contact with the concrete
structure. Tensile stresses in it in longitudinal direction reach 1.7 MPa (Fig. 5b).

Thus, we may expect formation in RCF and in the under-face zone of transversal cracks which
threaten water tightness of the dam SCE. This explains the reason why at designing Bovilla dam it was
decided to refuse from RCF and choose the polymer face.

Sainov M.P., Zverev A.O. Workability of high rockfill dam with a polymer face. Magazine of Civil Engineering.
2017. No. 7. Pp. 76-83. doi: 10.18720/MCE.75.7.

79



HuxeHepHO-CTPOUTENBHBIH KypHaJT, Ne 7, 2017

Figure 5. Longitudinal stresses in the soil-cement bedding downstream face (MPa)
a — Alternative 2, b — Alternative 1.

However, at transfer to multi-layer structural design of SCE (Alterantive 2) the strength condition of
the embankment dam constructions in the zone of contact with the concrete structure did not improve.
This is connected with complicated arrangement of the interface zone. In the already constructed dam to
provide geomembrane free deformations a cavity was provided between the concrete slabs and their soil-
cement bedding. The soil-cement zone was expanded to avoid weakening of soil-cement bedding due to
arrangement of the cavity.

Such design of the interface affects its operation. Analyses permitted revealing the following
pattern of this interface operation. Under the action of hydrostatic pressure the face tends to «slip» and
turn relatively the concrete structure. But at turn the lower end of the soil-cement zone rests on the
concrete structure, which cause in it concentration of compressive stresses of about 3 MPa. Due to
presence of the thrust practically on the entire length, the contact of the multi-layer face and the concrete
structure opens. The largest opening (2 cm) is observed on the top of the dam face.

In addition, the presence of a cavity between the concrete coating and soil-cement bedding affects
the interface SSS (Fig. 2). Concrete cover with one part is pressed into the cavity, while the other is
supported by low-compressible bedding. Due to this, the concrete cover undergoes strong bending
deformations.

Due to bending, the top face of the coating of reinforced concrete slabs experiences tensile
longitudinal stresses, which reach 6.2 MPa (Fig. 6b). The zone of tension extends to 5.8 m. A zone of
tensile stresses is also formed on the downstream face at a certain distance (Fig. 6b). Thus, the
formation of cracks in the reinforced concrete coating is inevitable.

The unfavorable SSS also has an under-face zone of soil-cement (Fig. 5a), and cracking is also
expected in it.

Thus, water impermeability of SCE is entirely determined by the integrity of the polymer
geomembrane.

Fig.6. Longitudinal stresses in the reinforced concrete cover (MPa) in Alternative 2
a—on the upstream face, b — on the downstream face.

By the results of analyses due to the openings and shear movements on the contact of the face
with the concrete structure, the geomembrane undergoes deformations of the elongation. The
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geomembrane's loop thus straightens. Due to straightening the deformations of elongation do not cause
significant tensile stresses in the geomembrane. According to the results of analyses with deformation
modulus of 1000 MPa, the maximum of tensile stresses is only 0.5 MPa. This is much less than the
tensile strength of polyethylene (30 MPa). If we assume that the geomembrane is made of PVC, then the
safety margin of the geomembrane will be even higher.

In the rest of the geomembrane parts no significant stresses occur.

Thus, the design of the interface of a multi-layer screen with a concrete structure ensures integrity
and reliability of geomembranes at displacements on the contact between two structures, but at the
same time provokes crack formation in the elements protecting the geomembrane: in the cover of
reinforced concrete slabs and in soil-cement bedding. Damage to these rigid structures is dangerous for
the geomembrane, because sharp edges of damaged elements may cause a puncture.

Therefore, another calculation was carried out - for Alternative 3, in which the hard soil-cement
bedding was replaced with gravel-sand. The analyses showed that in this case the state of the interface
is somewhat improved, but not radically. Opening of the joint decreases to 1.7 cm, but the face
displacement relative to the concrete structure increases to 11.2 cm (Fig. 3). Also, as in Alternative 2, a
zone of tensile longitudinal stresses is formed on the upstream face of the reinforced concrete cover.
However, they do not exceed 4.7 MPa (Fig. 7a).

318 321.6
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Fig.7. Longitudinal stresses in the reinforced concrete cover (MPa) in Alternative 3
a—on the upstream face, b — on the downstream face.

Thus, in Alternative 3 damages of reinforced concrete cover and subsequent puncture of geo-
membrane may occur. In order to avoid them it is better to refuse from using concrete cover in the lower
part of the dam and substitute it by a layer of impervious soil. Similar design of interface was used during
repairs of New Exchequer dam [19]. New Exchequer dam is of similar design as Bovilla dam; it also
refers to combined dams, but is was made not with a polymer face but with a reinforced concrete face. In
this dam the conjugation place of the reinforced concrete face and the concrete structure is covered on
the top by a geo-membrane, which in its turn is covered by a soil layer.

This example shows that at construction of Bovilla dam it was not necessary to refuse from the
reinforced concrete face in favor of the polymer face. It was sufficient to lay a geo-membrane in the lower
part of the face to provide water tightness. It should be stressed that substitution of the reinforced
concrete face by a polymer face did not decrease the cost of Bovilla dam, because its structural design
envisages maintaining the reinforced concrete cover of the upstream slope for protection of the polymer
face.

The advantage of using the polymer face is a high level of safety of the dam seepage control
facility. The example of Boviila dam permits recommending for construction of ultra-high dams the use of
combined (double) seepage-control element consisting of reinforced concrete (or soil-cement) face
covered by a geo-membrane. However, the geo-membrane should not be open, because otherwise its
service life decreases. It is reasonable to cover the combined seepage-control element with a soil layer.
Earlier we recommended the dam of such structural design [20].

Conclusions

Use of polymer geomembrane as a seepage-control face of a high rockfill dam significantly
improves the reliability of the dam seepage-control facility. This is because polymer materials have high
strength and elasticity, which allows them to experience significant deformations inherent in embankment
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dams without damage. Rockfill dams with a seepage-control face of polymer geomembrane are more
efficient type of dams than dams with reinforced concrete face. Rational solution is the construction of
rockfill dams with a combined (double) seepage-control element, including a reinforced concrete (or soil-
cement) face covered with a geomembrane/

10.

11.

12.

The most vulnerable node of a dam design with a polymer face is its interface with a rock
foundation or a concrete structure. In this zone, one can expect the appearance of tensile stresses in the
geomembrane. Used in the Bovilla dam conjugation (which provides arrangement of the geomembrane
loop) ensures the integrity of the geomembrane, even with significant movements at the interface.
However, there is a risk of damage to the protective layers of the geomembrane, which may entalil
damage to the geomembrane. Apparently, it is more rational to provide a protective coating in the
compensator assembly of the geomembrane not of rigid concrete slabs, but of soil or other pliable
material, as was done during repairs of New Exchequer dam.

References

ICOLD. Geomembrane sealing systems for dams. Design
principles and review of experience. Bulletin 135, 2010.
464 p.

Cazzuffi D., Giroud J.P., Scuero A., Vaschetti G.
Geosynthetic barriers systems for dams. 9th International
Conference on Geosynthetics. Brazil, 2010. Pp. 115-163.

Radchenko V.P., Semenkov V.M. Geomembrany v
plotinakh iz gruntovykh materialov [Geomembranes in
dams from soil materials]. Gidrotekhnicheskoye
stroitelstvo. 1993. No. 10. Pp.46-52. (rus).

Solskiy S.V., Orlova N.L. Perspektivy i problemy
primeneniya v gruntovykh gidrotekhnicheskikh
sooruzheniyakh sovremennykh geosinteticheskikh
materialov [Prospects and problems of application in
groundwater waterworks modern geosynthetics]. Izvestiya
VNIIG im. B.Ye.Vedeneyeva. 2010. Vol. 260. Pp. 61-68.
(rus)

Glagovskiy V.B., Solskiy S.V., Lopatina M.G., Dubrovskaya
N.V., Orlova N.L. Geosinteticheskiye materialy v
gidrotekhnicheskom stroitelstve [Geosynthetics in hydraulic
engineering].  Gidrotekhnicheskoye stroitelstvo. 2014.
No. 9. Pp. 23-27. (rus)

Reltov B.F., Krichevskiy l.Ye. Perspektivy primeneniya
rulonnykh plastmass v kachestve ekranov plotin iz
mestnykh materialov [Prospects for the use of plastics as a
roll screen embankment dams]. Gidrotekhnicheskoye
stroitelstvo. 1964. No. 1. Pp. 29-32. (rus)

Abramson Yu.L, Tolkachev L.A., Fishman Yu.A.
Stroitelstvo na gornykh rekakh vysokikh zemlyanykh
peremychek v dve ocheredi s perelivom pavodka na
promezhutochnoy otmetke [Building on the high mountain
rivers embankment cofferdams in two stages with an
intermediate overflow flood mark]. Gidrotekhnicheskoye
stroitelstvo. 1968. No. 1. Pp. 8-12. (rus).

Belikov M.P., Panasenko G.A., Antsiferov A.S. Zemlyanaya
plotina s plastmassovoy protivofiltratsionnoy zashchitoy v
rayone vechnoy merzloty [Earthfill dam with plastic anti-
seepage  protection in the permafrost area).
Gidrotekhnicheskoye stroitelstvo. 1968. No. 10. Pp. 20-24.
(rus).

Koerner R.M., Hsuan Y.G., Koerner G.R. Lifetime
predictions of exposed geotextiles and geomembranes.
Geosynthetics International. 2017. No. 24(2). Pp. 198-212.

Tian K., Benson C.H., Tinjum J.M., Edil T.B. Antioxidant
depletion and service life prediction for HDPE
geomembranes exposed to low-level radioactive waste
leachate. Journal of Geotechnical and Geoenvironmental
Engineering. 2017. No. 143(6). 04017011.

Gallagher E.M., Tonks D.M., Shevelan J., Belton A.R.,
Blackmore R.E. Investigations of geomembrane integrity
within a 25-year old landfill capping. Geotextiles and
Geomembranes. 2016. No. 4(5). Pp. 770-780.

Scuero A.M., Vaschetti G.L. Underwater repair of a 113 m
high CFRD with a PVC geomembrane: Turimiquire

10.

11.

12.

13.

14.

NurtepaTtypa

ICOLD. Geomembrane sealing systems for dams. Design
principles and review of experience. Bulletin 135, 2010.
464 p.

Cazzuffi D., Giroud J.P., Scuero A., Vaschetti G.
Geosynthetic barriers systems for dams // 9th International
Conference on Geosynthetics. Brazil, 2010. Pp. 115-163.

PagyeHko B.M., CemenkoB B.M. [eomembpaHbl B
NNoTUHAaX M3 rPyHTOBLIX Matepuanos // [mapoTexHuyeckoe
ctpoutenbcteo. 1993. Ne 10. C. 46-52.

Conbckuin C.B., Opnosa H.J1. MNepcnektnebl 1 npo6nemsbl
NpUMeHeHust B rPYHTOBbIX TMOPOTEXHUYECKNX
COOPYKEHUSAX COBPEMEHHbIX reOCUHTETUYECKMX
matepuanos // WNssectus BHUUI um. B.E.BepeHeesa.
2010. T.260. C. 61-68.

narosckun  B.B., Conbckun C.B.,
Hy6poeckas H.B., Opnosa H.JI. TleocuHTeTMyeckne
matepuansl B MOPOTEXHMYECKOM cTpouTensctee //
M'mopoTexHnyeckoe ctpontenbcteo. 2014. Ne9. C. 23-27.

PenbtoB  B.9., Kpuuesckui M.E. MepcnekTnBbl
NPUMEHEHNSA PYIOHHBIX MMacTMacc B KayecTBe 3KpaHOB
NNOTUH W3 MeCTHbIX maTtepuanoB // 'mppoTexHudeckoe
ctpoutenscTBo. 1964. Ne 1. C. 29-32.

AbpamcoH 1O.J1, TomkauweB JILA, ®uuman HO.A.
CTponTenbCTBO HAa TOPHbLIX Pekax BbICOKUX 3eMMsAHbIX
nepeMblyek B ABe ouvepeau C MNepenuBoM MaBogka Ha
NPOMEXYTOYHOMN oTMeTKe 1 mapoTexHuyeckoe
cTpouTenbcTeo. 1968. Ne 1. C. 8-12.

Benukos M.M., MaHaceHko T.A., AHumcepos A.C.
3emnsHas nnoTuHa c nnacTMaccoBoW
NpoTMBOMUNBLTPALIMOHHON 3alMTON B pavioHe BEYHOW
mMep3anoTel // TwapoTexHuyeckoe cTpouTenbcTBo. 1968.
Ne 10. C. 20-24.

Koerner R.M., Hsuan Y.G., Koerner G.R. Lifetime
predictions of exposed geotextiles and geomembranes.
Geosynthetics International. 2017. No.24(2). Pp. 198-212.

Tian K., Benson C.H., Tinjum J.M., Edil T.B. Antioxidant
depletion and service life prediction for HDPE
geomembranes exposed to low-level radioactive waste
leachate // Journal of Geotechnical and Geoenvironmental
Engineering. 2017. No.143(6). 04017011.

Gallagher E.M., Tonks D.M., Shevelan J., Belton AR.,
Blackmore R.E. Investigations of geomembrane integrity
within a 25-2017 old landfill capping // Geotextiles and
Geomembranes. 2016. No.4(5). Pp. 770-780.

Scuero A.M., Vaschetti G.L. Underwater repair of a 113 m
high CFRD with a PVC geomembrane: turimiquire
managing dams: challenges in a time of change //
Proceedings of the 16th Conference of the British Dam
Society. 2010. Pp. 474-486.

Sembenelli P., Rodriqguez E.A. Geomembranes for earth
and earth-rock dams: state-of-the-art report // Proc.
Geosynthetics Applications, Design and Construction, M.B.
de Groot, et al., Eds., A.A. Balkema. 1996. Pp. 877-888.

Kopuesckun B.®., O6onone A.l0. O npoekTMpoBaHuu 1

JlonatuHa M.T.,

CaunoB M.IL., 3BepeB A.O. PaboTocnocoOHOCTH BHICOKOW KaMEHHO-HAOPOCHOH IUIOTHHBI C TTOJMMEPHBIM IKPaHOM
// InkeHepHO-CTpouTenbHbIN xypHat 2017. Ne 7(75). C. 76-83.

82



Magazine of Civil Engineering, No. 7, 2017

13.

14.

15.

16.

17.

18.

19.

20.

Managing Dams: Challenges in a Time of Change.
Proceedings of the 16th Conference of the British Dam
Society. 2010. Pp. 474-486.

Sembenelli P., Rodriquez E. A. Geomembranes for earth
and earth-rock dams: state-of-the-art report // Proc.
Geosynthetics Applications, Design and Construction.
1996. Pp. 877-888.

Korchevskiy V.F., Obopol A.Yu. O proyektirovanii i
stroitelstve Kambaratinskikh gidroelektrostantsiy na r.
Naryne v Kirgizskoy Respublike [On the design and
construction of the Kambarata hydropower stations on the
Naryn river in  Kyrgyzstan]. Gidrotekhnicheskoye
stroitelstvo. 2012. No. 2. Pp. 2-12. (rus).

Sembenelli P., Sembenelli G., Scuero A.M. Geosynthetic
system for the facing of Bovilla Dam. Proceedings of the
6th International Conference on Geosynthetics. Atlanta,
Georgia, USA. 1998. International Fabrics Association
International, Roseville. Minnesota. Pp. 1099-1106.

Sembenelli P., Sembenelli G., Scuero A. Bovilla: a product
of dam history. Geotechnical Fabrics Report. 1998. Vol. 16.
No. 6. Pp. 30-36.

Sainov M.P. Vychislitelnaya programma po raschetu
napryazhenno-deformirovannogo sostoyaniya gruntovykh
plotin: opyt sozdaniya, metodiki i algoritmy [Computer
program for the calculation of the stress-strain state of soil
dams: the experience of creation, techniques and
algorithms]. International Journal for Computational Civil
and Structural Engineering. 2013. No. 9(4). Pp. 208-225.
(rus).

Rasskazov L.N., Dzhkha Dzh. Deformiruyemost i
prochnost grunta pri raschete vysokikh gruntovykh plotin
[Deformability and Strength of Soils in High Soil Dam
Calculation]. Gidrotekhnicheskoye stroitelstvo. 1987. No. 7.
Pp. 31-36. (rus).

Brown H.M., Kneitz P.R. Repair of new exchequer dam.
Water Power and Dam Construction. 1987. No. 39(9).
Pp. 25-29.

Sainov M.P., Kotov F.V. Razrabotka i obosnovaniye
konstruktsii kamennoy plotiny s gruntotsementobetonnym
ekranom dlya usloviy Kraynego Severa [Development and
Substantiation of the Structure of a Masonry Dam Having a
Soil Cement Membrane and Designated for the Climate of
the Far North of Russia]. Vestnik MGSU. 2013. No. 3.
Pp. 187-195.

Mikhail Sainov,
+7(926)607-89-31; mp_sainov@mail.ru

Andrey Zverev,
+7(916)334-13-79; zverev_0591@mail.ru

15.

16.

17.

18.

19.

20.

cTpoutenscTBe KambapaTWHCKMX rMapO3neKTpoCTaHLmniA
Ha p. Hapeive B  Kuprusckon Pecnybnuke //
'mopoTtexHnyeckoe ctpontenbcteo. 2012. Ne 2, C. 2-12.

Sembenelli P., Sembenelli G., Scuero A.M. Geosynthetic
system for the facing of Bovilla Dam // Proceedings of the
6th International Conference on Geosynthetics. Atlanta,
Georgia, USA. 1998. International Fabrics Association
International, Roseville. Minnesota. Pp.1099-1106.

Sembenelli P., Sembenelli G., Scuero A. Bovilla: a product
of dam history // Geotechnical Fabrics Report. 1998.
Vol.16. Ne 6. Pp. 30-36.

CauHoB M.I1. BblumcnutensHas nporpamMMa Mo pacyeTy
Hanps»KEHHO-Ae(OPMNPOBAHHOTO COCTOSIHWUSA  FPYHTOBBIX
NNOTUH: OMbIT CO3AAHWA, METOAMKU W anroputmbl [/
International Journal for Computational Civil and Structural
Engineering. 2013. Ne 9(4). C. 208-225.

Pacckasos J1.H., [xxa [Ox. [HOedopmmpyemoctb #
NPOYHOCTb T[PyHTa MpPW pacyeTe BbICOKUX TPYHTOBbIX
nnotuH // T'ngpotexHnyeckoe cTpoutenbcTBo. 1987. Ne 7.
C. 31-36.

Brown, H.M., and Kneitz, P.R. Repair of new exchequer
dam // Water Power and Dam Construction. 1987.
Ne 39(9). Pp. 25-29.

CaunHoB M.M., KotoB ®.B. Pa3spaboTka u obocHoBaHue
KOHCTPYKLMK KameHHow NNOTUHBI c
rPYHTOLEMEHTODETOHHBIM ~ 3KPaHOM Ans  ycrioBuin
KpariHero Ceepa // BectHuk MICY. 2013. Ne 3.
C. 187-195.

Muxaurn Nemposuy CauHos,
+7(926)607-89-31; an. moyma: mp_sainov@mail.ru

AHOpel Onezosuy 3sepes,
+7(916)334-13-79;

a/l.

noyma: zverev_0591@mail.ru

© Sainov M.P.,Zverev A.O., 2017

Sainov M.P., Zverev A.O. Workability of high rockfill dam with a polymer face. Magazine of Civil Engineering.
2017. No. 7. Pp. 76-83. doi: 10.18720/MCE.75.7.

83



HuxeHepHO-CTPOUTENBHBII KypHaJI, Ne 7, 2017

doi: 10.18720/MCE.75.8

Selection criteria of space planning and structural solutions of
low-rise buildings

Kputepumn Bbibopa 06beMHO-NMAHUPOBOYHbIX U
KOHCTPYKTUBHbIX PELUEHNA MaNO3TaXHbIX 34aHUN

N.V. Gusakova, Cmapuwuii npenodaeamens H.B. MNycakoea,

K.E. Filyushina, KaHO. 3KOH. Hayk, doueHm K.3. dunowuHa,

A.M. Gusakov, KaHO. mexH. Hayk, doueHm A.M. ycakos,

N.N. Minaev, 0-p 3KoH. Hayk, npogheccop H.H. MuHaes,

Tomsk State University of Architecture and ToMcKull 20cy0apCmeeHHbIl apXumeKmypHo-

Building, Tomsk, Russia cmpoumesbHbil yHusepcumem, 2. ToMCK,
Poccusa

Key words: optimal selection; energy-efficiency; KnrwoueBble cnoBa: onTumanbHbli  BbIOOP;
comfort; safety; effectiveness of capital asHeproagdekTMBHOCTL; kKOMKOPT; 6e30NacHOCTb;
investments; space-planning and structural adgdekTMBHOCTb KanuTanbHbIX BINOXEHWI;
solutions; low-rise construction OOBbEMHO-NNAHNPOBOYHLIE U KOHCTPYKTMBHbIE
pELLEHNS; ManoaTaXHOe CTPOUTENbCTBO

Abstract. The present study is devoted to development of methodology used for optimal
selection of space-planning and structural solutions of low-rise buildings. Objective of the study is
developing the system of criteria influencing the optimal selection of space-planning and structural
solutions of low-rise buildings and structures aimed at enhancing the efficiency of capital investments,
energy and resource saving, creating comfortable conditions for the population considering climatic
zoning of the construction site. Developments of the project can be applied while implementing
investment-construction projects of low-rise housing at different kinds of territories based on the local
building materials. The system of criteria influencing the optimal selection of space-planning and
structural solutions of low-rise buildings has been developed. Methodological basis has been also
elaborated to assess optimal selection of space-planning and structural solutions of low-rise buildings
satisfying the requirements of energy-efficiency, comfort and safety, and economical efficiency.
Elaborated methodology enables to intensify the processes of low-rise construction development for
different types of territories taking into account climatic zoning of the construction site. Development of
low-rise construction processes should be based on the system of approaches which are scientifically
justified; thus it allows enhancing energy efficiency, comfort, safety and economical effectiveness of
low-rise buildings.

AHHoTauma. lMpoBedeHo uvccnegoBaHve Mo pas3paboTke MeTOAUKM onTumanbHoro Bbibopa
06BEMHO-NNAHNPOBOYHBIX M KOHCTPYKTUBHBIX PELLEHNIA ManoaTaxXHbIX 3gaHuii. Liensto nccnegoBanust
aBnseTca paspaboTka CUCTEMblI KPUTEPUEB, BMMSIOWMX Ha OMNTMMAnbHOCTb BblObOpa 0OBEMHO-
NIaHUPOBOYHbBIX N KOHCTPYKTUBHBIX PELUEHUN Mano3TaXHbIX 30aHUA U COOPYXEHWW, HanpasreHHbIX
Ha noBbleHne 3EKTUBHOCTU KaNUTarOBMOXEHWI, SHEPro- U pecypcocbepexeHne, cosgaHue
KOM(OPTHbIX YCMOBUMA [OMs1 HACeneHusi C YYETOM KIMMaTMYECKOro pParoHUPOBaAHUS MECTHOCTU
cTpouTenbcTBa. [laHHble pa3paboTkym MOryT OblTb MPMMEHEHbI MPU peanu3auum UHBECTULIMOHHO-
CTPOUTESbHBIX MPOEKTOB Masfio3TaXXHOW 3aCTPONKN PasfnmnyHOro Tmna TeppuTopuim Ha OCHOBE MECTHOM
0asbl cTpouTeNbHbIX MaTepuanoB. PaspaboTtaHa cucteMa KpuTepueBs, BMSIIOWMX HA ONTUMANbHOCTb
BbIOOpa 06BbEMHO-MNAHNUPOBOYHBLIX M KOHCTPYKTUBHBIX PELUEHUA ManoaTaXxHbIX 34aHui. PaspaboTaHbl
METOANYECKME OCHOBbI OLIEHKM ONTMMarbHOCTU BbiGopa 06BbEMHO-MNAaHNPOBOYHbIX Y KOHCTPYKTUBHBIX
pELLEHVI Mano3TaXHbIX 34aHUA, oTBevarwmux TpeboBaHMAM 3HeproadpdeKTUBHOCTU, KOMdOopTa U
OesonacHocT,  3KOHOMU4eckow  adcpekTMBHOCTM.  PaspaboTaHHas  meToavka  no3BonseT
WHTEHCUMLMPOBaTL NPOLECChl Pa3BUTUS ManodTaXKHOro CTpPoOUTENnbCTBa AMs pPasfMYHOro Tuna
TEPPUTOPUA C YYETOM KIIMMATUYECKOro panoHMPOBaHUS MECTHOCTU CcTpouTenbcTBa. Passutne
NPOLIECCOB  MarioSTaXHOro  CTPOUTENbLCTBA [AOMMKHO  OCHOBbLIBATLCA HA CUCTEME  HayyHo-
ODOCHOBaHHbIX  MOAXOAOB, YTO TMO3BOSMISET  MOBbLICUTb  SHEProdddEKTUBHOCTb,  KOMOPT,
©e30nacHOCTb 1 3KOHOMUYECKYHO 3MEKTMBHOCTb MaNoO3TaXHbIX 30aHUN.
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Introduction

Strategic goal of state housing policy is defined as formation of affordable housing market,
meaning economy-class buildings with integration of energy sources, energy-saving technologies,
modern materials, and provided with comfortable living conditions for the citizens. In this regards a
number of federal programs has been approved; the programs are aimed at integrated land use
planning and management, increasing the performance of housing construction development enabling
to create comfortable living conditions [1-2].

Special place in this process should be taken by low-rise multiple-flats construction, as this type
of construction is considered to be one of the most optimal formats of new territories development
where there are no problems with free land plots and these territories are marked with high provision
of natural energy producing materials (hydrocarbons, biofuel, etc.).

Increase in growth rates of comprehensive low-rise housing development, expansion of social
and transport infrastructure (stimulating social and economic processes) requires development of
optimal space-planning and structural solutions of buildings at the design stage depending on its
geographical location.

It should be noted that Russia has a great potential in the field of energy efficiency and use of
renewable energy sources. However low efficiency of applying energy-saving technologies in
construction is a reason of high costs of housing and public utilities during buildings operation. Such a
situation testifies on the necessity of rational use of independent heat supply sources in the projects of
low-rise housing taking into account climatic zoning.

Integrated approach for optimal selection of space-planning and structural solutions will
contribute to increasing the volume of construction of economy-class houses, reduction of its costs,
corresponding to the requirements of comfort, safety and energy efficiency of buildings, increasing the
amount of citizens being able to improve their living conditions on their own. This will enable to solve
the problem of generating capacity deficit on one side and save significant amount of money of
owners of houses on the other side [3].

Foreign construction experience is mainly based on environmental protection, i.e. introduction of
efficient and profitable measures to reduce greenhouse gas emissions [4]. Housing construction in
most countries is considered as a unique system enabling to provide enhancement of new projects.
The main directions of system approach are as follows: 1) heating and cooling, 2) hot water, 3)
household appliances, 4) lighting, 5) fridges and deep-freezers [5]. More and more countries pass on
to renewable energy sources from oil and gas; preliminary calculations show that it allows reduction of
energy consumption of building by 60-80% [6]. Within the project CEPHEUS (Cost Efficient Passive
Houses as European Standards) five European countries built houses according to the Passivhaus
standard from scientific point of view. In order to reduce energy for heating the following measures
have been performed: appropriate heat isolation, passive use of solar energy, extra glazing, and
active ventilation [7].

Some authors suggest improving the optimal shape of low-rise buildings and defining the
optimal building structure that could provide the required capacity of wind power generator [8]. Other
authors offer two-stage design optimization approach resulting in high indicators of energy-efficiency.
Apart from that, they investigate single-sided ventilation and cross-ventilation models under varied
thermal load requirements to compare the preferable design solutions for each scenario [9].

Low-rise construction in Russia is currently one of the most significant reserves of construction
complex development that enables to increase the construction growth rate in a down economy.
However it needs not only the governmental assistance, but also the strict requirements of legal
framework.

Quite large number of research papers are devoted to the issues of standard setting, increasing
of requirements to thermal protection of buildings and energy efficiency [10-13]. Authors consider the
development history of regulatory requirements to thermal protection, the problems of energy
efficiency in construction, requirements of buildings energy efficiency. The mentioned studies are
aimed at regulation of irrational consumption of energy sources and maintaining the definite
parameters of internal environment inside the building. Conducted research on development of low-
rise construction in Russia, they concluded the general projected growth of low-rise construction,
including: energy efficiency, economical efficiency and ecological development of low-rise housing
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[14]. The most complete typology of low-rise buildings and problems of low-rise housing development
on the territory of Russia [15]. Described the principles of formation of space-planning solutions for
low-rise buildings and comfortable living [16—-17]. The typology of buildings upon the level of their
energy efficiency can be found in [18]. The methodology to evaluate the effectiveness of applying
energy-efficient measures in buildings [19]. In monograph [20] conducts a complete consideration of
energy consumption and primary energy and resource consumption, however, the issues of
maintenance costs has not been solved.

The whole complex of studies in energy-efficient buildings and their structures is based on a
substantive knowledge basis [21-24]. However, though many studies have been conducted in the field
of energy efficiency and energy saving in construction, still they are characterized by fragmentary
mature and are not completely systematized upon the special features of regional conditions.
Regulatory documents in energy efficiency mostly present results of studies devoted to separate
regions [25].

Special attention should be paid to development of new space-planning solutions, search of
optimal structural solutions giving a special accent on local materials use, meeting the requirements of
energy efficiency, effectiveness of capital investments, comfort and safety and the use of renewable
energy sources for engineering systems during the whole life cycle of a building.

Materials and methods

Results of systematization of the objects of low-rise construction necessary for development of
classification framework enable to define the criteria for optimal selection of space-planning and
structural solutions of low-rise buildings. These criteria can be defined as follows:

1. Safety.

2. Comfort of living.

3. Energy efficiency.

4. Economic efficiency.

Based on the suggested classification and criteria framework the indicators forming
methodological environment for selection of optimal space-planning and structural solutions for low-
rise buildings have been defined (Fig.1).

Development of classification and criteria framework

Natural and climatic indicators:
- soils

- solar radiation

- wind velocity

- mineral reserves

Social and economic indicators:
- demography

- economic development of the territory
- status of building materials industry

- dynamics of low-rise construction

Indicators of
influence

Figure 1. Indicators for defining optimal space-planning and
structural solutions of low-rise buildings

Suggested methodology allows moving beyond the traditional schemes of selection of space-
planning and structural solutions of low-rise buildings and gives a chance to make an optimal choice
using the defined criteria. The resulting matrix is given in Table 1.

The first criterion is defined as safety of living. For that purpose wall materials are typologized
by the following features: the degree of fire resistance, structural design of building, thickness of walls,
wear degree (for old buildings). Thus we can define the external shell of a building at the initial stage.

The next criterion is defined as comfort of living. The given criterion is classified by the type of
territory of living: urban, suburban, rural, remote. Depending on the territory type typological criterion is
appropriate to be classified by the ratio of land plot area to the total area of the building. Low-rise
buildings of economy class are required to have the definite land plot area. Total area of house land
plots depends on the territory of living. The number of floors is typologized up to three floors.
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The next criterion is building typology according to energy efficiency. It includes energy
efficiency of structural elements of low-rise building and type of energy supply. In order to assess heat
protective properties of building envelopes we need to define the climatic conditions of the
construction site. Construction-based climatic zones are defined to find optimal design and space-
planning solutions of urban low-rise housing construction for each of the zones.

All residential units referring to the group of economy-class housing should correspond to the
requirements influencing the energy efficiency of buildings; the energy consumption is checked with
respect to accordance to the established standards. Energy efficiency classes are established in
accordance with the acting regulatory documents.

Apart from building envelopes being the main reserve of energy saving one also needs
reasonable interlinked arrangement of energy sources and energy consumers (electricity, heating,
gas), reducing expenses for transportation. Selection and justification of applying centralized, locally-
centralized and local systems of engineering equipment depends on the type of living territory.
Selection of independent energy sources and non-renewable energy sources depends on the
opportunity to provide engineering specifications for connection to urban network.

The final stage is the criterion of capital investments. It is formed from the construction cost,
cost for engineering systems of a building, total expenses for operation of building during the whole
lifecycle.

Total expenses for construction and building operation will enable to define the effectiveness of
capital investments per square meter by comparative method with traditional systems. Resulting from
calculation we get construction cost of low-rise building and cost per square meter during the whole
life cycle of a building.

Results and Discussion

Foreign experience of many countries shows the need to improve the requirements for ensuring
the required energy efficiency in buildings [26]. One of the important tasks for today is to determine the
optimal typology of buildings depending on climatic conditions. Recently, the building typology is being
developed and enhanced all over the world. In EU countries, in the USA, and in China they use the
project on building typology named TABULA. The number of building types differs in different
countries, e.g. there are 14 types in the USA, 72 in Spain [27].

Consideration of these recommendations in the practice of modern housing construction can
serve the basis for establishing novel advanced tendencies in architecture of comprehensive low-rise
housing construction both in space-planning as well as in structural solution of low-rise houses
meeting the requirements of energy-efficiency.

This section will be devoted to building of energy efficient low-rise house and its justification
applicable to the chosen type of space-planning and structural solutions, contributing to increase of
energy-efficiency, safety, comfort of living and economic effectiveness.

The area under study is presented by territory of continental climate of temperate zone, where
low-rise houses are in higher demand from the point of social and economic development of newly
developed territories.

The suggested methodology considers low-rise house of block-type. Low-rise multi-apartment
residential building (block) is given as a two-storey building with the sizes in outer axles 9.6 m x 8.0 m,
with a built-in garage (Fig.2). The number of blocks depends on the social necessity and the amount
of money allocated from the budget. Space-planning solution provides standard insolation of all the
premises for long-term presence of people.

Gusakova N.V., FilyushinaK.E., Gusakov A.M., Minaev N.N. Selection criteria of space planning and structural
solutions of low-rise buildings. Magazine of Civil Engineering. 2017. No.7. Pp.84-93. doi:
10.18720/MCE.75.8.

87



HNH:KeHepHO-CTPOUTEIBHBIN KypHaJ, Ne 7, 2017

Table 1. Typology of low-rise buildings while optimal selection of space-planning and structural solutions by the criteria of safety, comfort of living,
economical effectiveness of capital investments

Typology of low-rise buildings by energy efficiency criterion
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While designing foundations we considered the most peculiar soils of the selected region, as well
as the existing experience of design, construction and maintenance of buildings in similar engineering-
geological and hydro-geological conditions. For block-type low-rise houses built in temperate zone of
continental climate it is reasonable to apply two variants of foundation:

1. Slightly in-ground foundations (belt-type monolithic).

2. Helical metal or bored piles.
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Figure 2. Space-planning solutions of low-rise block-type residential building

Thermal design of exterior building envelope is made in accordance with Russian Construction
Codes: “Thermal protection of buildings. Revised edition of Construction Rules and Regulations 23-02-
2003” and Construction Codes 131.13330.2012 “Construction Climatology”. Outer shell is calculated as a
plane wall separating air environment with different temperature and humidity, constrained by parallel
surfaces and transverse to heat flow. Nominal value of reduced total thermal resistance of building
envelope satisfying the requirements of sanitary-and-hygiene and comfort is calculated by Construction
Codes 50.13330.2012 “Thermal protection of buildings. Revised edition of Construction Rules and
Regulations 23-02-2003". As a load-bearing layer of the exterior wall the following options have been
considered: ceramic brick, gas-concrete block, timber (pine-tree), wall panel from expanded clay concrete
[28].

Two types of roofing can be used in the designed building: inclined and flat. Corresponding
calculations have been conducted. Building materials under study are reliable and durable, correspond to
the climate conditions. Variability of choice is conditioned by minimum cost of material.

Optimal technical solutions with reduced energy consumption have been justified by the method of
multiple-choice design of energy-saving equipment for low-rise buildings. Comprehensive use of energy-
saving building envelopes and renewable energy sources allows solving completely the problem of
energy supply considering the requirements of energy efficiency, economical feasibility and comfort of
living during building maintenance. In particular the schemes of energy supply have been justified, such
as centralized, local and new developed locally-centralized.

Heat balance of building, heat losses for heating of infiltrating air has been defined by means of
calculations. Calculation of heat losses through building envelopes has also been conducted. We defined
hot water and heat expenses. Resulting from the calculations it was decided to use the combined heat
supply system. The basic system is heat pump; solar collectors provide the necessary covering of
expenses for hot water supply. Wind power generators cannot be used at the chosen territory of
residential buildings due to restrictions of noise exposure.

Taking into account the condition of maximum energy-saving for low-rise buildings of block-type we
accept horizontal heating system with placement of heat pump in the technical room. In the periods of
peak loads corresponding to the periods of long-lasting low outside temperatures the conditions of
comfort in the rooms do not worsen due to using diesel generator, placed in each garage of the flats. Hot
water supply per one block-section requires settlement of 13 solar collectors with total surface of 26
square meters.

Ventilation system is natural. Data recording on energy resource consumption is performed
automatically by means of dispatcher system.

Gusakova N.V., Filyushina K.E., Gusakov A.M., Minaev N.N. Selection criteria of space planning and structural
solutions of low-rise buildings. Magazine of Civil Engineering. 2017. No. 7. Pp. 84-93. doi: 10.18720/MCE.75.8.
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While designing low-rise building special attention has been paid not only to financial effectiveness
of construction but also to the operation effectiveness. Thus, effectiveness indicator is multi-component,
as the present project considers effectiveness during construction and during further building operation.
Economy during construction has been reached by means of integration of optimal design solutions
enabling to increase thermal protection of building envelopes and by means of equipment (in case of
absence of such equipment for heating of low-rise building we would have to build a boiler-house thus
leading to additional expenses). Operation effect has been obtained by means of economy on communal
public services, heating and hot water supply in particular [29].

While calculating the effectiveness of capital investments of low-rise buildings of block type per
accounting period we consider costs of building materials, construction and installation works, costs of
replacement or repair, service life, cost per one year of operation. Calculations of further results and
expenses within one accounting period (time horizon) accepted as 30 years have been conducted.
Calculation step has been accepted as a one year [30].

Results of thermotechnical calculation of building envelope, glazing and doors, roofing and flooring
have been taken as a basis. Energy systems: heating system, hot water supply for domestic needs,
water disposal system. Comparative results of initial capital expenses and annual expenses for building
structures are given in Table 2.

Table 2. Comparison of costs of building materials of low-rise building

Capital expenditures for building structures, rub per square meter

steral of buling enVeIORe | Tomtcostof e buiing
1. Brick 15487 310
2. Aerated concrete 19624 392
3. Beam 13929 279
4. Expanded clay concrete 20189 404

Comparative analysis has been held for centralized, locally-centralized and local heating systems
of low-rise block-type house. Comparison of cost of heat energy from different sources is given in

Table 3.
Table 3. Comparison of cost of heat energy from different sources
Indicators Value
Cost per 1 kW of electric energy, rubles 3.1
Cost per 1 kW of heat energy obtained from heat pump, rubles 0.4
Cost per 1 kW of heat energy obtained from gas-fired boiler, rubles 0.5
Cost per 1 kW of heat energy according to tariff of company TGC-11 (Tomsk, Russia), rubles 3.24

Tariff that is used by Public limited company TGC-11 for selling of heat is 8.1 times higher than
cost for heat from heat pump and 6.48 times higher than cost from gas-fired boiler. Thus it can be seen
that using heat pumps is more profitable from the point of communal expenses. Using locally-centralized
system of heat supply allows reduction of heating expenses due to economy of unit of heat energy.

Utility payments have been calculated depending on the type of energy supply (Table 4).

Table 4. Comparison of utility payments by different type of energy supply per year

Indicators, rubles

Type of energy supply

Centralized Locally-centralized Local
Annual expenses for heating, rubles 548 58 72.5
Annual expenses for hot water supply, rubles 267.47 Considered in heating 37.9

Operation costs per year, rubles 20

Not required

Not required

rubles

Maintenance and seasonal operations per year,

0

0

33

Total, rubles

835.47

58

143.4
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Calculation results have shown that cost per one square meter of heating while using centralized
heat supply is 14.4 times higher than of locally-centralized heat supply with the use of heat pumps and
5.8 times higher than while using gas-fired boiler.

Resulting from calculations of economical efficiency of block-type low-rise building the least
expenses for building structures are provided by beam house. Capital expenditures for components of
building structures made from wood considering replacement or repair comprise 13929 rub/m?2 per one
block-section. Cost of building per one year of operation makes 279 rub/m?2 per one block-section.

Total annual economic effect is reached by using locally-centralized type of energy supply in
comparison with centralized and local type in calculation per one block-section. Cost of utility services
(hot water supply + heat supply) by locally-centralized type of energy supply per year makes 58 rub/m?2.

Conclusions

The system of criteria influencing the optimal selection of space-planning and structural solutions
of low-rise buildings satisfying the requirements of energy-efficiency, comfort and safety, economical
effectiveness has been developed. Resulting from the suggested methodology we decided to accept the
option of block-type. By means of increasing thermal protection of building envelopes we get economy of
energy sources during building operation.

Optimal technical solutions of energy provision of low-rise buildings of block-type have been
justified. During comprehensive development of low-rise buildings of block-type at the newly developed
territories which do not have access to heat network, the optimal solution is use of local type of energy
supply. Increasing the level of applied technical solutions leads to increased value of capital expenditures
for construction, however the effect is reached by means of economy of fuel and energy resources and
social protection of the population.

Methodology of effectiveness of capital investments of block-type low-rise buildings enabled to
define the operation costs per one square meter in a year. Resulting from calculations of further
expenses and results within the limit of accounting year the most economically feasible is the option of
residential building of block-type made from wood. Calculations demonstrate that due to heat economy,
increase of lump-sum costs will pay off within 5 years.

The objectives solved within the project allowed justifying the technical capability and economical
feasibility of building low-rise energy-efficient buildings of economy class. The maximum energy-saving
effect can be reached during comprehensive consideration of space-planning and structural solutions and
using renewable energy sources during constriction of engineering systems.
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Performance characteristics of differentially quenched rails

JKcnyaTaunoHHble nokasaTenu gupdepeHuUnpoBaHHO
TEPMOYNPOYHEHHbIX PEbCOB
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of wear; curves of small radius andbdepeHUMpoBaHHOE TEPMOYNPOYHEHUNE; U3HOC;
WHTEHCUBHOCTb M3HOCA; KPMBbIE MAroro paguyca

Abstract. With the development of railway transport, the train speed, the traffic intensity, and the
axle load all permanently increase in magnitude. This increase adversely affects the rail operation. The
quantity of rail defects and, especially, the rate of rail-head surface wear both show an increase. Such
service conditions require an enhanced mechanical strength of rails, their enhanced resistance to wear,
and prolonged service life. In the present study, we analyze the operation performance of modern
differentially quenched rails in comparison with domestic volume-quenched rails and Nippon Steel rails
(Japan). For evaluating the wear resistance of rails, in the present study we carried out measurements of
their side wear at curves of small radius. As a result of the study, it was found that the resistance to wear
of differentially quenched DT350 rails 1.5-1.7 times exceeded the resistance of volume-quenched T1
rails. The general-purpose DT350 rails and the advanced DT370IK rails with enhanced wear resistance
and enhanced contact endurance exhibited roughly identical wear rates and therefore offered equally
long service periods. The Nippon Steel rails have displayed a greater resistance to wear. The side wear
of those rails was found to be 1.6 times smaller than that of DT rails, and it met the normative value for
surveyed curves of small radius.

AHHOTauumA. C pa3BuUTnEM Xene3Ho4opOXKHOro TpaHcnopTa CKOPOCTb, MHTEHCUBHOCTb ABMKEHUS
W Harpyska Ha OCb BO3pacTalT. ITO HebnaronpuaTHO CKa3blBaeTCs Ha penbcax. Bospacrtaet
KonnyectBo 0ed)EKTOB U OCOBEHHO W3HOC MOBEPXHOCTM FOMOBKW PENbCOB. Takve aKcnnyaTauuoHHbIE
yCroBust TPEOYOT YBENUYEHMS MPOYHOCTN N M3HOCOCTOMKOCTU PErbCOB, MOBLILLEHUS UX CPOKa CryXoObl.
B HacToswen pabote npoBedeH aHanua aKCnayaTauuMoHHOW paboTbl HOBbIX AuddhepeHumpoBaHHO
TEPMOYMPOYHEHHbLIX pPENbCOB B COMOCTABMIEHUM C penbCcamMnm ODOBEMHOrO  TEPMOYNPOYHEHUS
OTEeYeCTBEHHOIO0 MPOM3BOACTBA W SAMNOHCKMMKU penbcamu komnaHuu "HunnoH Ctun". Ona oueHku
N3HOCOCTOWKOCTU PENnbCOB MPOBOAWUMUCHE M3MepeHusi GOKOBOro M3HOCA FOMOBKM PENbCOB B KPUBbIX
mManoro paguyca. B pesynbtate wuccnegoBaHust  ObIO  YCTAHOBIEHO,  4TO  PEMbChI
anddepeHUNpoBaHHOIO TepmoynpodHeHust kateropum OT350 Gonee WM3HOCOCTOMKW, YEM pPENbCHI
06bemMHOro TepmoynpoyvHennst kateropum T1 B 1,5-1,7 pasa. Penbcbl 06Liero HasHa4yeHus kateropum
OT350 M NOBbILWEHHOMW WM3HOCOCTOMKOCTU WU KOHTaKTHOW BblHOcimMBocTu OT370MK mumenu npumepHo
OAMHAKOBYI MHTEHCUMBHOCTb M3HOCA M CPOK CNyxObl. Bonbluen M3HOCOCTOMKOCTBIO 0braganv penbcbl
komnaHmm "HunnoH Ctun". X MHTEHCUBHOCTE O0OKOBOro usHoca B 1,6 pasa MeHblle, YeMY Yy PerbCcoB
kateropumn [IT n cooTBeTCTBOBaNa HOpMaTUBHOMY MOKa3aTesnto 4SS uccreayemMbiX KpUBbIX.

Introduction

The traffic safety, and the transportation continuity and efficiency at railway transport, largely
depend on the state of track structure and, in particular, on the state of rails. The capital investments in
rails come as the most expensive part of infrastructure fixed assets. These factors define the necessity
for strengthening the requirements to rail service properties. The latter properties are in turn defined by
the service life, reliability, safety, and maintainability indexes of rails.

As early as several years ago, JSC "RZD" railroads involved no world-class rails capable of
meeting the company’s increasing requirements to rails in terms of service life as well as in terms of the
strategic development objectives and tasks of the industry.

Kocenko C.A., AxumoB C.C. DkcmryaTanMoHHbIE MOKazaTend AnpQPepeHIUpOBaHHO TEPMOYIPOYHEHHBIX
pesbcoB // UHKeHepHO-CTpOoUTeNnbHbIN KypHai. 2017. Ne 7(75). C. 94-105.
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The latter statement is corroborated by the annual withdrawal of more than 100 thousand defective
and faulty rails from tracks. The main cause for this withdrawal was insufficiently high a contact fatigue
strength (for more than 50 % of withdrawn rails) [1].

The situation has begun to change dramatically after 2013. The implemented grand-scale
reconstruction, and technical re-equipment and modernization of rail production at JSC "EVRAZ ZSMK"
and JSC "Mechel" have allowed the companies to master state-of-the-art technologies. A key point in the
realization of the implemented technology has become the production of 100-m long differentially
guenched rails. The quality and characteristics of the new rails fully meet the European requirements [2]
and the Russian national standards GOST R 51685-2013 [3].

A weak point of the previous rail manufacture technology was considerable residual internal
stresses occurring in the rails. The occurrence of such stresses is related with imperfect rail quenching,
which process defines the mechanical and working characteristics of rails [4]. Considerable hardening
strains emerge in rails during the volume quenching of rails in oil implemented in drum hardeners.
Subsequent rail strengthening leads to the emergence of considerable residual stresses [1, 5].

A.D. Konyukhov and E.A. Shur [6] have shown that the increase of residual tensile stresses to 150
MPa from 0-MPa conventional level leads in R65 rails to a reduction of the number of cycles to crack
formation by a factor of 2.7, and to a reduction of the number of cycles to fracture by crack development
by a factor of 4.

The rail differential quenching technology using compressed air is free of this drawback. In the
post-quench cooling process, there exists a possibility to regulate both the airflow rate and air pressure in
the rail-head and rail-base quenches. In this way, the rail buckling can be minimized (i.e., reduced by a
factor of 4.3).

The reliability indexes of rails fabricated by the new technology proved to be 50 % increased.
Indeed, whereas the rails manufactured by the previous technologies were capable of ensuring an 80-%
gamma resource on handling the freight volume of 500 min gross tons, the new rails has proven to be
capable of ensuring a 85-% gamma resource on handling the freight volume of 750 mIn gross tons. Field
tests performed by JSC "VNIIZhT" have shown that the failure-free load life of the new rails exceeded
600 mIn tons, this value being 2.5 times greater than the failure-free load life of volume-quenched rails

[7].

To date, more than 1.5 million tons of DT rails have been already supplied to the JSC "RzZD"
railroad network [8].

The laying of new DT rails, including their laying at the West-Siberian Infrastructure Directorate
(WSID), began in 2014. Since then, the length of laid rails has reached 751.6 km; this value presently
amounts to 8 % of the total length of main lines. The annually laid volumes of DT rails are shown in
Figure 1.
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Figure 1. Annually laid volumes of T1 and DT rails at WSID

Kosenko S.A., Akimov S.S. Performance characteristics of differentially quenched rails. Magazine of Civil
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Of this volume, 646.4 km of track rails were rails replaced during track modernization and
continuous rail replacement accompanied with mid-level track maintenance works. During the target
replacement of high rails on curved tracks, 105.2 km of track rails were laid.

A diagram illustrating the laying of DT350 rails of total length 741.4 km at the WSID polygon with
breakdown by curve radii is shown in Fig. 2. A main portion (84 %) of those rails was laid in straight track
sections and curved track sections of radius 650 m and over.

4.4km; 1% 112.6 km; 15 %

W

DT350

299 m and lesser
350-649 m
® 650 m and over

624.4km; 84 %
Figure 2. Laid volumes of DT350 rails versus curve radius at WSID

In 2015, the laying of DT370IK rails with enhanced resistance to wear has begun. However, a low
fraction of special-purpose rails deserves mention. To date, 9.8 km of track rails was laid, this length
amounting to 1.5 % of the total length of the DT rails laid. The laying of DT rails was performed by a
target program in curved track sections (Fig. 3).

From Figure 3, it is seen that most of rails with enhanced resistance to wear (more than 60 %)
were laid in the range of curve radii from 350 to 649 m.

DT370 3.3 km; 33 %

299 m and lesser
350-649 m
m 650 m and over

6.1 km; 62 % 0.5km; 5%

Figure 3. Laid volumes of DT370IK rails versus curve radius at WSID
With the passage from volume-quenched to differentially quenched rails, a possibility to evaluate
the difference between the new rails in terms of their quality and functional reliability has emerged. The
wear of the wheel—rail system is one of the most high-cost problems for railroads [9—12] and, in particular,
for track facilities. This circumstance is primarily related with railway traffic safety and maintenance
planning [13].

From the tribilogical standpoint, the rail wear is defined as any damage caused to rails related with
the gradual loss or displacement of materials from the wheel-rail interface [14].

Numerous studies have shown that the wheel/rail wear depends on the slip along and, especially,
across, the direction of wheel rolling on the rail, on the track curvature, on the load exerted on rail, on the
train speed, on dynamic actions, on wheel/rail material properties, and on the environmental conditions
and contaminations [5, 15-17].

In this connection, the purpose of the present study was an evaluation and performing a
comparison of the operation performance of differentially quenched rails with that of volume-quenched
rails and Nippon Steel rails (Japan) in curves of small radius.

Kocenko C.A., AxumoB C.C. DkcmryaTanMoHHbIE MOKazaTend AnpQPepeHIUpOBaHHO TEPMOYIPOYHEHHBIX
pesbcoB // UHKeHepHO-CTpOoUTeNnbHbIN KypHai. 2017. Ne 7(75). C. 94-105.
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The following tasks were posed:

1. Choice of reference track sections laid with rails of different types yet functioning under similar
operating conditions (curve radius, track layout);

2. Measurement of rail side wear in round curves and determination of the rate of this weatr;

3. Plotting the dependences of side wear values and side wear rates on the hauled gross
tonnage with single-factor regression equation.

4. Prediction of the service lives of the various rails with evaluation of the service durability of
differentially quenched rails.

Methods

For performing a comparison between T1, DT350, DT370IK, and Nippon Steel rails, reference
track sections in curves of radii 350 to 390 m between the lzdrevaya and Sokur station, 1-st main line,
were put under observation. For evaluating the rail service lives, rail-head side wear measurements were
performed. The side wear comes as the main factor to limit the service life of rails at small-radius curves
[18]; the mechanism of this limitation depends on many other factors [19].

The measurements were carried out over the entire length of round curves in 4-m steps along the
thrust line. For excluding measurement inaccuracies, the measurement stations were marked with white
paint on rail web.

For determining the rail side wear and side wear rate, initially we measured and evaluated the
actual mean width of the rail head of new rails laid in curved track sections. This was made in connection
with the rail production tolerance (£ 0.5 mm).

The difference between the measured rail head width of a new and worn-out rail gives the rate of
side wear:

AB=B-b, &)

where AB is the rail side wear rate, B is the rail head width of a new rail at a distance 13 mm from the
tread surface, and bl is the rail head width of the worn-out rail at a distance 13 mm from this surface.

From measured data, the average rail side wear over the whole length of the round curve was
determined:

ZABi o
ABgg = —,

n

where ABan is the mean rail side wear value, ZA& is the sum of measured rail side wear values
i=1

over the entire round curve, and N is the total number of performed measurements.

Given the tonnage hauled over the period from rail laying to the time of regular side wear
measurement, we can determine the side wear rate:

ABgyg

, ®3)
T

ﬁ:

where f is the side wear rate, T is the tonnage hauled over the period from rail laying in the curve to
the side wear measurement.

The rail-head width measurements were performed with a "Puteets"” sliding caliper and an SKIG-1
rail-head wear meter at a distance of 13 mm from the treed surface.
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Results and Discussion

Some characteristics of the first refe
monitored are listed in Table 1.

rence track on which the operation of T1 and DT350 rails was

Table 1. Characteristics of T1- and DT350-rail reference tracks No. 1

Stage, line Izdrevaya — Sokur, 1-st main line
Kilometers 17 km Hundred-Meter Mark 6 — 18 km Hundred-Meter Mark 4
Gross freight traffic, min tons/ km per year 78.2
Curve radius, m 353
Track profile, promille 10.5
Elevation of outer rail in the curve, mm 90
Velocity of passenger/freight trains, km/hour 0/60

Based on the obtained experimental

data, we have plotted diagrams of side wear (Fig. 6) and side-

wear rate (Fig. 7) with their respective approximating functions.
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Figure 6. The side wear of T1 and DT350 rails in a curve of 353-m radius (high rails)

For the hauled gross tonnage of 100.1 min tons, the T1 rails were found to exhibit a 13-mm side
wear. After the same hauled tonnage, the wear of DT350 rails has proven to be 6.4 mm, this value being
51 % smaller than that of T1 rails.

A linear approximation to the rail side wear values yields a prediction that the load life of T1 and
DT350 rails to the formation of 15-mm wear will amount respectively to 123.3 and 225.9 min gross tons.

At rail-head side wear values of R65 rails exceeding 15 mm, the train speed is to be restricted to
70 km/hour at curve radii in excess of 350 m and to 50 km/hour at curve radii of 350 m and smaller [20].
Moreover, the re-laying of rail bars with rail edge alteration is to be made on the condition that the
maximum side wear does not exceed 15 mm [21].

The rall load life to the formation of 20-mm side wear, over which the rail is to be considered
defective and needing to be replaced as a matter of priority [20] is 164.3 min gross tons for T1 rails and
301.2 min gross tons for DT350 rails. Thus, the service life of DT350 rails in the surveyed curve is
expected to be 1.8 times longer than that of T1 rails.

The mean side wear rate of T1 rails proved to be 0.113 mm/min gross tons. The same
characteristic of DT350 rails proved to be lower, equal to 0.065 mm/mIin gross tons. On the average, the
side wear rate of DT350 rails on the surveyed curve was 42 % lower than that of T1 rails.
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The wear of DT350 rails has proven to be more uniform. The mechanisms of the wear during the
breaking-in of wheel with a new rail differ from the mechanisms of wear at the main operation stage of the
wheel-rail pair. Right after the laying of the rails, a high rate of their side wear is observed. After the
transmission of 10-15 min gross tons, the wear rate reaches saturation due to the breaking-in of rails
with stock wheels with the formation of a conformal contact.
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Figure 7. The side wear rate of T1 and DT350 rails in a curve of 353-m radius

The characteristics of the second reference track on which performance characteristics of T1 and
DT350 rails were monitored are listed in Table 2.

Table 2. Characteristics of T1- and DT350-rail reference tracks No. 2

Stage, line Izdrevaya — Sokur, 1-st main line
Kilometers 18 km Hundred-Meter Mark 6 — 19 km Hundred-Meter Mark 5
Gross freight traffic, min tons/ km per year 78.2
Curve radius, m 390
Track profile, promille 4.7
Elevation of outer rail in the curve, mm 85
Velocity of passenger/freight trains, km/hour 0/60

On the basis of obtained data, similar diagrams of side wear and side-wear rate were plotted,;
those diagrams are shown in Figs. 8 and 9.

On the second curve of radius 390 m, at identical hauled tonnages the DT350 rails have also
shown a side wear smaller than that of T1 rails. For instance, at a hauled gross tonnage of 123.0 min
tons a side wear of 12.0 mm was registered for T1 rails, whereas the DT350 rails have displayed a 10-
mm wear, the latter value being 17 % lower than the former wear.

On this curve, the predicted load life to 15-mm rail-head side wear is 140.1 min gross tons for T1
rails and 195.8 min gross tons for DT350 rails. The predicted rail load life to the formation of 20-mm
critical side wear is 186.7 min gross tons for T1 rails and 261.1 min gross tons for DT350 rails. Thus, the
service life of DT350 rails in the surveyed curve is 1.4 times longer than that of T1 rails. The latter factor
is somewhat smaller than the factor value obtained on the first reference curve.
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Figure 8. The side wear of T1 and DT350 rails in a curve of radius 390 m (high rails)

The mean side wear rate of T1 rails was found to be equal to 0.106 mm/mIn gross tons. For DT350
rails, the same characteristic proved to be 0.070 mm/mlin gross tons. The mean rate of wear of DT350
rails on the surveyed curve of radius 390 m and smaller is 34 % lower than that of T1 rails.

On both curves, of radii 353 and 390 m, the volume-quenched T1 rails exhibited a severe (by the
classification of [5]) wear of the side surface of high rails. Here, the wear rate exceeds 10 mm/min gross
tons (Figs. 7 and 9). The wear of differentially quenched rails is classified as an increased one,
corresponding to the interval of 2 to 10 mm/min gross tons.
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Figure 9. The side wear rate of T1 and DT350 rails in a curve of 390-m radius

For comparison of domestic general-purpose DT350 rails and domestic special-purpose DT370IK
rails with Nippon Steel rails, we have monitored the operation of the rails on curved track sections with

similar characteristics (Table 3).
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Table 3. Characteristics of reference DT350- and DT370IK-rail tracks

Stage, line Izdrevaya — Sokur, 1-st main line
26 km Hundred-Meter Mark 6
. 18 km Hundred-Meter Mark 6 —
Kilometers 19 km Hundred-Meter Mark 5 — 27 km Hund;ed-Meter Mark
Gross freight traffic, min tons/ km per year 78.2
Rail category DT350 DT370IK, Nippon Steel
Rail fastening KB-65
Curve radius, m 390 392
Track profile, promille 4.7 7.7
Elevation of outer rail in the curve, mm 85 87
Velocity of passenger/freight trains, km/hour 0/60

Using the measured values of the rail-head widths for the various rails, diagrams of side wear and
side-wear rate were plotted (see Figs. 10 and 11).

From the side-wear diagram of Fig. 10, it is seen that, at identical hauled tonnages, the general-
purpose DT350 rails and the advanced DT370IK rails with enhanced wear resistance and enhanced
contact endurance exhibited roughly identical values of side wear.

The Nippon Steel rails possess a greater resistance to wear. For the hauled tonnage of 105.8 min
gross tons, the side wear of DT370IK rails proved to be 8.30 mm. For the hauled tonnage of 107.6 min
gross tons, the side wear of Nippon Steel rails was found to be 3.97 mm, the latter value being twice
smaller than the wear of DT370IK rails.

By analyzing the diagrams, one can compare the service life periods of the Russian and Japanese
rails laid in the surveyed curves. The obtained values are summarized in Table 4.

The Japanese rails offer a longest service life. Before the emergence of 20-mm critical side wear,
those rails can pass 413.2 min gross tons, the latter weight being 1.6 times heavier than the weights that
can be passed by DT350 and DT370IK rails.
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Figure 10. The side wear of DT350, DT370IK, and Nippon Steel rails on curves of 390- and
392-m radii
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Table 4. Service life of Russian and Japanese rails for a curve of 390-m radius

. Mean side wear rate, mm/ min Load life, mIn gross tons
Rail category ) .

gross tons to 15-mm side wear to 20-mm side wear

DT350 0.070 195.8 261.1

DT370IK 0.069 193.8 258.4
Nippon Steel 0.043 309.9 413.2

The mean side wear rate of DT350 rails proved to be 0.070 mm/min gross tons, and that of
DT370IK rails, 0.069 mm/min gross tons. It should be noted here that DT370IK rails are special-purpose
ones, intended for laying heavy-traffic lines involving a multitude of small-radius curves. Following the
transmission of 15 min gross tons, those rails exhibit a more uniform rate of side wear.

The Nippon Steel rails also exhibit a uniform rate of side wear of their heads over the entire service
life period. The mean side wear rate of Nippon Steel rails proved to be 0.043 mm/mIn gross tons. Like for
DT350 and DT370IK rails, the latter wear is classified as an increased wear. Yet, this indicator proved to
be most closely meeting the rail quality standard in terms of side wear rate, 0.04 mm/min gross tons, as
recommended by JSC "RZD".

Prolongation of the service life of rails and other superstructure components presents an important
strategic task for JSC "RzZD" [22]. Ways toward the accomplishment of this task have been identified.
This will allow prolongation of inter-repair periods and a reduction of the company operating costs.

A significant step toward the prolongation of the service life period of rail steels is the enhancement
of rail-steel quality and the passage to long-length rails. Presently, the Central Infrastructure Directorate
of JSC "RZD" has several times increased the order for 100-meter rails. Such rails were laid to form

about five thousand kilometers of track.
For prolongation of rail service life, the current trends dictate further increase of rail resistance to
wear.

Also, it is required to implement an optimal rate of rail side wear using lubrication and periodic rail
grinding [23, 24]. This will exclude a necessity of early rail replacement by excessive side wear and,
simultaneously, suppress the contact fatigue cracking [5, 15].
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The desired value of the resistance of rails to wear can be obtained by raising the hardness of rail
materials [25]. In view of the fact that the possibilities offered by pearlitic metal structure have proven to
be nearly exhausted, it would be advantageous to use rails with the bainitic structure. Bainitic rail steels
were examined in comparison with pearlitic rail-steel structures by E.A. Shur [5], H. Yokoyama [26], and
by other workers. Bainitic rail steels exhibit higher fatigue-strength values, and they show fracture-
toughness values nearly two times increased in comparison with pearlitic rail steels [10].

The use of bainitic steels in the production of rails with a load life of up to 2 bin gross tons was
prospected in [22]. In combination with the differential quenching technology, this will enable the
production of rails with high service durability.

Besides, a substantial contribution to the prolongation of the service life of rails and that of the
whole track superstructure will be gained due to JSC "RZD" measures aimed at the improvement and
prolongation of the guaranteed load life of spring rail fastening components to 1.5 bin gross tons.

Conclusions
From the performed study, the following conclusions can be drawn:

1. The modern differentially quenched rails possess a better service durability in comparison with
volume-quenched rail and a lower service durability in comparison with Nippon Steel rails: the side wear
rate of DT350 and DT370IK rails is 1.5 — 1.7 times lower than that of T1; yet, it is more than 1.5 times
higher than the side wear rate of the Japan rails.

2. The load life of the differentially quenched rails to the formation of the maximally admissible 20-
mm side wear is 29 % (in a curve of 353-m radius) and 45 % (in a curve of 390-m radius) greater than
that of the T1 rails; simultaneously, it 27 % (in a curve of 353-m radius) and 36 % (in a curve of 390-m
radius) lower than the load life of strings welded from the Japan rails.

3. In curved tracks, the T1 rails exhibit an extremely gross wear (in excess of 10 mm/min gross
tons), whereas the DT350, DT370IK, and Nippon Steel rails, an accelerated wear (2—10 mm/min gross
tons).

4. In a curve of 390-m radius, the general-purpose DT350 rails and the advanced DT370IK rails
with enhanced wear resistance and enhanced contact endurance have demonstrated roughly identical
wear rates.
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Water resistance of polymer compounds
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Abstract. Composite materials have high physical and mechanical properties, but their widespread
use is hampered by a lack of tightness (impermeability to moisture and gases). Mainly this is due to the
stress-strain state of the composite structure at the micro level as a result of a comprehensive extension
of the polymer owing to the adhesion of the matrix to the fiber. The development of cracks and epoxy
binder swelling causes its shrinkage and thus, may change the size of distribution and the internal stress
patterns in glass fiber wool and lead to a partial disruption of adhesive bonds at the interface, formation of
pores, cracks and other defects in the boundary polymer layer. Finally, it can be the reason of its partial
detachment from the fibers’ surface. It should be noted that such changes depend mostly on the chemical
structure and composition of the polymer binder. Watertight composite material development increases
the possibilities of its using in many industries, including aerospace, shipbuilding, etc. In this paper the
water resistance of polymer compounds was investigated by comparing the properties of the samples
with modifying compounds based on epoxy resin. As a part of the study water saturation curves were
determined for various compounds and curing agents, the optimal concentration of additives were
measured. The results demonstrate the possibility of using of polysulfone as an additive in epoxy resin,
improving the water resistance of fiber reinforced plastic.

AHHoTaumAa. KomnosuntHble maTepuansl o6nagalT  BbICOKMMU  (PU3UKO-MEXaHUYECKUMM
CBOWCTBaMW, OAHAKO WX LUMPOKOMY MNPUMEHEHWUI0 NPenAaTCTByeT OTCYTCTBUE T[EepPMETUYHOCTU
(HenNpoHuuaemMocTn pAna  BAarM M rasoB). JTO B OCHOBHOM  OBYCMOBNEHO  HaMpsKEHHO-
AedopMNPOBaHHBIM COCTOSIHUEM CTPYKTYPbl KOMMO3WTa Ha MUKPOYPOBHE B pe3yrbTaTte BCECTOPOHHENO
pacTsxeHus nonuMepa BCneacTBMe aare3vnm matpuubl K BOMOKHy. PassButue TpewuH n HabyxaHue
3MOKCMOHOIO CBA3YIOLLEro BbI3bIBAOT €ro ycagky, CrnefoBaTerflbHO, MOryT W3MEHWUTb BEeNUYMHY
pacnpefeneHuss U xapakTep BHYTPEHHWX HanpsbKeHWh B CTeKnonnacTuke, NpMBECTU K 4acTUYHOMY
HapyLLEeHWI0 aare3voHHbIX CBA3er Ha rpaHuue pasgena, obpa3oBaHuio Nop, TPEWWH U ApYrnx AedeKToB
B PaHWYHOM MOMMMEPHOM Crioe, W, B KOHEYHOM CcYeTe, BbI3BaTb €ro YacTU4HOEe OTCIOeHue OT
MOBEPXHOCTU BOMOKOH. CrniegyeT OTMETUTb, YTO Takue SBMEHMSA B 3HAYNTENbHOW CTEeMNeHW 3aBUCHAT OT
XMMWUYECKOTO CTPOEHWsT M CcOoCTaBa MOMNMMepHoro cesAsyowero. PagpaboTka repmMeTuyHOro mno
OTHOLLUEHMIO K Bflare KOMMNo3MTHOro mMatepuana yBenMunBaeT BO3MOXHOCTU €ro NPUMEHEHNS BO MHOIMMX
oTpacnsx, BKIOYas KOCMOHAaBTWKY, CYQOCTPOEHME U T.4. B Hactosiwen paboTe wccrnegoBaHa
BMaroCcTOMKOCTb  MOMMMEPHbIX  KOMMAyHOOB MNyTeM  COMOCTaBfeHus  CBOMCTB  0b6pasuoB C
MoanMUMPYOLWMMM COCTaBaMM Ha OCHOBE 3MOKCMAHOW cMmonbl. B xoge wccnegoBaHus Nony4veHbl
KpMBble BOAOHACHILWEHMS AN Pas3nU4YHbIX COCTAaBOB M OTBepauTenen, onpegerneHbl OnTMMaribHble
KOHUeHTpauun aobasok. lNMonyyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O BO3MOXHOCTU UCMONb30BaHWA
nonucynbcdoHa B KayecTBe A00aBKM B 3MOKCUAHYH CMOSYy, TeM CaMbiM MOBbILIASA BMAroCTOMKOCTb
apMMpOBaHHOro MracTyka.

Introduction

Currently, the most promising materials with their strength, elastic and other properties are polymer
materials [1-3]. They are used in almost all sectors of the national economy, and especially in the
construction [4, 5], the automotive industry [6, 7], the chemical industry, the energy sector [8]. Polymeric
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materials are widely used in modern construction as a coverings of floors (linoleum, polyvinylchloride
tiles, etc.), walls and ceilings, waterproofing materials, as well as in the manufacture of heat and sound
insulation materials (porous plastics, foams), window blocks and doors, structural and finishing elements
of buildings, varnishes, paints, enamels, adhesives, mastics (based on polymer binder) and for many
other purposes.

The term "polymer materials" combines three large groups of synthetic materials: polymers [9],
plastics [10] and their morphological variety — polymer composite materials (PCM) or, as they are also
called, reinforced plastics [2, 11-13].

The binder (matrix) of the polymer composite material (PCM) performs the following functions:
provides a material wholeness and promotes the uniform distribution of loads between the reinforcing
elements that leads to inhibition of cracks growing, as well as transmission and distribution of stresses. It
is matrix that determines the heat, moisture, fire and chemical resistance of PCM [14-16].

Ideal binder should have a high modulus of elasticity, relatively low elongation and high adhesion
strength. One of the main requirements to the binder is to match the magnitude of its elongation in the
solid state analogous to the deformation characteristics of the filler [17]. Elongation of polymer binder
should be a little bit higher than one of the fiber [18]. When using carbon and glass fibers of large
diameter (15-20 microns), the elongation is usually not more than 1.5-2%. The thin fibers (diameter is
less than 10 microns) have considerably higher magnitude of elongation, which are 3-5%. Thus, the
magnitude of the elongation of the binder should be in the range of 1.5-5% [16, 19].

The epoxy binders are widely used in the manufacture of structural parts from composite
materials [20]. PCM on their basis are 15 times more durable than silicone ones and several times
stronger than phenol based. The epoxy binders are slightly inferior to the epoxy phenolic ones in heat
resistance [15]. The main advantage of epoxy resins is high adhesive strength, good manufacturability,
low swelling and others [21]. However, epoxy resins are quite brittle, the magnitude of their elongation
are typically less than 1% and therefore, it is very important to find effective ways to modify them to
increase their deformation properties. Typical plasticizers, such as rubbers, can only a few improve
toughness and crack resistance, however modulus and glass transition temperature are reduced by
adding to material. One of the methods to significantly increase the deformation characteristics of epoxy
resins, which do not cause their performance degradation, is the using of thermoplastics [22], they are
added into the epoxy oligomer at its preparation stage and before injection of the herdening agent [23].
The most widely used thermoplastics are polyetherketones, polyetherimides [24—30] and polysulfones
[31].

Polysulfone has a low degree of branching and stereoregular structure of macromolecules, but due
to the high chain rigidity it is an amorphous transparent polymer. Polysulfone density is about
1240-1250 kg/m3, the glass transition temperature is 190-195 °C. The temperature of destruction is
420°C. Polysulfone is strong heat-resistant engineering thermoplastic with high toughness. Properties and
sizes of products do not change in a wide temperature range; frost-resistance can be about 100 °C. This
is chemical, water, oil and petrol-resistant polymer. It has good anti-friction and dielectric properties; is
non-toxic, and is sterilized by boiling. It is used in electrical engineering, mechanical engineering and
medicine [10], and also in instrument making, machine-tool, diesel and automotive industry for the
manufacture of structural, sealing and anti-friction parts operating at temperatures up to 150 °C [32, 33].
However, the possibility of polysulfone application to reduce the water permeability of material is poorly
investigated [34].

Polyetherimide is an amorphous transparent (amber-transparent) polymer with high rigidity and
strength even if continuously used at the temperature up to 170 °C. It has improved mechanical, electrical
insulating and thermal properties in comparison with other transparent amorphous plastics, rigidity at high
temperatures is higher than this one of many semi-crystalline high-temperature polymers (glass transition
point is +216 °C in short-term operating temperature 200 °C). Polyetherimide has high inherent flame
resistance without the addition of flame retardants and low smoke generation. Due to the excellent
electrical characteristics and flame resistance it is often used for the manufacture of electrical and
electronic insulators, contact strips, distributor hoods and other parts that require high strength and
stability at elevated temperatures, and is also used in the manufacturing of the aircraft industry parts.
Polyetherimide is physiologically inert. Good hydrolysis resistance and dimensional stability permit the
use of polyetherimide not only in electrical engeneering, but also in medical devices, for example, in
analytical devices. Its density is 1270 kg/m3. Polyetheremide is chemically resistant to gasoline, ails,
alcohols, weak acids. It has limited resistance to strong acids and is not resistant to alkalis.
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Polyetherketone is a high-temperature thermoplastic polymer of taupe or brown-black colour. It
differs by amount of ether and ketone groups. The main differences are the glass transition temperature
and melting point due to increasing number of ketone groups of the polymer. The glass transition point is
160 °C, melting point is 335 °C, long-term operation temperature is 243 °C, short-term is up to 315 °C. In
addition to resistance to high temperature and mechanical stress, polyether ketone has a very good
chemical resistance, responds well to machining, has low water absorption and shows high dimensional
stability. It is resistant to hydrolysis and hot steam. Polyetherketone density is about 1310-1320 kg/m?.

Epoxy resins (ER) take place in various industries as a basis for adhesives, mastics, coatings,
compounds and reinforced plastics [21, 24]. Recently investigations are conducted, they relate to the high
penetrating abilities of epoxy oligomers in porous materials with subsequent structuring with the influence
of different hardeners and giving of unique compositional properties to the final composite [4, 6, 35].

In this paper the possibilities of polysulfone additives to modify ER in order to improve the
operating properties of the final product in high humidity environments or in direct contact with water were
investigated. Adding polysulfone in material is justified by its very low shrinkage, resistance to high
temperatures, chemical resistance in comparison with other thermoplastics, and also high resistance to
hydrolysis. Currently, using of the binder epoxy resin-thermoplastic for the manufacture of composite
materials has not been systematically investigated, data on the physical and mechanical properties, as
well as the effect of polysulfone on the water resistance of polymer compounds, are practically absent
both in foreign and domestic literature.

Methods (Experimental part)

Epoxy resin ED-20 is a viscous light yellow liquid [36, 37]. After hardening, the products based on
ER can be subjected to the appearance of cracks due to its low elasticity. So additives are required to
modify the properties of ER [38-41]. Polyetherimide (PEl) and polysulfone (PSK-1) were selected as
modified additives, which are added to the composition of the polymer compounds with different mass
fractions, but not more than 20%. The introduction of modifiers into the polymer compound composition
with a concentration more than 20% leads to a marked increase in viscosity and complicates the
production process of creating composite materials. Also, the concentration limit of 20% was determined
as the most effective for increasing the impact e strength and fracture impact strength properties of
composites [42], which may be an indirect indicator of the water resistance increase. These polymer
compounds are produced with the addition of various hardeners: trietanolaminotitonate (TEAT) and
diaminodifinilsulfone (DADFS).

The samples were prepared using the following technologies and the following composition (for
example, sample Ne1):

1) 100g of resin Aradlite LY 556 containing 5w% of the PSK-1 (from the final weight of the polymer
compound).

2) 90g of hardener Aradur 917.

3) 0.3g (6 drops) of accelerator Accelerator DY 070.

Curing took place in two stages in special silicone forms in the temperature cabinet SNOL 58/350:

Stage 1. Incubation for 3 hours at 90 °C.
Stage 2. Incubation for 12 hours at a temperature of 120 °C.

By similar techniques 13 samples were made of the resins of various compositions. All samples
have dimensions of 18mm x 7.5mm x 5mm.

Thus, 14 samples were obtained:

1. 5%mw PSK-1 TEAT; 6. 5%wt PSK-1 DADFS; 11. 5%w PEI DADFS;
2. 10%w PSK-1 TEAT; 7. 10%wt PSK-1 DADFS; 12. 10%w: PEI DADFS;
3. 15%wt PSK-1 TEAT,; 8. 15%wt PSK-1 DADFS; 13. 15%w: PEI DADFS;
4. 20%wt PSK-1 TEAT,; 9. 20%wt PSK-1 DADFS; 14. 20%w: PEI DADFS;
5. Test ED-20 TEAT,; 10. Test ED-20 DADFS;

After hardening each sample was placed in a sealed flask with distilled water and with index
number corresponding to one of the above. During the 3 months before the full water saturation the
weight of samples was measured. On the basis of the increase in weight, water saturation weight was
determined for each sample.
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Figure 1. Exposure of polymer compounds samples in water

As a result of the experimental work water saturation values (AM/M) in time (T) were measured for
each sample, the time of full water saturation of samples (T1) was determined. At the time of full water
saturation of the samples the optimal additives concentration (C) for different hardeners was determined.

The experimental data was summarized in the tables and graphs were constructed on their basis
(Figbl. 2-5).
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Figure 2. Water saturation of 14 samples - time graph

For each sample, water saturation — time graphs; water saturation - time logarithm graphs; water
saturation — concentration (mass content) of additives in polymer compounds were constructed. As the
examples of these graphs the data of 4, 5, 6, 10 and 12 samples are considered.
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Figure 3. Water saturation of 4, 5, 6, 10, 12 samples - time graph
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Figure 4. Water saturation of 4, 5, 6, 10, 12 samples — time logarithm graph
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Figure 5. Water saturation of 1-5 (PSK-1 TEAT), 6-10 (PSK-1 DADFS),
10-14 (PEI DADFS) samples — the concentration (mass content) of polysulfone or polyetherimide
in polymer compounds graph

After analyzing water saturation-time data of the samples the most water resistant compounds
were identified. As a result of water saturation — time logarithm graphs analysis, the moment of total
water saturation was determined for all samples, which was 69-76 days (of 90 days), depending on
composition. For total water saturation time the full water saturation — concentration (mass content) of
polysulfone and polyetherimide praphs (Fig. 5) was plotted.

Results and Discussion (Analysis of the experimental data)

The program of the investigation includes 14 samples. The basis of all the samples was the epoxy
resin ED-20 with the addition of two hardeners TEAT and DADFS. As modified additives PSK-1 and were
added to the polymer compounds at various concentrations from 5w% to 20uw%.

As a result of this experiment the total water saturation data of the samples (Table 1) was
gathered. The standard deviation is 0.00001.

Table 1. The experimental data. The full water saturation of samples

The full water saturation in total water saturation time, AM/M

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1.176 1.840 1.262 0.907 1.102 1.237 1.417 1.351 1.439 1.017 1.534 1.457 1.558 1.563

Table 1 shows the samples No. 5, No. 10 have sufficiently good water resistance despite the
thermoplastics were not being injected in their composition. Among the samples with the addition of
polysulfone (PSK-1) and trietanolaminotitonate (TEAT) Ne4 composition, which contained 20 % of
polysulphone, had the highest water impermeability (Table. 1, Fig. 5). Among the samples with the
addition of the polysulfone and diaminodifinilsulfone (DADFS) Ne6 composition, which contained 5 % of
polysulfone, had the highest water impermeability (Table. 1, Fig. 5). Among the samples with the addition
of polyetherimide (PEIl) and diaminodifinilsulfone (DADFS) Ne12 composition, which contained 10 % of
polyetherimide, had the highest water impermeability (Table. 1, Fig. 5).
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Analyzing the graph of water saturation - concentrations of additives in the polymer (Fig. 5) we can
notice that the water impermeability of the samples with added DADFS hardener is reduced by increasing
weight content of polysulfone and polyetherimide additives. At the same time, the water resistance of the
samples with added TEAT hardener is increased by increasing of polysulfone weight content. It is
important that when we add TEAT hardener the water saturation — polysulfone concentration curve is at
extreme if the polusulfone contents is 10 %, and is the least water resistant composition of the test
samples.

In the paper [39] the problem of fracture strength of epoxy binders, modified with polysulfone and
furfuralacetone resin, was considered. In the article [40], the influence of modifiers (polysulfone and / or
carbon nanotubes (CNTSs)) on the properties of organoplastics was investigated. The fracture strength
and impact strength of reinforced plastics were considered. The article [41] presents data of the PEI and
PSC-1 effects on the properties (fracture strength and impact strength) of epoxy binder based on ED-20.
Thus, in the above studies [39-41] it was shown that the introduction of thermoplastic modifiers, such as
PSC-1, PEI in epoxy resins, increases the fracture strength and impact strength of polymer compositions,
that can be considered as an indirect indicator of increasing water resistance. In these studies, the water
resistance of the polymers was not directly researched.

Conclusions

The result of this investigation is the determination of the water resistant composition and optimum
concentration (weight content) of thermoplastic in polymer compound in order to increase the water
resistance of reinforced plastics. The most water resistant sample No. 4 was identified with such
composition: "20 %w: of the PSK-1 TEAT." Thus, the resulting effect of polysulfone 20 %w: application as
the additive in epoxy resin permits the use of this thermoplastic material for the manufacture of
composites and its application in high-humid conditions.
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The phase composition and properties of aluminate cements
after early loading

da30BbLIN COCTAB U CBOWCTBA aNtOMUHATHbIX LEMEHTOB
MPU PaHHEM Harpy>xeHuu
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cement; early loading; compressive strength; BbICOKOrMMHO3EMUCTLIN LEMEHT; paHHee

flexural strength; X-ray phase analysis; differential HarpyxeHue; NpoYHOCTb Ha cxaTue; NPOYHOCTb Ha

thermal analysis pacTspkeHune npu n3rnbe; peHTreHoas3oBbIN
aHanus; guddepeHumanbHO-TEPMUYECKUA aHann3

Abstract. It is widely recognized that the effect of loading at the early stages of hardening enables
to increase strength characteristics of cement systems and composites based on them. Of particular
interest is a study on the effect of compression of aluminate cements on physicomechanical
characteristics, hydration process and phase transformations. The research focuses on maximum
compressive and flexural strength, the peak intensity of the main phases and hydrate products,
characteristics of DTA curves after early loading, studied by means of physical and chemical methods.
The authors note an increased flexural strength of specimens exposed to loading at an early age. The
comparison of diffractograms showed that the peaks of the main phases were reduced during the
compression stage, as well as the changes in the amorphous structure of the stone. The differential
thermal analysis showed no change in bound water content.

AHHOTauusa. Bosgencreue Harpy3kM Ha paHHUX aTanax TBepAeHus No3BoNsAeT nonyyartb NpupocT
MPOYHOCTHbIX MNOKa3aTenem LUEeMEHTHbIX CUCTEM W KOMMO3WTOB Ha WX OCHOBE, 4YTO sBNAeTcA
obuwenssecTHbIM  (bakToM. WIHTepec npeAcTaBnseT WUCCNegoBaHUE BUAHME CKaTus  CTPYKTYpbl
anioMUHATHBIX LIEMEHTOB Ha (PU3NKO-MEXAHMYECKUE XapaKTepuCTWKW, npouecc rugpataumn u
n3meHeHne ¢as3oBoro cocrtaea. B pabote npu nomoLm U3NKO-XMMNYECKNX METOLOB U3ydanuch npegen
MPOYHOCTM Ha CXKaTue U pacTshKeHue Npu n3rmbe, MHTEHCMBHOCTb MUKOB OCHOBHbIX (da3 U rmgpaTHbIX
nNpoayKkToB, xapakrep addektoB Ha kpuBblX OTA npu paHHeM HarpyxeHun. ABTopamu oTMmevaeTcs
yBENMYEHNE MNPOYHOCTM Ha M3rMb ob6pa3uoB, MOABEPrHyTbIX Harpy3ke B paHHeM Bo3spacTe. [lytem
CpPaBHEHWs1 OMpPaKTOrpaMm YyCTAHOBIMEHO CHWXKEHME MUKOB OCHOBHbIX (ha3 Mpu CxaTum CTPYKTypbl, a
Takke pas3nuums B amopdHOCTU CTPYKTypbl KamHA. HecmoTpAa Ha OTMEYeHHble MW3MEHeHUs,
andpepeHumanbHO-TepMUYECKNA aHanu3 nokasarn OTCYTCTBME U3MEHEHNI CBA3aHHOW BOAbI.

Introduction?

Calcium aluminate cements (CAC), known as Fondu cements, have become widespread in
construction industry, including the production of high-performance concretes (HPC) [1], because of the
following properties [2-5]:

- Rapid strength development;
- High resistance to corrosion;

- Stability at high temperatures and flame resistance.

1 Notation: C=CaO; A=Al,03; H=H,0; S=SiO..

lamkun FO.1O., Yoonos C.A., BacuiseBa JI.B. ®@a30BEbIif cocTaB U CBOWCTBA ATFOMHHATHEIX IIEMEHTOB TIPH paHHEM
HarpyxeHuu // NHkeHepHO-CTpouTebHbIH xypHal 2017. Ne 7(75). C. 114-122.
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An intensive hardening is accompanied by an increased heat release during hydration, and within
24 hours about 70-90 % of all heat should be released, while the temperature of material can reach up to
1000°C [6]. The development of structure is mainly occurs through the hydration of calcium
monoaluminate CA [7]. The most important hydroaluminates are CAHio, C2AHs, CisAHx (X = 13-19),
C3AHs [8-9] (cubic phase), and AHz [10] as an amorphous gel which crystallizes to gibbsite.

The following chemical equations demonstrate the effect of temperature on the composition of
hydration products [11-12]:

- (T<15°C) CA+10H — CAH1o;
- (15°C<T<30°C) 2CA+11H — CAHs + AHs;
- (30°C<T) 3CA+12H — CaAHs + 2AHs.

Over time, crystallization of metastable CAHio and C:AHs leads to their conversion to a
thermodynamically stable cubic C3AHes. As a result of conversion reactions, some of the bound water
within the crystal structure is liberated resulting in an increase in porosity of CAC matrix and
consequently in a decrease in strength, which limits the scope of application of the CAC [2].

An opportunity to apply pre-stress to cement and concrete composites at an early stage of
hardening and to achieve design requirements (along with the obvious acceleration of construction works
[13]) without any loss of performance characteristics is particularly relevant. The review [14] presents
some data on changes of properties after early loading, and many studies have been devoted to the
application of this method (for example, [15-24]), in the course of which Portland cement silicates (with
crystalline, submicrocrystalline and amorphous structure) silicates had been exposed to compression.

The study of the effect of early loading of a structure consisting mostly of calcium aluminates (CA)
will allow us to gain a better understanding of how the aluminate component affects the effectiveness in
comparison with silicate component, to investigate the nature of the changes, taking into account the
properties and structure of aluminate cements. Rapid strength development makes it possible to apply a
significant loading at the earliest stages of hardening (24-72 hours from the moment of molding).
Obtaining data on the effects of loading (changes of compressive and bending tensile strength, hydration,
bound water content, composition and number of new formations) is of particular interest.

The main purpose of the study is to analyze the changes occurring in the structure of aluminate
cement after early loading, which determines the following tasks:

e obtain values of compressive and bending tensile strength after preliminary short-term
compression;

e conduct X-ray phase analysis and describe the changes of intensity of the peaks of crystalline
phases, take an assessment of amorphousness of the deformed structure;

¢ analyze differences in weight loss using the DTA methods.

Materials and Methods

High aluminate cement GC-50 (according to Russian State Standard GOST RF 969-91) produced
by Pashiya Metallurgical Cement Plant was used (Table 1) as a binding component. The X-ray phase
analysis of initial cement stone (before mixing with water) was carried out to identify main phases. The
main mineralogical phase is calcium monoaluminate CA. There are also C12A7, C2AS, C4AF and CA: to
be found. The size of the prism is 40 x 40 x 160 mm. The samples have been molded from cement-sand
grout with the following shares of components: cement : sand : water = 2.5 : 2.5 : 1, using fractional sand
0-0.63 mm, purified from any foreign and clay particles as a fine aggregate. Bending under tension tests
were conducted on prisms, while compressive strength was determined by testing prism halves. Thus,
each point of the generated strength curve indicates average value obtained from 3 measurements of
bending tensile strength and 6 measurements of compressive strength values.

Table 1 Chemical composition of cements applied (%)

A|203 CaO Si02 Fe,Os3 MgO Ti02
38-42 27-29 10-12 5-8 <5 <10

Correct load distribution was provided through the use of hinged bearings. Samples that were not
exposed to loading (hereinafter referred to as "control samples"), as well as samples before and after
loading, were stored under the same normal conditions of humidity.

Galkin Yu.Yu., Udodov SA., Vasil'evaL.V. The phase composition and properties of aluminate cements after early
loading. Magazine of Civil Engineering. 2017. No. 7. Pp. 114-122. doi: 10.18720/MCE.75.11.
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Curing duration of samples subjected to loads is 24-hours from the moment of their manufacture.
For the experiment, the value of the compressive load was taken as a constant and was equal to 10% of
the daily strength of the sample. It was expected that effect of earlier loading would be the most
significant at the stage of formation of composite structures. Cracks were not allowed, as well as the
eccentricities corresponding to the points of load application. Taking into account rapid strength
development of aluminous cement (grade strength R = 50.3 MPa is achieved after 72 hours), a period of
short-term loading should be 24 hours. Bending under tension test for prisms was performed in
accordance with Russian State Standard GOST RF 310.4, for cubes — according to Russian State
Standard GOST RF 10180. Calculation and statistical methods were applied for analysis of the obtained
data. The accuracy rate (the ratio of the mean error to the arithmetic mean) did not exceed 2.6 % for
bending under tension test, and it reached the value 3.9 % for compression test.The results were
assessed for 5 % significance level. The total test duration was 15 days. After 10 days, the increase of
strength did not exceed 5 %, and the slope of a line tangent to strength curves tended to a constant,
therefore, in the present work, changes in compressive and bending strength are presented for 10 days.

X-ray phase analysis was performed using an XRD-7000 Shimadzu diffractometer (Japan). The
peaks identification in the diffractograms was carried out using the PDWin 4.0 and Crystallographica
Search-Match software, integrated into the hardware software complex of the device. The shooting
conditions were the following: copper anode, the wavelength of radiation Ka 1.54051A, 40kV, 30mA, the
angle range 5 to 70 degrees, the shooting speed 1 deg/min.

The differential thermal analysis was performed by Netzsch STA-409 PC Luxx, temperature range
of 25—-1000 °C. The test has been carried out under the air atmosphere conditions in platinum crucibles at
a heating rate of 10 °C/min.

Observational data are presented as strength curves (Fig. 1), X-ray diffraction patterns of alumina
cement before mixing with water (Fig. 2a), comparision of overlaid diffractograms of loaded and control
samples (Fig. 2b, 2c), and comparision of their derivatograms (Fig. 3).

Results and Discussion

The effect of a 24-hour static compression on the strength development of aluminate cement for 10
days is shown in Figure 1. The prisms subjected to the loading showed an increase of ultimate tensile
strength (up to 29 % on the second day). Observations indicate that in the course of aging an increase in
strength development is reducing.

At the early loading, an increase in the compressive strength was not detected (Fig. 1).
Comparison of diagrams demonstrates that the increase rate reduces, and it becomes close to a
constant after 3 days. The fact that the compression strength of aluminate cement decreases when
loaded for 1 day is very much in line with the data of [25].

A comparative analysis of X-ray diffraction patterns of the sample subjected to early short-term
compression (drawn in blue color in the Fig. 2b) and control sample (drawn in red color in the Fig. 2b) has
been carried out. Nine days later, another X-ray phase analysis of the same samples was carried out
(Fig. 2c¢).

Figure 2b shows the peaks of control and pre-loaded samples related to hydroaluminates of CAH1o0
type (20 = 6.1° 12.3°), whose intensity decreases by the 10" day due to recrystallization (Fig. 2c), as
well as because of the formation of C2AHs and aluminum hydroxide (amorphous gel). The arc of
amorphous cement without any load in the angle range 20 = 5-17 ° is higher, which indicates an
increasing content of loosely bound water in its structure. The authors of [26—-31] drew attention to the
almost instantaneous change in moisture content during the compression of cement systems, relating it
to the intense shrinkage and redistribution of water in capillaries and interlayer space under compressive
loading.

As it is seen in X-ray diffraction patterns of cement stone which was subjected to early short-term
compression (Fig. 2b), the peak intensity of the main phase — calcium monoaluminate CA is decreasing
(20=16.1°; 18.8° 22.8° 24.07°; 28.85° 31.14°; 40.14°; 41.01°; 59.14°), as well as peak intensity of
C12A7 (20 = 18.02° 36.56°) n CA2 (20 = 28.85°; 34.27°). However, the number of peaks related to
CAHio, as well as the peak intensity, is higher in the X-ray patterns of the control sample (Fig. 2b). This is
true for C2AHs (hexagonal phase) and for AHs (microcrystalline phase). Recorded decrease of the
number of peaks of crystalline hydration products in the cement stone after early short-term compression
whilst decreasing peak intensity of main mineralogical phases in the X-ray pattern is probably due to
increase of the amorphous content in the pre-loaded samples, which is difficult to identify with X-ray
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phase analysis. In this case the structure of the cement stone subjected to load at an early stage can be
more amorphous, which is consistent with the conclusions [32, 33], and it may have more specific surface
area [34]. Data on crystallinity decreasing of water containing structures subjected to compression are

given in the sources [35, 36].
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Figure 1. Effect of short-term compression on increase of compressive and bending strength

X-ray diffraction patterns of sample which was not exposed to loading (see red X-ray diffraction
pattern in the Fig. 2b) indicates the presence of hydroaluminate C3AHs (cubic phase) (2@ = 19.89°; 22.6°;
26.8°; 39.1° 44.47°), while the peak intensity related to C3AHs in pre-loaded samples is lower. The
aluminum hydroxide gel affects the stability of hexagonal hydroaluminates and reduces the tendency of
recrystallization into cubic crystals [37]. Perhaps the increasing amorphousness (which was noted above)
because of early compression leads to slowing down of recrystallization process and to the formation of
cubic hydroaluminates, which caused these differences of X-ray diffraction patterns. AHz gel plays an
important role in the strength increasing [36]. Higher tensile strength in bending (Figure 1) may result
from changes in the structure occurred under load (the increasing amorphousness noted above due to
the gel component). Interconnection between layers [34], compaction and change in porosity [39—43],
which accompany deformation of cement systems, probably affect the bending strength characteristics.

2500
a) 2300

2100

Intensity (CPS)
E B B § B

©
g

g

| | v CA

v * CuA;

A B CAS

v ! o CAF
A CA,

v Cement before
mixing with water

2Theta

Galkin Yu.Yu., Udodov SA., Vasil'evaL.V. The phase composition and properties of aluminate cements after early
loading. Magazine of Civil Engineering. 2017. No. 7. Pp. 114-122. doi: 10.18720/MCE.75.11.

117



NH:KeHepHO-CTPOUTEILHBIH KypHaJ, Ne 7, 2017

b)

*
v Y CA
* A
B GAS
o CAF
v v : A
- + Y CAH
? * C,Al-::
+
g L] Q AH,
z .v* v 0 CAH,
E"”“ Oa ° " v v RIGHT AFTER REMOVAL OF LOAD
£ .
£ «v v [ ¢
.'* 0 *C vy CONTROL SAMPLE
C Ay A (]
\d hg .|.* .V C v v
L * A Y ¢ onm v
v AY :v . L
v u
ot «
s *C
2Theta
0
H Y o
: C11A7
CAS
y o CAF
A
K CcAHy,
- v v ° ¥ can
- * * C A,
2 0 c,aH,
&’; +
£ * v °
] L 4
g” 04 '0 = Ay v . 9 DAYS AFTER REMOVAL OF LOAD
- Ca *
° '(o * & ¢ 5 vY CONTROL SAMPLE @
[]
L + e ' v °
] []
" v

2Theta

Figure 2. X-ray diffraction patterns of the cement GC-50 before mixing with water (a), immediately after
removal of the load (b) and 9 days later (c)

A second analysis of the phase composition 9 days later showed that recrystallization of hexagonal
hydroaluminates occurred in the cement stone under compression. Load removal and hardening of
samples subjected to preliminary compression under absence of compressive stresses contributed to
formation of cubic structure. It is confirmed by the appearance of a peak of cubic Cs:AHs (peak at
20 =56.3° in Figure 2c) and increasing intensity of hydrate peaks (for example, microcrystalline gibbsite
from 20 =20.58°; 26.8°). It is also appropriate to assume that the recrystallization rate under
compressive stresses should be lower than in uncompressed structures. The delay in this process led,
apparently, to a strength decrease of the specimens after 10 days of compression [2] (Fig. 1). An almost
instantaneous partial transformation of the amorphous structure into a crystalline structure after removal
of the load was indicated in researches [35-37, 42]. Taking the above into account, it should be noted

that the short-term load at an early age changes the nature of structure formation processes that occur in
aluminate systems.

According to the data of DTA (Fig. 3), it can be seen that the thermogravimetric curves of the
samples practically coincide with each other. Despite the changes mentioned above (noted in the
analysis of X-ray diffraction patterns), water content values in the structures of the pre-loaded and control
samples are quite close. Coincidence of endo-effects at 275 °C (which corresponds to the temperature of
boehmite formation [38]) may indicate that the weight percentage of the amorphous component of the
control sample and pre-compressed sample is equalized within 10 days.

It is confirmed by overlaying of amorphous phase arcs in the angular range 20 = 5-17° 9 days later
(Fig. 2c). As S.V. Aleksandrovsky [44] indicated earlier, the water molecules in crystalline structures are
loosely bound. Under certain conditions, they can be removed again, and then to be re-absorbed without
changing the crystal structure.
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Figure 3. Comparison of the compressed and control specimens through differential thermal analysis 9 days
after removal of the load

Conclusions

1. Preliminary short-term compression at an early age contributes to increase of bending tensile
strength.

2. At the same time the compressive strength of the samples loaded at early age decreases, which
may be due to the later recrystallization of hexagonal hydroaluminates into cubic phase and dumping of
strength accompanying this process.

3. The peak intensity of the main phases of aluminate cement reduces in the case of load
application. On the basis of the literature review, an assumption has been made that the amorphousness
of the hydrated aluminate structure tends to increase under compressive stress.

4. Comparison of the derivatograms of the samples did not reveal any changes in the bound water
content. The absence of such changes and simultaneous formation of a different crystal structure
indicated by the X-ray analysis is of particular interest for the further study of aluminate cements after
early loading.
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Dome houses made of soil-concrete based on
local raw materials
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resistance OCHOBaHWS; BOOOCTOMKOCTb

Abstract. The work presents the results of research on the strengthening of soil basement in the
center of the urban nucleus of Vladimir, which are loam, sandy loam in soft-plastic state, and also sandy
loam with silt. The technology of applying the strengthening composition in the soil has been developed.
The results of the investigation of physical and mechanical properties of soils and their water resistance
have been presented. The microstructure of the concrete has been studied and compositions of masonry
material suitable for the construction of residential premises have been developed. The advantages and
prospects of development of domed buildings have been studied. The expediency of using domed
buildings in terms of energy efficiency has been substantiated. The possibility of using the developed
building materials for the construction of domed buildings has been considered.

AHHoTauuA. B paboTte npeacrtaBneHbl pe3ynbTaTbl MCCNEAOBAHWIA MO YKPENSIEHUIO FPYHTOBOIO
OCHOBaHUS B LIEHTpe ropoackoro sigpa Bnagumupa, koTopbin npefctaBnsieT cobor CyrimHKM, cynecu B
MSrKOMacTMYECKOM COCTOSHMM, a Takke cynecb C urom. PaspaboTaHa TexHOMnorus npUMeHeHUs
YMPOYHSOLWENn KoMno3uuum B nouse. [puBeadeHbl pesynbTaTbl UCCrefoBaHUs (U3UKO-MeXaHUYeCcKnx
CBOWICTB MOSTyYEHHOIO MaTepuana U ero BOOOCTOMKOCTU. M3ydyeHa MUKPOCTPYKTypa rpyHTOOEeTOHa U
paspaboTaHbl MaTepuanbl Knagku, nNoaxogsdwimMe Ans CTPOUTENbCTBA XWUMbIX  30aHUNA.  M3y4yeHbl
OOCTOMHCTBA KYNOJbHbIX 34aHWI, NepcnekTmsbl pa3sutnss. OB0CHOBaHa Lenecoobpa3HOCTb NPUMEHEHNUS
KynonoobpasHbiX 30aHUM C TOYKM 3peHust 3HeproadpekTuBHOCTU. PaccMoTpeHa BO3MOXHOCTb
npuMeHeHns pa3paboTaHHbIX CTPOUTENBHbLIX MaTEPUArioB NPy CTPOUTENBCTBE KYMOMbHbLIX 34aHUNA.

Introduction

The paper presents research data on strengthening of soil foundation (such as loam, sandy loam
in soft-plastic state, and also sandy loam with silt) in the center of the urban nucleus of Vladimir city. This
research includes manufacturing technology development of applying the strengthening composition in
the soil and compositions for masonry materials suitable for the construction of residential premises. The
scientific work shows research data of physical and mechanical properties of soils as well as their water
resistance. Additionally, there has been studied concrete microstructure and justified the perspective of
domed buildings from the standpoint of energy efficiency.

There are a lot of examples of housing made of soil in almost all countries of the world, including
Russia (Priory Palace in Gatchina, built in 1798). The application of such material is governed by its
strength, environmental friendliness and cost effectiveness [1].
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Nowadays, when it seems that there is nothing left to invent in the construction field, the global
issue to improve the energy performance of buildings and structures remains open. From the energy
point of view, the determining factor is the shape of the building. As it is known, dome is one of the most
stable shapes in nature. To increase the adhesion of the dome to the base surface, the spoiler effect is
used. The dome (bubble) house, erected from compact-grained soil-concrete is a stable structure [2].

Energy performance of the domed house lies in the shape of the spherical structure. There is an
inverse dependence between the area of the external face of the structure and energy consumption for
room heating. The less the area of walls and roof is, the higher the performance coefficient is. The heat
loss through the building footing depends on the ratio of the perimeter of the floor to its area. In this case,
the dome, having a smaller perimeter-to-area ratio, in comparison with a conventional house, gains the
upper hand [3-5].

One of the advantages of domed buildings is that wall structures and roofing are made of the same
materials. It gives the possibility to put them up in a single cycle. This fact in combination with full
mechanization and automation makes it possible to reduce the construction period and the cost of the
erected building. As a result, one of the promising areas of domed construction is the erection of above-
ground structures by means of 3D printing. In the course of this study, there was considered a possibility
of a single cycle construction with the use of a 3D printer. While the roofing is being assembled, the
mortar layers will be compressed and will not allow the entire roof to collapse even in the process of
construction without auxiliary devices such as formwork and other supporting tools. However, in sloping
roof structures the mortar has to have an extremely high setting speed to prevent local dropout of the
material. In addition, a precise adjustment of the printer speed is required [6—8].

There have been created a number of models, which confirmed the possibility of building
construction by means of a 3D printer in a single cycle.

Figure 1 shows a dome house model printed on a 3D printer.

Figure 1. Dome house model printed on a 3D printer

One of the main factors affecting durability and reliability of buildings is the stability of the footing
on which the building is erected. The reason for footing instability is the state of the soil, depending on its
origin [9, 10].

Nowadays, cities are developing at a quick rate, and the most favorable areas have already been
"covered" (built up) with industrial and civil buildings. However, having examined a city map in details,
almost everywhere one can see "white spots" i.e. city areas that do not have any buildings. The reason is
the occurrence in these territories of soft soils such as clay, loam, sandy loam, and peat. These types of
soils are subject to mandatory strengthening before building any structures on it. In Vladimir city there are
a number of undeveloped sites that are vivid examples of such "white spots” [11-13].

Methods

In this paper there was set a task of integrated use of soil and a magnesia binder derived from
dolomite raw materials to construct spherical buildings. There was made an attempt to strengthen
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foundation soil as well as to create a structural material for the erection of the aboveground part of the
dome building.

Man-made soil formed on the territory of the former brick factory in the central part of Viadimir (in
the vicinity of the urban nucleus) was selected as weak soil for strengthening. Due to the low bearing
capacity of the foundation, it is impossible to build by traditional methods on this territory. Therefore, there
was made an attempt to use the best properties of the magnesia binder and clay soil [14-16].

Table 1 shows characteristics of the investigated foundation at one of the construction sites.

Table 1. Characteristics of the investigated foundation at one of the construction sites

S Normative values
-% £ | Classification Moisture, u.s. % © s ] Shearing N
o E of sails 5 i g & = strength =
53 | accordingto o |2 |2t |8 |% |8, [® g
— ational e} < 3] S ) =
28| sae |2 |22 |S£|& |&; | |S4|EE |gc|les |G
=8 Standard g o | Sg | E = | 2 S o= == 88 9
25 2 s £ o Q 34 @ © — °c2| g<c c
23 25100-2011 | & =0 £5 = N o = 3 9+ 08 E
5° z <% | z2° | = S 2 a =2 &
z o e N <
1 Made-up soil No limitation
2 Fine sand, 0.186 Wet 1.79 0.76 0.65 | 1.0-4.7 27 - 17
quartz, loose | 0.257 Water-saturated 1.90 0.90
3 Stiff loam 0.219 0.314 0.163 | 0.151 1.89 0.654 | 0.86 <0.1 14 0.0210 | 11
3a Very soft 0.286 | 0.302 | 0.157 | 0.145 1.97 0.648 1.0 <0.1 19 0.0119 8
loam

Dolomite is a mineral from the carbonate class with the following chemical composition
CaCO3 » MgCO3. The authors obtained a magnesia binder by the semi-sintering of dolomite powder
(which is a mining waste) from the Melekhovsky deposit. The obtained binder contains 28 % of
MgO [17, 18].

The introduction of semi-sintered dolomite waste into the clay soil makes it possible to change the
colloidal and chemical properties of the foundation for strengthening due to pore saturation with
magnesium cations. The hydration process of the mixture proceeds under the most favorable conditions
for hardening. The use of semi-sintered dolomite waste can improve the strength of the foundation. [19,
20]

In the course of the work there were investigated compositions of soils strengthened by the
magnesia binder (semi-sintered dolomite). To obtain an optimal clay-magnesia ratio there was developed
an array of compositions which were tested for strength, water and frost resistance.

Results and Discussion
Table 2 presents the compositions of the synthesized samples.

Table 2. The compositions of the synthesized samples

Soil-concrete Clay soil, g Semi-sintered Bishofite, Water, KH2PO4, Water
composition dolomite, g ml ml g resistance
SC-50 500 500 100 145 55 0.78
SC-40 600 400 75 170 60 0.81
SC-30 700 300 60 205 65 0.84
SC-20 800 200 40 205 70 0.93

Bar chart 1 illustrates the strength test data for the investigated compositions on the 28th day of

their hardening, depending on clay-magnesia binder ratio.

3akpesckas JI.B., Jlwooun I1.A., Asaees C.H., Tanmenscman U.A., ®wmmnmo C.B. KymombpHple aoma w3

IPYHTOOETOHA HAa OCHOBE MECTHOTO ChIPbs // IHkeHepHO-CcTpouTenbHbIN )KypHai. 2017. Ne 7(75). C. 123-128.

125



Magazine of Civil Engineering, No. 7, 2017

GB50 N 10

GB40 | — 17

GB30 I 22
GB20 [ 18

GBO I

10 15 20 25
Strength, MPa

Figure 2. Bar chart 1. The strength test data for the investigated compositions on the 28th day of
their hardening, depending on clay-magnesia binder ratio

As we can see from Table 2 and bar chart 1, the most optimal composition is SC-30 containing
700 g of clay soil, 300 g of semi-sintered dolomite, 60ml of bischofite, 205 ml of water, 65 g of potassium
dihydrogen phosphate.

The strengthened foundation is a soil conglomerate containing hydro silicates and hydro
alliumates. Potassium hydrogenphosphate binding of water, which is found in the soil leads to an
increase in water resistance of the soil and, as a result, increases its strength.

In the course of the work there was set a task to obtain a structural material from the soil to
construct spherical buildings. For this purpose, the authors carried out studies on the creation of wall
materials both for concrete blocks and mortars for building technology using a 3D printer. The
composition GB-30 is the most suitable for 3D printer technologies. With the aim to obtain soil-blocks as
a masonry material there were developed compositions listed in Table 3.

Table 3. Composition of soil blocks

Soil-concrete Clay, g Semi-sintered Bischofite with Wood KH2PO4, g.
composition dolomite, g the addition of aggregate, g
asbestos, ml
SC-25 700 250 200 50 60
SC-20 700 200 200 100 65
SC-15 700 150 200 150 70
SC-0 700 0 0 300 0

The composition of masonry soil-concrete except for clay soil includes:
Magnesia binder, containing 28 % of MgO.

Bishofite with the density of 1.2 g/cm?, which is MgSO4 as a grouting fluid
Bun or sawdust as a filler

Single-substituted potassium dihydrogen phosphate used as an additive that increases water
resistance.

The main criteria to evaluate the synthesized compounds are mechanical strength (Rc) and water
resistance. Bar chart 2 presents the investigated properties. The obtained samples, with the exception of
SC-0, show water resistance higher than 0.8.

The results of strengthening man-made soils completely consistent with the concept of authors [13,
17-19] and served as the basis for the creation construction material which was not used in 3D
technology before. With the aim of creating environmentally friendly building materials on the basis of the
developed compositions with the introduction of an organic lightweight aggregate, in 2017-18 the
expansion of the study is planned.
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Figure 3. Bar chart 2. The investigated properties

Conclusions

This paper investigates the possibility to use soft man-made clay soils as a natural foundation,
strengthened by semi-sintered dolomite waste; there have been selected components for composite
mixing and improvement of its water resistance. There have been created samples of constructional
materials as well as provided examples of complex approach to use domestically-produced raw materials
to create non-waste technologies for the construction of energy-efficient housing using the technology of
erecting buildings on a 3D printer. There have been considered the possibility of erecting buildings on a
3D printer in a single cycle. This research makes it possible to predict the availability to expand the
resource base in the construction industry and to use previously unsuitable sites for construction
purposes.
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Abstract. The object of the investigations is seismic input models used in structure designing
under the conditions of limited seismological information. The aim of the given investigation is to propose
a new variant of a seismic input model, which should be generated for the structure under consideration,
taking into account main peculiarities of actual seismic excitations. The method of design seismic input
generation by means of its presentation as a sum of velocity impulse and multi frequency excitation has
been developed. The duration and peak value are parameters of velocity impulse. They can be presented
as function of possible earthquake magnitude and hypocentral distance. Multi frequency excitation can be
presented as a product of sinusoid and some envelope function. Parameters of the impulse and multi
frequency excitation are determined to provide accordance of generated input characteristics with
characteristics of past earthquakes. Characteristics of past earthquakes were estimated using the joined
database including more than 100 records of strong earthquakes presented by Chinese and Russian
experts.

AHHoTauus. NpegmeT ncenegosaHUin — MOAENY CENCMUYECKUX BO3AENCTBUI, UCMOMb3yeMble Nnpu
NPOEKTUPOBAHUN COOPYXXEHUN B YCIOBUAX OrpaHU4EeHHOW cencmonornyeckon wHdopmaumu. Lenb
BbIMOJTHEHHOIO UCCNeAoBaHUs — NPEeASIOKUTb HOBbIM BapuaHT MOAENU CEWCMUYECKOro BO3OENCTBUSA,
KOTopas [OfKHa TreHepupoBaTbCsA QAN  pacCMaTpvBaeMOW KOHCTPYKUMM C  YYETOM  OCHOBHbIX
0CcobeHHOCTEN peanbHbIX CEACMUYECKMX BO3AeNCTBMA. PasBuT MeTon reHepaumMmM pacyeTHOoro
CENCMMYECKOro BO3OENCTBUSA, UCNOMb3YIOLWLMI €ro NpeacTaBneHre B BUae CyMMbl MMMYIibCa CKOPOCTU U
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NonnyacToTHOro Bo3MyLLeHUs. MapamMeTpamn Mmnynsca CKOPOCTU ABNSAIOTCH €ro NPOAOIHKUTENBHOCTbL U
nukoBoe 3HayeHune. OHM MoryT OblTb MpeacTaBneHbl Kak (QYHKUMWM BO3MOXHOW  MarHuWTyabl
3eMITETPSACEHNSA N TUMNOLIEHTPAarbHOro paccTosiHWA. MonMrapMoHUYeckoe BO3MYyLLIEHUE MpeacTasnseT
coboli npom3BeaeHne cuHycouabl Ha HeKOTopyto ormbatoLyto. MapameTpbl UMMynbCca 1 NONNYaCTOTHOrO
BO3OENCTBMS  OMpedensioTca  Tak, YTOObl XapakTepuCTUKM  CTEHEepUPOBAHHOIO  BO3OEWCTBUSA
COOTBETCTBOBAlNM HaTYPHbIM XapaKTepuCTUKaM MPOLUSbIX 3eMETPSACEHUN. XapakTepUCTUKM pearibHbIX
BO3OENCTBUA OLEHEHbI C MUCMOMb3oBaHMEM 0OwWen ©6asbl [aHHbIX POCCUMCKUX W KUTaNCKUX
cneumanuncTos, Bkntoyatowlen 6onee 100 3anuceit 9-Tn 6anbHbIX 3€MNETPSICEHNIA.

Introduction

At present two models of seismic input are used in earthquake engineering practice [1]. The first
model is based on generating the input for the building site, and the second model is based on
generating the input for structure. There is also a group of intermediate models in which the input is
generated for a given response spectrum. If this spectrum is set for a building site, then these models
belong to the first group and if the spectrum is given for a construction, then they belong to the second
group. Finally, the spectral curve of Guidelines can be taken as the spectrum. Then the input model will
have all the errors inherent in the normative spectral curve. This question was discussed in detail in [2, 3].

Input models for the building site were built by many experts [5-11]. These models are advanced
by seismologists and require seismological information for the building site. Although this approach to
generating the input seems quite logical, it raises some objections from engineers.

First, in engineering practice, the necessary seismological information is not always available.
Generally it is used in designing nuclear power plants and large dams. Even in designing the world
largest cable-stayed bridge across the Easten Bosporus to the Russian Island, there was no complete
seismological information, and when designing transport Olympic facilities in Sochi, the necessary
information had been received only by the end of the designing process, when all design decisions have
been made.

Secondly, building engineers do not always trust seismological information. This is due to the fact
that out of 27 strong earthquakes that have been place in the former USSR since 1948, 24 occurred in
areas previously considered to be non-seismic or weakly seismic.

Thirdly, structures can be rather sensitive to small changes in the response spectrum. Sometimes,
a 5% change in the input prevailing period of the spectrum, which is quite possible within the framework
of seismological studies, leads to a twofold change of seismic loads. Metal structures are particularly
sensitive to these changes.

Fourthly, the generation of input for the building site is completely unfit for a typical designing,
when the structure is to be earthquake-proof on any sites.

It is these shortcomings that led to the development of input models with a spectrum that repeats
the normative spectral curve. It should be noted here that for the given spectrum one can generate
infinitely many inputs [1, 8]. Besides it should be capped in mind the normative spectral curve itself
contains errors which in the Guidelines are balanced by errors in specifying the design peak
accelerations and errors in the damping task [1, 2], but not balanced in design accelerograms. For these
reasons, this approach can lead to unpredictable results.

An alternative to generating input for the building site is the second model of seismic input, i.e.
generation of input for the construction. In this case, the properties of the building site are ignored
completely or partially, and the most hazardous input is determined for the structure. For linear structure
models, the input model is given as a resonant one for the structure. For structures in the inelastic stage
of behavior, dangerous input frequencies are determined iteratively. This process is described, for
example, in [12].

The aim of the given investigation is to propose a new variant of a seismic input model, which
should be generated for the structure under consideration, taking into account main peculiarities of actual
seismic excitations.

The authors develop a well-known approach to the generation of seismic input for structures used
for a standardized design, when the structure must be earthquake-proof on any site with a given
seismicity [1, 11]. In the proposed version of the method, it is possible to take into account some
seismological features of the building site. First of all, it is situational seismicity determined by using
general seismic zoning maps and Guidelines in law [13]. Information about possible sources of

Ivanova T.V., Guan J., Nesterova O.P., Prokopovich S\V., Smirnova L.N., Uzdin A.M., lvashintzov D.A. Modeling
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earthquakes is often available and one can take into account the possible magnitude and hypocentral
distance for the structure under consideration. These data had been available, for example, in [14].

Methods

Description of the input model.

In this investigation the authors set the predominant input frequencies equal to the eigen structure
ones. It makes the input dangerous for the structure under consideration. Other input parameters are
indefinite ones and can be set by the way of providing the correspondence of the input model to actual
earthquakes. The design input is represented as the sum of the speed pulse and the polyharmonic
process, as it was used in [15].

In this case the input velocigram is written in the form

Vo=V(t—¢) nlt—¢)+ > ae™(l-e” )snwt @)

i=1
where V (1) is the velocity impulse separated out the seismic input,

¢ is phase shift from the beginning of the earthquake to the moment when the speed pulse arrives
to the structure;

H (z) is the Heaviside function;
ai, o, and @ are the parameters of the polyharmonic component of the process.

The velocity pulse is described by the following dependences of the acceleration acc, the velocity
v, and the displacement u on time

2 2 uﬂ i i
Uy /85 Ut > |5,
acc(t)= -u /tg v(t)= Uy (2 tJ u 2 :
i = rn e | _[ L naE
0 t, t, u(t)= > { (toj +4 [toJ 2} )
0
uI'TEX

Graphical interpretation of expressions (2) is presented in Figure 1.

V =
u, max
e Unax/to acCmax—
Urnend/to”
to 2ty t to 2t t t

to 2to

Figure 1. Time charts of displacements, velocities and accelerations for the speed pulse

The presence of a velocity pulse in a seismic input was fined by Italian seismologists [16]. They
obtained the relationship between the pulse parameters and the magnitude of the earthquake Mw and
the hypocentral distance R.

In particular, the half-pulse duration to is uniquely determined by the magnitude of the action

(-3471:05M,, )

t, =10 : @3)

And the residual displacement of the action depends on the magnitude and hypocentral
distance

-6.3+M_, —/0g(R
U,,, =101 0% Mu ") @)
In this case, the velocity pulse is represented in the accelerogram as a step with an amplitude
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acc,., t R ©)
In formulas (3-5), obtained in [16], the value of R is substituted in "km", and the displacements,
velocities and accelerations are obtained respectively in "m", "m/s" and "m/s?". It is shown in [17] that the
velocity pulse, theoretically obtained in [16], is presented in real accelerograms. This allows us to
consider the input model in the form (1), as sufficiently universal. It has 12 indeterminate parameters:
three parameters determining the momentum of the speed (Mw, R and ¢) and 9 parameters (ai, a, 3, i=3)
defining the polyharmonic process. Frequencies wi are set hazardous for the structure. Undefined
parameters are set so that the accelerogram model has properties of real accelerograms. This statement
of the problem is available in the works of A.A. Dolgaya [18, 19]. In the works mentioned, the input model
was brought to conformity with real peak ground accelerations and Arias intensity. These proposals were
included in the Recommendation [11]. Below they are developed taking into account new data about past
earthquakes.

The main characteristics of seismic input

Three types of real accelerograms characteristics are distinguished in the literature [1, 20]:
kinematic, spectral and energy.

The kinematic characteristics include peak accelerations (PGA), peak velocities (PGV), maximum
displacements, residual displacements yrez, duration of the action teq, and also the process harmonic
index k. The quantity « is determined by the formula

(e (e
0

_ Y Yo

Y v

According to the American NPP calculation standards [21], the value of k is assumed to be 5. In

studies [22], it is noted that this parameter decreases with increasing the prevailing earthquake input

period and it varies from 3 to 7. For harmonic action k = 1. The larger «, the more the process differs from

the harmonic one. Large values of k for the model do not allow one to concentrate the input energy at
one frequency.

Kinematic characteristics of the impact are very important for elastic calculations under the loads
caused by design earthquake (DE).

Input spectral characteristics, i.e. input spectral composition, are not considered in the framework
of the proposed approach. Excitation frequencies wi are set to be hazardous for the structure. This
approach allows one of the frequencies wi to be set equal to the prevailing frequency of the excitation
predicted by seismologists, but in this case calculations will not be conservative.

Energy characteristics of the excitation determine the structure behavior under the impact of the
MDE. Among these characteristics are

1) Arias intensity

N
T
|, =— |yt 7
A= g% 7)
2) Absolute cumulative velocity CAV
.
CAV = ¥t (8)
0
3) Seismic energy density SED
N
SED = j y2dt 9)
0

In the given investigation five parameters of the seismic input PGA, «, la, CAV and SED are taken
into account.
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Results and Discussion

To estimate the values of input parameters corresponding to real accelerograms, more than 100
accelerogram records included in the combined database of Russian and Chinese accelerograms have
been analyzed. During the research the dependence of the input parameters on the prevailing input
frequency was analyzed.

The dependence Yo(t) had been considered earlier in papers [18, 20], and the decrease of the
PGA value was found with the growth of the predominant period Teqincreasing.

The dependence K(req) is shown in Figure 2, where the points indicate the data of the records of

past earthquakes available for the authors. In this case for high-frequency inputs with the predominant
period Teq=0.05...0.015 s, the value of k can be about 10-15, and for long-period inputs the value of k
decreases down to 2—-3. For some impacts, e.g., for the Bucharest earthquake k~1.5. It should be noted
that a decrease in k makes the input dangerous. Therefore, in order to generate hazardous input on the

structure, it seems justified to set the value of x according to the proposed schedule K(req) or
somewhat lower, taking as a design value the follows
Kcalc = K -0L-C, (20)
where o is the standard deviation of k from the mean value,

a is the reliability index of the assumed design value.

0 05 1.0 1:5 2

Predominant earthquake period, Teq, $

Figure2. Dependence K(Teq) obtained on the basis of the available records of real accelerograms.
1 - average value; 2 - K‘(Teq) -C

Energy indicators are sufficiently stable characteristics of seismic input. Figure 3 shows the
dependence Ia(Teq). The records of past earthquakes available to authors are denoted in the picture by
points, and the mathematical expectation of the value and the sum of the mathematical expectation and
standard deviation are denoted by lines. According to our data, the |a value decreases slightly from 5 to
4 m/s with the growth of Teq. In this case, the quantity Ia +61=8. It can be noted, that according to the data
of [23], there is also a slight decrease in the value of |1a with an increase in the prevailing period. In the
range of Teq from 0.1 to 0.5 s Ia = 2.53 m/s, and for Teg> 0.5 s |a =2. If we take into account that the
intensity of earthquakes considered in [23] is within the range of 8-9 degrees on the MSK scale, and the
earthquakes considered in this paper have intensity of 9 or more degree, then the results obtained are
quite compatible. Analogous dependencies can be obtained for other energy characteristics, in particular,
for the CAV value. Between the quantities under consideration there is clear-cut correlation dependence,
shown in Figure 4. This makes it possible to use any of the parameters under consideration when
generating the design input. In Recommendations [11], the intensity according to Arias is given as the
energy characteristic, and in the paper of American experts [23] the preference is given to the value of
CAV.

5
Error =" p - Er,
i=1
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Figure 4. Dependence of CAV (la). 1 —average value of CAV (IA); 2 — CAV(la)+ocav
The data of real accelerograms are denoted by dots

In paper [24], it is proposed to use the SED as the basic energy parameter. This value, according
to the data available to the authors, does not correlate with the two energy characteristics considered
before. It is sufficiently stable and in the first approximation it can be assumed to be equal to 1.5.

The obtained empirical dependencies are used to specify 12 indeterminate parameters of formula
(1). To do this, some weight is assigned to each of the five parameters (PGA, «, la, CAV, SED), and an
error between the given empirical values and the analogous values obtained from formulas (6-9) is
calculated at each grid point of the variable parameters.

By assigning different weight coefficients we get a set of dangerous inputs, with a close spectral
composition. When choosing the coefficients, it seems possible to start with the following considerations.

Calculations for the impact of the DE are force ones, and the result of calculation, strains and
stresses in the elements of the construction are proportional to the value of PGA. Therefore, when
generating a DE, one should assign a large weighting factor for PGA.

Calculations for the impact of the MDE are energy ones. The strength condition of the elements is
not met, but it is necessary to exclude progressive collapse and low cycle fatigue of the main load-
bearing elements. To do this, it is necessary to get a limit to work of plastic deformation forces [25-28]. In
this case energy characteristics are most important for the model input.

It is also important to limit the concentration of all seismic energy at one frequency both for the DE
and for the MDE. Therefore, the weighting factor of k must be taken into account for both inputs.

As an example, Figure 5 shows two generated accelerograms for calculating a building with
suspended members [29], a seismically isolated structure with periods of natural oscillations
T1=4.243s, T2 = 3.145 s, T3 = 0.054 s. Table 1 shows the characteristics of these accelerograms.
When generating the first accelerogram, three weight coefficients are assumed to be nonzero: prea = 0.6,
p« = 0.3, pia = 0.1, and for the second accelerogram prea = 0.1; p« = 0.3; pia = 0.6. The generated
accelerograms are quite similar, although they have some differences, for example, in residual
displacements. This confirms the validity of the hypothesis expressed in [1] which supposes that taking
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into account the dependence of the peak acceleration on the prevailing acceleration period ensures that
the parameters of the model and real excitations coincide.
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Fig.5. Oscillograms of artificial input for pPGA = 0.1 (on top) and pPGA = 0.6 (on bottom)
Table 1. Artificial input characteristics

The type of input
Input charcteristics prca = 0.6 Prca=0.1
PGA 2.146 2.149
K 3.55 5.76
Ia, m/s 1.368 1.343
CAV, m/s 12.02 12.23
SED, m?/s 1.55 2.0

Wsanosa T.B., I'yans 1O., Hecreposa O.I1., IIpokomosuua C.B., Cmuprosa JL.H., Y3aua A.M., MBamuamos J[.A.
MonenupoBaHUE paCUETHOTO CEHCMUYECKOrO0 BO3JCHCTBUS B YCIOBUSX OrPAaHMYEHHOW CEHCMOIOrMYecKon

uHpopmaumu // UHxeHepHO-CTpouTeNbHbIH xKypHaI. 2017. Ne 7(75). C. 129-138.
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Conclusions

As the result of the investigations a new input model with a spectral composition that is dangerous
for the structure under consideration, and with kinematic and energy characteristics corresponding to real
seismic excitations has been generated. This new input model can be considered as a certain
compromise between the model for the building site and the model for the structure.
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Determination of soil deformation moduli after
National Building Codes of Russia and Germany

Pac4yeTHble moaynun gedopmaumm rpyHTa cornacHo
HauuoHarnbHbIM cTaHgapTam Poccun u 'epmanHum

Ju.A. Kalugina, Mazucmp FO.A. KanyauHa,

Industrial University of Tyumen, Tyumen, Russia TromeHcKull uHOycmpuasbHbIl yHUsepcumem,
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Key words: compression tests; compression KnrouyeBble crioBa: KOMNPECCUOHHbBIE UCMbITAHNS;

modulus; oedometer deformation modulus; design kKOMNPeCCHOHHbBIM MOAYMb Aedopmauny;

deformation modulus; transition coefficients; ogomeTpuyecknin mogynb gedopmauunuy;

comparison of reference standards pacyeTHbIN MoAyrb Aedopmaumm; NepexoaHbie
KO3(phULIMEHTBI; CPaBHEHNE HOPMATMBHbIX
cTaHgapToB

Abstract. The paper analyzes the differences in carrying out compression tests in accordance with
the regulatory documents of Russia and Germany and subsequent processing of the obtained data. The
paper gives the reasons for significant differences in the values of compression and design deformation
moduli obtained from the compression test data in accordance with Russian and German National
Building Codes. Approximate differences of the above-mentioned moduli have been revealed for various
types of soil. The transition coefficients have been calculated for the compression and design moduli
obtained from the compression test data in accordance with Russian and German National Building
Codes. The paper describes the applicability of these transition coefficients. The paper presents the
research results carried out within the framework of international cooperation of two universities:
Industrial University of Tyumen (Russia) and Beuth University of Applied Sciences, Berlin (Germany).
The results of the research prove the correctness of the calculated transition coefficients.

AHHoTaumA. [lpoun3BedeH aHanM3 OTAMYUIA  NPOBEAEHMS KOMMPECCUOHHBIX WCMbITAHUA B
COOTBETCTBMU C HOPMaTtUBHbIMW [OKymeHTamu Poccum m epmaHum u nocrniegywowlern odpaboTku
AaHHbIX. OnucaHbl MPUYUHBL 3HAYUTENbBHBIX PA3NUYUA NONydYaeMblX 3HAYEHUN KOMMPECCUMOHHBIX U
pacdeTHbIX Moayrnen pgedopmMaumu, BbIMUCNAEMbIX MO [AHHBIM  KOMMPECCUOHHbBIX WUCMNbITaHUMA B
COOTBETCTBMM C  POCCUNCKUMMU U HEMELKMMU  HaLMOHamnbHbIMW  CTaHgapTamu. BbisBneHsbl
NpuoNn3nTenbHble OTNMYUA BbILEYNOMSHYTLIX MOAYNen Ans pasnuyHbiX BMAOB rpyHTa. Ha ocHoBe
3TOr0 BbIYUCIIEHbI NEepexoaHble  KOIMUUMEHTbI AN  KOMMPECCUOHHBIX M pacYeTHbIX Moaynen
aedopmaunm, NonyyYeHHbIX NO AaHHBIM KOMMPECCUOHHbBIX UCMBITAHUI COrNAcHO POCCUACKUM N HEMELIKUM
HauMoHanbHbIM cTaHgapTam. OnucaHbl YCroBus NPUMEHEHNST AaHHbIX Ko3dduumneHToB. NpeacTtaBneHsb
pe3ynbTaTbl WCCMEeAOBaHWN, MNPOBEAEHHbIX B paMKax MEeXAyHapoOHOro COTpygHWYecTBa [OBYX
YHMBEPCUTETOB: THOMEHCKOrO MHAYCTpuManbHOro yHueepcuteTa (Poccusi) n yHuBepcuTeTa NpuKnagHbix
Hayk um. bonta, BepnuH (FepmaHus). PesynbTatbl uccrnefoBaHWi MOATBEpPXOalT KOPPEKTHOCTb
NPUMEHEHWS NMPUBELEHHBIX NEPEXOAHbIX KO3 PULMEHTOB.

Introduction

International cooperation in various fields between Russia and Germany is a question of present
interest; there is a growing interest in solving common scientific problems and executing joint industrial
projects which can be implemented both in Russia and Germany. The lack of uniformity of terms,
concepts, their interpretation and compliance with national technical (industrial) standards is a certain
obstacle to effective joint scientific work and productive cooperation.

Kanyruna 10.A, Kex M., IIponosun f.A. PacuerHpi€ Moxynm nedopManuy I'pyHTa COIJIACHO HAIIMOHAIBHBIM
crangaptam Poccun u ['epmanuu // HxeHepHO-CTpoUTeNbHbIN sxypHan. 2017. Ne 7(75). C. 139-149.
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Unification of the initial data for calculations, consideration of the methods for determining various
characteristics and parameters and verification of the results obtained are topical issues in the sphere of
construction.

Great attention is being paid to unification of the regulatory documents: National Building Codes
are being updated with regard to the requirements of European (EN) and International (ISO) Standards
[1-5]; various aspects of misbalance between the foreign and Russian regulatory framework are being
studied [4-7], as well as the relevance of the changes introduced to the updated standards [5-8]. But in
addition to the adopted International and European regulatory documents, Germany has its own Building
Regulations (DIN). Available studies comparing the National Building Codes of the Russian Federation
and Germany are not sufficient for possible unification of geotechnical norms.

The study focuses on the principal deformation characteristic of soil — soil deformation modulus,
which is the basis for foundation analysis after the second group of ultimate limit states.

E.V. Lega [9] made a general comparative analysis of the obtained values of the main physical and
mechanical characteristics of silts in accordance with the Russian and German norms including the
deformation modulus. However, there is no clear and detailed description and comparison of methods for
determining the deformation moduli obtained. In addition, it should be noted that the studies were carried
out between 1991 and 1994 in accordance with regulatory documents irrelevant at the moment. At that
time, Germany lacked a document to determine the deformation characteristics of soil in the universal
regulatory. Therefore, the verification and the unification of the geotechnical norms of Russia and
Germany to determine the deformation modulus cannot be considered as studied and thus, further
studies are needed to take the diversity of soil types into account.

At present, a number of different methods can be used to determine the deformation modulus [5-8,
10-19]; here, the resulting values of the deformation modulus for one and the same soil can vary
significantly depending on the method of its determination (several times for clay soils), as it is shown in
the works of the authors [5-8, 13, 14, 19-24].

When calculating the settlements of buildings and structures, especially in complex soil and
groundwater conditions, the question arises of whether the design deformation modulus is chosen
correctly. Table 1 presents the methods for determining the deformation modulus and the reference
standards of Russia and Germany regulating them.

Table 1. Reference Standards of RF and Germany regulating determination of the
deformation modulus

Methods to determine the deformation modulus GOST DIN
Oedometer compressibility testing GOST 12248-2010 DIN 18135
Triaxial deformability testing GOST 12248-2010 absent
Flat plate load tests GOST 20276-2012 DIN 18134
Screw plate load tests GOST 20276-2012 absent
Pressuremeter tests GOST 20276-2012 DIN EN ISO 22476-4
Dilatometer tests absent DIN EN ISO 22476-5
Cone penetration testing GOST 19912-2012 DIN EN ISO 22476-1
Dynamic testing GOST 19912-2012 DIN EN ISO 22476-2
Borehole dynamic probing absent DIN 4094-2

The existing regulatory documents offer some recommendations for choosing and determining the
design deformation modulus, since great varieties of the deformation moduli are obtained depending on
the method used.

According to Regulation — SP 22.13330.2016 [25], a plate load test is the priority method for
determining the soil deformation modulus in Russia, pressuremeter tests (in case of isotropy of the
properties of the tested soils). In order to interpret the data of other methods, correlation dependencies,
based on the above mentioned experiments, are used. The applicability of the complex approach to
determine the deformation modulus is also confirmed by the research of Russian scientists, e.g.
G.G Boldyrev [7]. For structures which fall into the limits of the Geotechnical Category 1, and in some
cases 2 (if statistically based data according the regional normative regulations is available), the design
deformation modulus can be calculated from the compression test data taking the multiplying transition
coefficient from the oedometer modulus to the modulus from plate loading test meeq [25, Table. 5.1] into
account; its values are correct for the compression modulus calculated in the pressure range of
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0.1-0.2 MPa and they can lie in the range from 1.2 to 3 for silty-clayed soils. According the previous
version of the same regulation SP 22.13330.2011 [26] the caclulation of the design deformation modulus
is performed in the same pressure range of 0.1-0.2 MPa using the transition coefficient from the
compression modulus to the modulus from plate loading test my in the range of 2 to 6 [26, Table. 5.1]. At
this point it should be noted that the deformation modulus determined using both the transition coefficient
mk and the coefficient mgeq has th esame value. For sandy soils, the multiplying coefficient is absent.
These transition coefficients are widely used in Russia, but compression tests are compulsory and are
often conducted together with cone penetration tests and less often with dynamic tests. The priority
methods are rarely used due to their high labour intensity and cost, only by agreement with the client.

The design deformation modulus is also an urgent problem in Germany. There is a lack of any
clear recommendations concerning the design deformation modulus in the regulatory document
DIN 4019: 2015-05 [27] which regulates the settlement calculation; it can be chosen by a design engineer
after comparison of the results of laboratory and in-situ tests and monitoring the settlements of structures,
but some recommendations still exist. Thus, in accordance with paragraph 8.4 of the DIN standard [27],
in the absence of specific soils and settlement monitoring data, the design deformation modulus E* may
be assumed to be approximately equal to the oedometer modulus Es determined in accordance with
DIN 18135: 2012-04 [28], taking into account the state of the soil formation at a corresponding pressure.
It is necessary to consider that in laboratory conditions a sample of cohesionless soil of sufficiently good
quality intended for accurate determination of the soil deformation characteristics can be obtained only in
exceptional cases; when testing cohesive soil in laboratory conditions, reliability of the deformation
modulus depends on the quality of the taken sample, its treatment and the experiments, taking the soll
stressed state in the massif into account.

In order to conduct the research, the basic method for determining the deformation modulus in
Russia and Germany was considered — compression tests performed in accordance with
GOST 12248-2010 [29] and DIN [28].

Research objectives: to identify the principal differences in conducting compression tests and
factors affecting the results; possible differences between the compression and design deformation
moduli obtained in accordance with Russian and German National Building Codes; search for transition
coefficients.

Methods

The principal differences in carrying out compression tests in accordance with GOST [29] and DIN
[28] are expressed in the duration of the increment load. To consider unsaturated soil, according to
GOST [29], the increment load is maintained until the conditional stabilization of the soil sample
deformation occurs. Incremental portion is taken as a criterion of conditional stabilization of deformation,
which does not exceed 0.05% for the time indicated in [29, Table. 5.3] and depends on the type of soil.
With water-saturated clay, organic or organic-mineral soil, the end of compaction at this increment load is
determined as the end of 100% filtration consolidation. In accordance with DIN [28], each portion of
increment load must be maintained at the same time interval, at least until the completion of 100 %
primary consolidation. In here, these differences do not affect the results, since in both cases the
increment load is maintained up to a certain stabilized state of the soil. The done research also proves
this [30].

Processing of the experimental data greatly affects the value of the deformation modulus
calculated from the compression test data. According to DIN [28], an oedometer deformation modulus is
obtained as a result of compression tests. It is evaluated by the formula:

AO' _
ST As 1)
h.

where Ao’ — interval of axial stress variation in which the deformation modulus is determined;

As — change of compressive deformation of the sample in dependence of the variation in axial
stress Ag”,

hi — height of the sample which agrees with the mean axial stress of the considered interval:
h=h—s =h -hs=h(1-s), (2)
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ho— initial height of the sample;

s — compressive deformation of the sample which refers to the mean axial stress of the considered
interval;

s’ — relative compressive deformation of the sample which refers to the mean axial stress of the
considered interval:

S= ®3)

As’ — change of relative compressive deformation of the sample in dependence of the variation in
axial stress Ao™:

As=——, 4)

In accordance with the Russian State Standard GOST [29], the oedometer and compression
deformation moduli can be obtained from the data of compression tests. The oedometer deformation
modulus is evaluated by the formula (5), compression one — by the formula (6):

Ap
E  =— 5
oed Aé‘ ’ ( )
Ek = Eoedﬂ’ (6)

where Ap — pressure interval at which the deformation modulus is determined;

Ae — variations in the relative deformation which agree with Ap:

Ah
As =—, 7
£= ()

h — initial height of the sample;

B — coefficient that takes the absence of lateral expansion of soil in the compression equipment
into account:

Pl ®

v — Poisson's ratio.

In real values of Poisson's ratio within 0.1-0.45 for soils (the smallest value corresponds to coarse
soil, the largest one — to clay soil), 8 takes the values within 0.26—0.98 (the smallest value corresponds to
clay soil, the largest one — to coarse soil). In the absence of experimental data in engineering
calculations, the value of Poisson's ratio can be taken within 0.27-0.45 depending on the type of soil in
accordance with the Russian regulatory document [25, Table. 5.10]; in here, 8 is of values of 0.26-0.8.

In order to determine the compression modulus, 8 can be chosen according to [29, paragraph
5.4.6.4] equal to 0.8 for sands, 0.7 — for clayey sands, 0.6 — for silts and 0.4 — for clays.

When comparing formulas (1) and (5), it is obvious that the oedometer modulus Es of DIN [28] is
approximately equal to the oedometer modulus of GOST [29] Eqeq. This is because the only difference is
the factor (1-s') in the formula (1), which is close to U, since the relative compressive deformation of the
sample — s' is very small. Thus, the coefficient 8 can be used as a transition coefficient from the
oedometer deformation modulus obtained by DIN [28] Es to the compression modulus obtained by GOST
[29] Ex. In here, it is necessary to take into account that the types of soil do not always match together in
Russian and German classifications (for example, very soft silt in Russian classification can be weakly
low plasticity clay in German classification; this is proved by the studies [31]). However, in most cases f3
values as transition values are acceptable. Thus, it is possible to calculate the transition coefficients from
the compression modulus obtained by GOST [29] Ex to the oedometer deformation modulus obtained by
DIN [28] Es, which can be applied regardless of matching of the soil types in German and Russian
classifications: 2.5 for clays; 1.67 for silts, 1.43 for clayey sands and 1.25 for sands.
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Based on the assumption that the oedometer deformation moduli obtained by GOST [29] and DIN
[28] are equal and taking into account the multiplying coefficient meeq (Moed = B:mMy), it is possible to
determine the approximate transition coefficients from the design deformation modulus taken in
accordance with SP [25,26], i.e. E = Moed-Eoed Or E = my-Ey, to the design deformation modulus taken in
accordance with DIN [27], i.e. E* = E;, (Table 2). The coefficient meeq can be used as the transition
coefficient from E* = Esafter DIN [27] t0 E = Moeqd-Eoeq after SP [25] or E = my-Ex after SP [26] (Table 3).

Table 2. Transition coefficients from E = moed-Eced after Building Regulations (SP) [25] to
E* = Es after DIN [27]

Soil type Voids ratio, e
0.45-0.55 0.65 0.75 0.85 0.95 1.05
Clayey sands 0.36 0.40 0.48 0.71 - -
Silts 0.33 0.37 0.42 0.56 0.67 0.83
Clays - 0.42 0.42 0.45 0.50 0.56

Table 3. Transition coefficients from E* = Es after DIN [27] t0 E = moed-Ecea after Building
Regulations (SP) [25]

Soil type Voids ratio, e
0.45-0.55 0.65 0.75 0.85 0.95 1.05
Silts 3.0 2.7 24 1.8 15 1.2
Clays - 24 24 2.2 2 1.8

The values given in Tables 2 and 3 are determined by interpolation for intermediate values of the
void ratio e.

To confirm the theoretical prerequisites in the framework of international cooperation of two
universities: the Beuth University of Applied Sciences, Berlin (Germany) and the Industrial University of
Tyumen (Russia), a number of experiments were carried out on various types of soils. The investigated
soils and their basic physical characteristics are presented in Table 4 in accordance with Russian
Building Regulation / German Standards. The physical characteristics of the soils have been determined
in accordance with the Russian document GOST 5180-2015 [32] and the regulatory framework of
Germany: DIN EN ISO 17892-1: 2015-03 [33], DIN EN I[ISO 17892-2: 2015-03 [34],
DIN 18122-1: 1997-07 [35]. Classification of the soil is presented in accordance with GOST 25100-2011
[36] and DIN 18196: 2011-05 [37], DIN EN ISO 14688-1: 2013-12 [38], DIN EN ISO 14688-2: 2013-12
[39].

Table 4. Physical characteristics of tested soils

Soil type P, Ps, pd, n,% | e, unit W, Wh, Wi, Ip, unit IL, unit
g/cm® | g/cm?® | g/cm? fraction | % % % | fraction | fraction
Dense sand of medium
size / Even-graded sand
of medium size coarse 1.89 2.67 1.83 | 0.31 0.46 3 - - - -
sandy, fine sandy, fine
gravelley
Firm silt of undisturbed
structure / intermediate 34.4 0.12 0.65
plasticity clay firm of 1.92 211 1.48 | 0.46 0.83 30 22.0 43.0 0.21 0.38
undisturbed structure
Stiff clay of undisturbed
structure / high plasticity 51.0 0.28 0.29
clay stiff of undisturbed 1.96 217 1.50 | 0.46 0.85 311|228 66.7 0.44 0.19
structure
Very stiff clay of
undisturbed structure / 50.2 0.25 0.15
high plasticity clay stiff of | 210 | 297 | 1.63 | 0451 082 1289 | 251 | g5y | g 0.09
undisturbed structure
Firm silt of disturbed
structure / low plasticity 28.0 0.13 0.54
clay soft of disturbed 2.0 271 1.64 1 0.40 0.65 220 | 150 33.7 0.19 0.37
structure

Note to the Table: the values of W\, I, IL given above the line are obtained after Russian Building
Regulations, under the line - after German Standards.
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The soil types given below are referred only to the Russian classification in accordance with GOST
[36].

In order to obtain statistical data for each type of soil, several compression tests were performed in
accordance with the GOST [29] and DIN [28] methods. Sand of medium size, firm silt undisturbed
structure and stiff clay of undisturbed structure with medium consistency were tested in the geotechnical
laboratory of the Beuth University (Germany) in a mechanical compression device with an internal
diameter of the ring of 100 mm and a height of 30 mm, clay with undisturbed structure and very stiff
consistency — in the laboratory of the Geotechnical Department of TIU (Russia) in an automated
compression device ASIS with an internal diameter of the operating ring of 87 mm and a height of
25 mm. In the laboratory of the TIU samples of the same homogeneous soil (silt of disturbed structure
with firm consistency) were also prepared and tested to avoid errors by comparing the results obtained
with the GOST [29] and DIN [28] methods, caused by the inherent heterogeneity of a soil from natural
deposition.

Results and Discussion

As a result of testing the twin samples, the compression curves almost completely coincided.
According to the experiments with the other soils, the compression curves of the same soil type have
permissible deviations. The obtained statistical average compression curves of the tested soils are shown
in Fig. 1.
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Figure 1. Plot of the relative deformation versus pressure / axial stress after compression tests
according to GOST [29] / DIN [28] under primary loading

The tests resulted in determining the deformation moduli in the pressure range of 0.1-0.2 MPa
(Table 5).
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Table 5. Moduli of deformation of tested soils

Soil type in Oedomete | Compress | Oedomete | Difference | Multiplyin Design Difference
Russian/ r modulus ion r modulus | s between g modulus of sin
German Eoed, modulus Es, DIN Eoeq and | CO€fficient | deformation design

classification GOST Ex, [28], taken E./ Mi/Moed , E = me-Ex. moduli of
[29], MPa GOST as design E. and E Buildin E = Moed- deformati
[29], MPa modulus s Regulatigo Eoed, on by SP
E*, % . [25,26]
ns (SP) Building and DIN
DIN [27], [26,25] Regulations [27], %
MPa (SP) [26,25] ’
Medium sand 0.8
50.00 40.00 49.6 24 - 40.00 -24
Very stiff clay 15 565
of undisturbed 9.67 3.87 9.53 = - 21.87 +129
structure 146 2.26

Stiff clay of 14 55

undisturbed 9.88 3.95 9.74 = - 21.73 +123
structure 147 2.2
Firm silt of 3.5 3.2

undisturbed 6.86 4.12 6.63 - — 13.18 +99
structure 61 1.92
Firm silt of 4.1 45
disturbed 6.14 3.68 5.90 N - 16.61 +182
structure 60 2.7

As expected, the differences between the oedometer deformation moduli obtained by DIN [28] and
GOST [29] are insignificant (1-4 %) and depend on the value of the deformation modulus itself. If the
difference is smaller, the disagreement is greater, since relative settlement s' is also of greater
importance for a weaker soil.

As expected, the least difference between the compression modulus obtained by GOST [29],
oedometer modulus obtained by DIN [28] and design deformation modulus taken by the
recommendations of SP [25, 26] and DIN [27] is observed for sand, the greatest — for clays.

Thus, the oedometer deformation modulus of sand determined by DIN [28] exceeds the
compression modulus determined by GOST [29] by 24 %, silt — 1.6 times and clay — 2.5 times.

According to the results of sand testing, the design deformation modulus E* = Es — DIN [27]
exceeds the design deformation modulus E = Meed-Eoed — [25] Or E = my-Ex — SP [26] by 24%; for clay soil
the design deformation modulus E* = Es — DIN [27] is much lower than that of E = Meed-Eoed — SP [25] or
E = myEx — SP [26], namely: nearly 2.2-2.3 times — for clays, 2 times — for silts of the undisturbed
structure and 2.8 times — for silts of the disturbed structure. Such a significant excess of the design
deformation modulus in clays E = Meed-Eced — SP [25] or E = my-Ex — SP [26] is due to the multiplying
coefficient mi/moeqd Which depends not only on the soil type, but also on its state.

The results obtained prove the applicability of the transition coefficients presented in Tables 2 and
3, but in transition from the design deformation modulus E* = Es, taken by DIN [27] to the design
deformation modulus E = Meed-Eced, taken by SP [25], or E = my-Ex, taken by SP [26], the transition
coefficients are relevant only in cases when the soil types match together by GOST [36] and DIN [37-39].

It is necessary to note that the values of the coefficient mi, or meed,0btained by direct tests can
significantly differ from those recommended by SP [25, 26], as seen from various studies including [19,
23]. There is a viewpoint that the values of my¢ and also of moeed, Mmust be calculated taking into account
the regional soil features, e.g. as in [40]. A.V. Pilyagin considers that it is generally incorrect to set the
transition coefficients from the compression modulus to the plate one (my) due to the difference in the
types of stress state of soils during compression and plate load tests [24]. Moreover, there are doubts
about the applicability of the compression modulus obtained by GOST [29]. In world practice and in
Germany, it is the oedometer deformation modulus that is obtained after the compression test data. In
addition, in the current version of the SP [25] the increasing coefficients for the design deformation
modulus are presented for the oedometer modulus which is indirectly applied in various geotechnical
programs (for example, PLAXIS). The authors agree with G.G. Boldyrev that the oedometer deformation
modulus is more accurate, since it is determined in direct measurements regardless of lateral expansion
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of soil and that it is easier to use it as a reference for finding various correlation dependences [7]. When
using the oedometer deformation modulus instead of the compression modulus, it is easier to adapt
Russian Building Regulations compared to the foreign regulations.

Conclusions

1. It has been stated that the principal differences in carrying out compression tests in accordance
with GOST 12248 and DIN 18135 are expressed in the duration of the increment load, which do not
affect the results of the experiments. In turn, processing of the experimental data significantly influences
the value of the deformation modulus resulting from the compression tests. This is due to the presence of
the coefficient B8 in the formula for the compression modulus Ex (GOST). The coefficient considers the
absence of lateral deformations of the soil in the compression equipment, which underestimates the
value of the compression modulus as compared to the oedometer deformation modulus Es (DIN).

2. The oedometer modulus Es (DIN) is approximately equal to the one Egeq (GOST). The
difference lies in the presence of the factor (1-s') in the formula for determining Es, which is close to U,
since the relative compressive deformation of the sample — s' is very small. Therefore, the deviations
depend on soil deformability, i.e. weaker soil will have a higher value of s' in comparison to harder soil.
The difference between the values of oedometer moduli obtained by DIN and GOST will be greater in
weak soil testing. The test results showed small deviations — from 1 to 4%.

3. The compression tests have resulted in the values of the oedometer deformation modulus
Es (DIN), compression modulus Ex (GOST) and design deformation modulus E = mg-Ex = Moed-Eoed
(SP 22.13330) and E* = Es (DIN 4019) which significantly differ depending upon the soil type. The
smallest difference is characteristic for sands, the largest one — for clays. The following dependencies
have been revealed: ESP) > E*ON) = E¢ = Eiq > Ex — silty-clayey soils, ECP) = By < E*OIN) = Eg = Eqeq. — for
sands.

4. Based on the assumption that the oedometer deformation moduli Ecoq (GOST) and Es (DIN) are
equal and taking into account the available dependencies of oedometer Ecoq and compression Ex moduli
(coefficient B), compression Ex and design E deformation moduli (coefficient mi), oedometer Eqeq and the
calculated E deformation moduli (coefficient mqeq), the approximate transition coefficients have been
determined from the design deformation modulus taken in accordance with SP E = my-Ex = Moed-Eoed, tO
the design deformation modulus taken in accordance with DIN E* = Es and vice versa, and from the
compression modulus Ex (GOST) to the oedometer deformation modulus Es (DIN) and vice versa.
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Approximated methods of estimation of the reliability of framed
railway structures of railway bridges
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Abstract. The development of methods for rapid assessment of the reliability of span structures of

beam railroad bridges is relevant in connection with the trend towards increasing loads from the reversing
freight rolling stock and the speeds of movement on the main transport with a mixed cargo-and-
passenger turnover. This problem is especially urgent for the creation and implementation of special
technical conditions (STC) for the design of bridges on high-speed lines (BCM), as in Europe and in
America, the process of improving the regulatory framework is actively being implemented and innovative
developments in this field. Normative documents of the STC take into account only two opposite
tendencies. The first is the reduction of equivalent loads from specialized high-speed rolling stock, the
second is the increase in dynamic coefficients with an increase in speeds of up to 350 ... 400 km/h. At the
same time, the documents being developed require the provision of a relatively heavy load from a special
technological rolling stock when planning work on the maintenance of the railway track, as well as during
the elimination of the consequences of accidents and other emergencies. The class of this load
corresponds to C11, which is 78.5 % of the load of class C14, which is calculated for bridges on public
railways. The authors suggests a method for estimating the reliability of a limited pass on beam span

Wupeiikun A.B., Ywxos C.B., IlllecrakoBa E.b., Anrontok A.A., Kynarun H.U., Cmupuos B.H., Kapnos B.B.,
Tomuuemackuit JI.M.  TIpuOnmxeHHbIE METOIBI OLIEHKHM HAJC)KHOCTH OaJOYHBIX IPOJICTHBIX — CTPOCHHMN
KEJIE3HOTOPOKHBIX MOCTOB // VIHXKeHEepHO-CTpOUTEbHbIH xypHa. 2017. Ne 7(75). C. 150-160.
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structures of a railway transport, the load from which is 10—-20 % higher than the design load. A solution
describing the probability of failure-free operation in the absence of a sudden failure at the level of 0.97-
0.98 is described. Such a solution is relevant for railways with normal traffic conditions with the possibility
of providing high-speed rail traffic. This technical method for rapid assessment of the reliability of span
structures of beam railroad bridges be used as a basis for harmonizing National Standard and for the
further evolution of the codes for HSR. Bridge authorities are therefore interested in agreed methods to
assess the safety, reliability, durability of existing bridges.

AHHoTaumsa. PaspaboTka MeTOOOB 3KCMPEcC OUEHKM HaOEXHOCTM MNPOMETHbIX CTPOEHUN
BGanoyHbIX Xene3HO4OPOXHbIX MOCTOB akTyarlbHO B CBS3M C TEHOEHUMEN K BO3PaCTaHWUIO Harpysok oT
obpalLatoLLero rpy3oBoro NoABWKHOIO COCTaBa M CKOPOCTEN ABWXEHUSA Ha MaructpanbHOM TpaHcrnopTe
CO CMellaHHbIM rpysonaccaxunpckum obopotom. JTa npobnema ocobo akTyanbHa npu co3gaHun U1
BHEOPEHUN crneumnanbHbiX TexHndecknx ycnosun (CTY) NpoekTMpoBaHMs MOCTOB Ha BbICOKOCKOPOCTHbIX
maructpanax (BCM), kak n B EBpone, Tak u B AMepuke naet akTMBHO MPOLLECC COBEPLUEHCTBOBAHMS
HopMaTMBHON 6a3bl N SABNAKTCA MHHOBALMWOHHBbIMWU pa3paboTkamMu B AaHHOM obnactu. HopmaTuBHble
JokymeHTbl CTY yuuTbiBalOT TOMbKO [BE NPOTUBOMONOXHblE TeHAeHuuu. [lepBas — CHWXeHue
3KBMBANEHTHbIX Harpy3oK OT cneumann3vpoBaHHOrO BbICOKOCKOPOCTHOIO MOABWMXHOIO cocTasa, BTopas —
yBENMYEeHNe AMHaMMUYecknx koadpdunumMeHToB Npn yBenmyeHnm ckopocTten asmxkeHus ao 350...400 km/u.
OpHoBpemeHHO paspabaTtbiBaemble [OKYMeHTbl TpebyoT obecnevyeHuss nponycka OTHOCUTENBbHO
TSKENOW Harpysku oT creumanbHOro TEXHOMOrMYeCcKoro NoABMXHOIO CocTaBa Mnpu NnaHoBbiX paboTax no
COLEPXaHWIO KENe3HOLOPOXHOro nyTW, a Takke NpW NUKBMZAUMM MOCNeacTBUA aBapui U WHbIX
ypesBbldalrHbIXx cuTyaumsax. Knacc atom Harpysku cootBeTctByeT C11, yto coctaBnseT 78,5 % ot
Harpy3kn knacca C14, saBndALWErocs pacyeTHbIM Afsi MOCTOB Ha XenesHblXx goporax obuiero
nonb3oBaHWs. ABTOpPblI NpeanaraloT METOAMKY OLEHKM HaAEeXHOCTW OrpaHMYeHHOro mnponycka no
BanoyHbIM NPONETHLIM CTPOESHUSIM XENEe3HOAOPOXKHOro TpaHcnopTta, Harpyska oT kotoporo Ha 10-20%
npeBbilaeT NPOEKTHYI0 pacyeTHy Harpy3ky. OnmcaHo pelleHne No3BOMsiLEee OLEHUTb BEPOSATHOCTb
6e3oTkaszHon paboTbl MpM OTCYTCTBMM BHe3anmHOro oTkasa Ha ypoBHe 0,97-0,98. Takoe pelueHve
aKkTyanbHO ANns Xemne3HblX AOpor C OOblYHLIM PEXMMOM OBWKEHUS C BO3MOXHOCTbIO obecneveHusi
npoesda BbICOKOCKOPOCTHOrO cocTaBa. [IpeAcTaBneHHbIi TEXHUYECKUA MeTohd SKCNPecC OLEHKU
HaZEXHOCTU MPONETHbIX CTPOEHWUA GanoyHbIX XXEene3HOAOPOXHbLIX MOCTOB MOXET WCMONb30BaTbCHA B
KayecTBe OCHOBHOIO MHCTpyMEHTa AN pa3paboTky HauMoHanbHOro crtaHgapta M And ganbHemnwero
pa3BuTMa HopMaTuBHoW 6asbl ansa BCM. Ynpaensiowme KOMNaHUW 3aMHTEPECOBaHbl B YTBEPXKAEHUU
cneumanva3npoBaHHbIX METOAOB MO oOueHke 6e30MacHOCTU, HaZEeXHOCTWU, MPOYHOCTU CYLLECTBYHLLINX
MOCTOB.

Introduction

A large number of eminent scientists, mechanics and engineers were involved in the study of
reliability and the development of methods for its evaluation of various building systems. Considering the
fact that this article deals with a certain element of the bridge structure — the beam span of the railway
bridge, the following scientists and engineers deserve special attention: A.R. Rzhanicyn [1], K. Kapur and
L. Lamberson [2], V.N. Smirnov [3, 5-8], V.V. Kondratov [4], V.V. Bolotin [9-11], J.G. Panovko [12] and
many others.

Performance of the railway transportation network depends on the reliability of railway bridges.
Developments in this field in the US sponsored by the U.S. Department of Transportation Research and
Innovative Technology Administration [13].

Current high-speed railway (HSR) bridge design adopts the design concept which increases the
stiffness of existing bridge introducing impact factor at the static load condition. However, given the
extended total length and high speed of HSR system which has significant effect on resonance
phenomenon, the in-depth evaluation of its dynamic performance shall be implemented. The optimal
design of HSR bridges based on expected life-cycle cost (LCC) was very critical in securing the economic
efficiency and the research has been underway in various ways [14].

The optimal policy has to be chosen based on minimum expected total LCC criterion including its
effect on structural reliability and the expected costs associated with failure [15-18].

The results from the reliability analysis for the fatigue limit state are presented for various time
periods from 10 to 100A years and three cases of operating conditions [19-21].

As reported in Wisniewski et al. 2012, several years of research at National, European and
International levels, including several European Projects, as well as practical implementations of these
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concepts on specific projects have demonstrated the benefits of incorporating advanced assessment and
load rating in bridge assessment codes. However, the proposed advanced assessment methods for
bridges as presented in the previous chapters are not yet included in most of the codes and
recommendations or national or international regulations, where a standard basic assessment is normally
applied. However, several countries have already included in their codes the possibility of using to some
extent the proposed methods [22-27].

At the present moment, none is fully implementing all possible choices. It also becomes evident
that USA and Canada are the countries where more of the proposed advanced methods are considered.

The European Convention for Constructional Steelwork (ECCS) has in its Technical Committee 6 —
Fatigue (that also laid the basis for EN 1993 — Eurocode 3 — Part 1-9 — Fatigue) agreed to support the
preparation of such European technical “Recommendations for the estimation of remaining Assessment
of Existing Steel Structures; Remaining Fatigue Life First edition 2008 iv fatigue life”, that could be used
as a basis for harmonising National procedures and for the further evolution of the Eurocodes [28].

This article is devoted to solving the problem related to the assessment of the reliability of beam
span structures of railway bridges. The urgency of this problem stems from the need to improve the
regulatory framework for the design of railway bridges, designed for high-speed traffic and mixed cargo
and passenger traffic, and the development of special technical conditions (STC).

As the analysis of the existing regulatory framework shows, it is necessary to ensure that a
relatively heavy load passes from the special technological rolling stock when planning work on the
maintenance of the railway track, as well as during the liquidation of the consequences of accidents and
other emergencies. The class of this load corresponds to C11, which is 78.5 % of the load of class C14,
which is calculated for bridges on public railways.

In practical terms, the author proposes a technique for express estimation of the reliability of span
structures, taking into account the skipping load exceeding the estimated design.

Allowable rail car loads are also expected to be increased by 10-20 % over the next few years.
Knowledge of the current loadings to which railway bridges are subjected is imperative for accurate
bridge evaluation.

Task description

Represented in foreign norms and rules (Eurocode, AAHSTO) methods for assessing the reliability
of beam span structures of railway bridges include absolutely different algorithms for estimating and
deducing the final result, which makes this express method developed and presented by the author in
this article as original and separate as possible.

The live loads and dynamic amplification factors in the design codes are given for the design of
new structures and can therefore be very conservative in some circumstances leading to structures
failing their assessments. Consequently, it is often beneficial to use site-specific live loads and dynamic
amplification factors when assessing existing railway bridges. In fact, this has been recognized
worldwide.

The basis of the supposed approximate method for determining the reliability parameter and the
probability of failure-free operation of the span structure according to the first limiting state (providing the
carrying capacity) is the determination of the value of the mobile load intensities g (kN/m), corresponding
to the limits of the normative and design fail-safe regions for given real geometric characteristics of the
principal beams of span structure.

With this rapid assessment, it is considered that the refusal is of a sudden nature.
The failure group and the failure tree are not analyzed.

The intensity values indicated above are determined from the equation of the first limiting state:
2mkRI A=, pQ | +n,q, (1+ £)Q, 1)

where m — operating ratio;

k — material resistance factor;
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n, and N, — respectively, the reliability coefficients for the constant and temporary loads;

R™ — the standard resistance of the material, the values of these guantities are regulated by the
relevant documents (SNiP);

p and q — intensity of constant and temporary loads;

Qpand Qq — the area of the lines of influence of the bending moment loaded respectively by the
constant and temporary loads.

From the equation of the limiting state (1), the values of the intensity of the movable load 0,

corresponding to the boundary of the normative region of fail-safe operation:

_ 2mkR"A—n,p"Q,

@)
n2 (l+ /’I)‘Qq

Q.

The boundary of the calculated region of fail-safe operation corresponds to the value of the
intensity of the movable load @, , obtained from equation (2) with N, =n, =1, M= 1nk=1.

2RYA-p"Q,
Qe = 3)
(1+wQ,
Safety factor at pass of normative loading Q, = qH [1]:
Gese — Qs p-1 p-1
V:A_’_A:lA A:\szwz' 4)
Qs + G a/q**+q* RAT+Wg

Qs «

where f=——, Q,, and Q, — variance of random variables,
0,

WR? and V\/q2 — coefficient of variation of the standard resistance and the normative load.

The probability of failure-free operation of the span structure when passing the normative load q is
given by:

p=tio p-1

W awe | ©)
W 87+ W,

s | the value of the Laplace function.
V ; “Rﬁ +Wq

If the load exceeds the normative one, according to SNiP, equation (5) takes the form:

p=tio p-1

| (6)
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where ' =

From the point of view of mathematical statistics, the mathematical expectation is shifted to the
right and together with it the whole curve of the density of the load distribution without changing the

shape of the curve.

We will estimate the value of the reliability index when passing over the span structure of the load,
which is 15% higher than the standard load, with the values of the parameters f=1.1+1.5, W; =0.05

and V\/q =0.0833.

The results of calculating the reliability index as a function of the change in the calculated
parameter B are shown in Figures 1 and 2, respectively.
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Figure 1. The values of the parameter P for the movement of the normative load
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Figure 2. The values of the parameter P when moving the normative load, increased by 15%
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Analyzing the graphs presented in Figures 1 and 2, it can be concluded that with an increase in the
design load, there is a clear decrease in the reliability index, which is approximately 0.2 %.

Influence of the laws of distribution of extreme values of maxima for load and minima for
strength

Equations 5 and 6 can be used when making the distribution laws of generalized loads and
strengths different from the normal distribution laws.

For example, when accepting as distribution laws the Gumbel law (the law of distribution of
extreme values) - the maximums for the load:

X_
F(Q) = ep —exp{— b%} , )
Q
and minima for strength:
X_
F(R)=1-exp —exp( aQJ , (8)
bQ

using the first members of the Edgeworth series [2].

We obtain an analog of equation (1) for the probability of failure-free operation:

- ' (b, +b
bl o % OO b | o

V4
2 KA /sz N sz
J6
where, T''(1) = -0.57721 — first derivative of the gamma function I"'(x) with respect to x at the point
x=1

The analogues of equations (5) and (6) are:

b, +b
B-1+T'(Q) =—2
Q.
pi=lio , (10)
2 2 2
r |b”+bg
a, 6

(bR +bQ]
L -1+T'(1 T

7 b +by”
q 6

Application of the method for estimating the reliability of span structures intended for the
movement of high-speed trains

1
P=—+® 11
5 (11)

When assessing the reliability of the span of bridges on highways designed exclusively for high-
speed traffic, one should take into account the difference in the loading scheme of the influence lines by
the time load in comparison with the loading scheme for Russian Construction Norms and Regulations
SNiP 2.05.03-84 *.

In accordance with the "Instructions for the design of bridges for the main section of the Leningrad-
Moscow high-speed passenger highway Center-South" (1990), a trainload was introduced from a
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specialized passenger electric vehicle with a design speed of up to 350 km/h in the form of a
concentrated cargo Pi 180 kN and 170 kN.

Equivalent load is calculated by the formula:

2Ry
qequal = 9 ! (12)

where, y; — ordinate of the influence line under the load P;;

Q - the area of the influence line (for the length of the influence line 4 = 50...100 m it was
33.89 kN/m and 29.36 kN / m, respectively, instead of 138.3 kN / m and 137 kN / m according to Russian
Construction Norms and Regulations SNiP 2.05.03-84%).

24
30+ 4

The value of the dynamic coefficient 1+ £¢ increased and became equal to 1+ gz =1+

18
instead of 14+ 1 =1+ m in Russian Construction Norms and Regulations SNiP.
+

he load reliability factor is n2 = 1.15 regardless of the length of the load.

The value of the intensity of the mobile load corresponding to the boundary of the normative fail-
safe area can be determined from expression (2), taking into account the changed parameters.

Similarly, the expression (3) is used to determine the value of g **.

The value of the coefficient  determined by formula (4) differs little from that obtained for
passenger-and-freight railways, since it does not depend on the dynamic coefficient very much on the
value of the numerators of expressions (2) and (3).

The coefficient of load reliability for a span structure at A = 50 m, calculated according to the
"Instructions" and Russian Construction Norms and Regulations SNiP 2.05.03-84 * practically coincide.

In accordance with the STC for the design, construction and operation of the high-speed Moscow-
Kazan-Yekaterinburg railroad developed at the MRIT in 2013, equivalent loads from high-speed rolling
stock have increased for span structures of | =50 m and 100 m, respectively 3 % and 1.7 %.

V.V. Kondratov on the basis of theoretical and experimental studies, a new approach to the
designation of a dynamic coefficient for high-speed motion was proposed [3]:

1+ u=1l+a K+ (13)

20+ /¢

U
where, a = ——, K=0.8

2f 1

f — basic frequency of free oscillations of the span structure, Hz;

{ — calculated span, m;

U —travel speed, m/sec.

For span structures ¢ = 50...100 m, the values of the dynamic coefficient are 1.3 ... 1.2 instead of
the minimum value adopted for Russian Construction Norms and Regulations SNiP 2.05.03-84 * when
calculating for strength 1.15..

According to the requirements of the normative documents for the construction of bridges at the
bridge, these bridges must provide access to technological structures and transport units, with loading
characteristics not exceeding the normative load of C11 (for the span structures ¢ =50...100 m is
108.66 kN/m and 107.64 kN/m, respectively 3.2 times the value of the standard load for high-speed
rolling stock) at speeds of up to 120 km/h [4].

Consequently, in most cases it is the admission of a special load that is calculated to ensure the
guaranteed load-bearing capacity of span structures.
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Results and Discussion

Taking into account the structural reserves of strength, reflected in the values of the geometric
characteristics of section A, and taking into account the reliability coefficients adopted in Russian
Construction Norms and Regulations SNiP for materials and loads under extreme conditions, in a limited
number of implementations, the load on beam girder bridges is allowed to exceed the design load by
20 ... 25% if the probability of failure-free operation of span structures (no sudden failures) is not lower
than 0.95.

The AASHTO LRFR code (AASHTO LRFR, 2003) for Load and Resistance Factor Rating (LRFR)
uses similar reliability based assessment principles and the load rating process to those of
CAN/CSA-S6-06 [29, 30].

If, as a limiting state, the plastic hinge is formed in the main beam and the moment of resistance W

W
is replaced by the plastic moment of resistance Wy, then A:%, where, h — height of the main

beam, the probability of failure-free operation when the above load is skipped increases to a value of
0.97 ... 0.98.

Due to the greater static stability of the load from the high-speed rolling stock, the probability of
failure-free operation for the span structures of bridges on the HSR at a 10% excess of the standard load
from the high-speed rolling stock is 0.99.

If the load from the special rolling stock is missed in case the load of the normative value for the
C11 class is exceeded by 27 %, which corresponds to the skipping of the load of the C14 class, the
reliability index decreases by 5.8 %.

Conclusions

1. The technique of express evaluation of beam span structures of railway bridges located on the
railway network is developed, both with the usual driving mode and with high-speed.

2. The developed methodology allows to justify the possibility of skipping the load exceeding the
design estimate for planned maintenance of the railway track, as well as for the elimination of the
consequences of accidents and other emergencies with an acceptable degree of reliability.

3. This technique is based on special technical conditions (STU) and complements and is
consistent with the foreign technical documentation related to the design of railway bridges on high-speed
highways.

This technical method for rapid assessment of the reliability of span structures of beam railroad
bridges be used as a basis for harmonizing National Standard and for the further evolution of the codes.
Bridge authorities are therefore interested in agreed methods to assess the safety, reliability, durability of
existing bridges.

The need to increase the lifetime of beam girder bridges, which have the highest percentage of
distribution worldwide, and require a continuous assessment of operational reliability, determines the
relevance of the calculations.

The application of the theoretical provisions outlined in the work makes it possible to provide the
methodological support for the integrated system for assessing the suitability for the operation of beam
girder bridge bridges with significant operating times and with increased operational loads, both in load
and speed, which corresponds to the recent trend in the operation of the railway transport.
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Expanding cements hardening within
the limited deformations conditions
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Abstract. The features of expanding cement strength and structure formation at different
constrained deformation conditions were studied (without constraint of deformations, uniaxial constraint
of deformations, biaxial constraint of deformations, and triaxial constraint of deformations). The study was
conducted for three doses of 5 %, 15 % and 25 % of expander on the calcium sulfoaluminate basis in
Portland cement of CEM 42.5 mark. For experimental data interpretation in the analysis of structure and
phase composition, the combination of methods of x-ray diffraction, differential scanning calorimetry and
scanning electron microscopy were used. The constraint of expansion deformations has a significant
impact on the volume and nature of the expanding cement pore structure, and leads to the formation in
the volume of cement stones of black agglomerates, which represent the mixture of portlandite and
ettringite crystals, uniformly distributed in the amorphous CSH-phase. It has been established that by
increasing the expander amount and the degree of deformation constraint increases the number of black
agglomerates and an increase in compressive strength.

AHHOTaumAa. W3syyanucb 0cCODeHHOCTM Habopa MNPOYHOCTM U CTPYKTYypoobpas3oBaHus
PacLLMPSIOLNXCA LEMEHTOB B pasfWYHbIX YCMOBUSX OrpaHudeHus gedopmaumin (6e3 orpaHnyeHus
Jedopmauun, OOHOOCHOE oOrpaHudeHve Aedopmauui, [OBYXOCHOE orpaHudeHve aedopMauii,
TPEXOCHOE orpaHuyeHne gedopmaumn). NccnegoBaHus NpoBeAeHbl AN Tpex Ao3mpoBoK 5 %, 15 % wu
25 % pacwumpsiowienca gobaBkm Ha OCHOBE CyrbgoantoMuHaTa Kanbuus B MOPTAaHOLEMEHT MapKu
CEM 42,5. Ina vHTepnpeTauum 3KCNEepUMMEHTamnbHbIX AaHHbIX NPW aHanuse CTPYKTypbl U hasoBoro
cocTaBa Wcrnonb3oBanacb KOMOMHaUMS MEeTOAOB PEHTreHOBCKOM Audpakumu, auddepeHumanbHom
CKaHVPYIOLLEN KaropuMETPUM U CKaHUPYIOLLEN 3NEKTPOHHOW MuKpockonuu. OrpaHudeHne gedopmauni
pacliMpeHns OKa3blBaeT CyLIECTBEHHOE BIMSHME Ha OOBLEM UM XapakTep MOPOBOW CTPYKTYpbI
paclIMPSIOLLEroCs LIEMEHTa, a TaK Xe MpUMBOAMT K popmMupoBaHMio B 0ObemMe 3aTBepAeBLUErO
LEMEHTHOrO KaMHS YEPHBIX arfoMepaToB NPeACcTaBnsoLLNX cOOON CMeCb KpUCTannoB NopTnaHauTa um
ATTPUHINTA, PaBHOMEPHO pacnpegenéHHblx B amopdHon CSH-hase. YcTraHOBNEeHo, 4TO npwu
YBEJTMYEHUN KOJTMYECTBA pacluupsitollert JobaBkM M CTENEHUM OrpaHuydeHus aedopmauui Bo3pacTaeT
YUCIIO YEPHBIX arnomepaToB U HAbngaeTcs POCT NPOYHOCTU NPU CKaTUN.

Xapuenko W.4., ITycrorap A.IL., [Tamkesuu C.A., Epemun A.B., UBanosa U.C., baxxenos FO.M., Xapuerko A.U.
T'uaparaiys U CTPYKTYpOOOpa30BaHKHE MPU TBEPACHUH PACIIMPSIONIMXCS [IEMEHTOB B YCIOBHUSIX OrPaHHYCHHBIX
nedopmaunii // MaxenepHO-cTpouTenbHbIH sxypHai. 2017. Ne 7(75). C. 161-170.
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Introduction

One of the areas of effective use of expanding cements and concretes based on them is butt joints
sealing of concrete and reinforced concrete structures [1, 2]. Controlled expansion allows ensuring the
functional characteristics uniformity of structures [3-5]. For these purposes, high workability mixtures are
mainly used [6], which evenly fill the butt joints volume and the hardening at the flat or volumetric
constraint deformation conditions expansions [7-8]. The energy, released during the expanding cement
system hardening, is spent for prestressing of the butt joint concrete that provides the hardening concrete
structure compaction and creates reinforcement stress when butt joint reinforcing. The uniformity of
sectional construction functional characteristics with butt joints sealing using expanding concretes is
determined not only by the concrete composition and expanding cement properties [9-12], but also by
the expansion deformation constraint conditions.

There are publications of volumetric expansion magnitude studies [13-16], which describe the
structure and properties formation mechanisms, depending on the expansion deformation magnitude,
expanding cement composition and hardening conditions in the absence of constraint of expansion
deformations, while for sulfoaluminate systems the main criterion for expansion is the crystallization
pressure, caused by ettringite intense crystallization [17, 18]. However, the structure and properties
formation mechanisms of expanding cements at the constrained deformation conditions have been
studied to date only in part of the reinforcement post-stress by the expanding concretes [19].

Materials and method

In order to study the influence of constrained deformation conditions on the structure and
properties of hardened cement stone and concrete, on its basis the comprehensive studies of expanding
cement were made, prepared by homogenizing of the base portland cement of CEM 42.5 mark with low
content of C3A= 3.2% and expander on the calcium sulfoaluminate and calcium sulfate dihydrate basis in
stechiometric ratio, required for the ettringite formation. The expanding cement is prepared by
intergrinding of Portland cement with expander components in the amount of 5 %, 15 % and 25 % by
Portland cement mass [20].

The study of expanding cement properties at the different constrained deformation conditions were
conducted in accordance with method [16], through the preparation of cement-sand mortar in the ratio of
the expanding cement: sand = 1 : 1 with water-cement ratio of 0.30.

To determine the linear expansion the beam samples with dimensions 40x40x160 mm were made.
Measurement frequency was 1, 2, 7, 14, 21 and 28 days. Linear expansion of each beam sample (%),
was calculated according to the following formula:

Al =[(n, —n,)/1]x100, (1)
where nl — a reading taken during the measurement of a beam sample that was released from the mold
after 1 day from the start of cement mixing, mm;

| — length of the standard sample, | =160 mm.

As a linear expansion of tensile cement the average results of three measurements of beam
samples was assumed.

The result was rounded to 0.01 %.

The constraint of deformations was carried out using the dynamometric rings for biaxial constraint
of deformations and with the use of dynamometric conductors for uniaxial constraint of deformations
(Fig.1). The expansion pressure of the beam sample in the ring (MPa) was calculated according to the
following formula:

o =2Al, 2
where Al — deformation value of the ring in the direction of the sample axis, mm.

The cement expansion pressure was calculated as an average result of three measurements of the
beam samples molded from a single batch. Calculations were carried out with accuracy of 0.01 MPa.

Kharchenko I.Ya., Pustovgar A.P., Pashkevich S.A., Eremin A.V., Ilvanova l.S., Bazhenov Yu.M., Kharchenko A.I.
Expanding cements hardening within the limited deformations conditions. Magazine of Civil Engineering. 2017.
No. 7. Pp. 161-170. doi: 10.18720/MCE.75.16.
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Figure 1. The influence of expansion deformation constraint degree on the change in volume of
the expanding concrete of B 35 grade (2 + 4).

1 - fine-grained concrete without expanders at normal hardening; 2 — fine-grained concrete with
15% of expander, the hardening without the deformation constraint (expansion is 185 mm/m);
3 —fine-grained concrete with 15% of expander, uniaxial expansion constraint (expansion
pressure is 3.9 N/mm2); 4 — fine-grained concrete with 15% of expander, biaxial expansion
constraint (expansion pressure is 15.3 N/mm2)

The study of the structure and properties of expanding cement at the triaxial expansion constraint
conditions was conducted according to the method [21], the cement-water paste of normal density for the
manufacture of samples was used. For studies of the influence of triaxial deformation constraint on the
structure and properties of expanding cements and concrete, the measuring chamber was used. The
overall view of the measuring chamber is shown in (Fig. 2). The camera consists of a massive metal
vessel with the screw cap. The cap is equipped with a liquid pressure gauge and valve for air drain from
the chamber. The samples of cylindrical shape of diameter 50...70 mm from the cement stones or
cement-sand mortar are prepared for studies, the ends of which are closed with plastic washers of
appropriate diameter, which eliminates the contact of the sample with outdoor environment.

-~

¢ LB

Figure 2. Measuring chamber for the structure and properties of expanding cement study that
hardens at the isotropic deformation constraint conditions

Xapuenko W.4., ITycrorap A.Il., [Tamkesnu C.A., Epemun A.B., Visanosa U.C., baxxenos 10.M., Xapuernko A.U.
I'mapaTanus U CTpyKTypooOpa3oBaHHE TPH TBEPICHUH PACIIUPSFONIMXCS EMEHTOB B YCIOBHSAX OTPaHUYEHHBIX
nedopmaumii // MaxenepHo-cTpouTenbHbIid sxxypHai. 2017. Ne 7(75). C. 161-170.

163



M agazine of Civil Engineering, No. 7, 2017

After hardening at normal conditions for 24 hours, the samples are released from the formwork and
placed in a heat-shrinking tube of the appropriate diameter, which, after short-time heating with hot air, is
securely pre-stress the sample all around except for its contact with the outdoor environment. In this
case, the expandable tube can deform without preventing the expansion process. The prepared sample
is placed in a measuring vessel filled with water, went trough a preliminary treatment for air elimination.
The vessel is tightly closed with screw cap. In the vessel there is a pre-stress of 0.01 MPa, which is taken
as the initial reference. The measuring chamber is in the room with a constant temperature of 20 °C to
complete stabilization of the expansion process. Indicators of the pressure gauge are recorded every
hour in an automatic mode with the use of special recording device.

Studies of the composition of hydration products were carried out using quantitative X-ray
diffraction (XRD) and differential scanning calorimetry (DSC) methods. X-ray phase analysis was carried
out on a powder X-ray diffractometer ARL XTRA (Switzerland) equipped with a narrow-focus tube
2200 W (Cu anodes) and an energy-dispersive solid-state detector with a Peltier cooler. The registration
of the diffractograms was carried out in a step-by-step mode (with a step of 0.02° 20), in the angle range
20°=4-70°. For qualitative phase analysis, the database ICDD PDF-2 was used. The analysis was
carried out on interplanar distances in manual mode using the Hanavalt method and in semi-automatic
mode using the software Oxford Crystallographica Search Match. Non-standard quantitative X-ray phase
analysis by the Rietveld method was carried out using the software Siroquant 3 Sietronics Pty Ltd. For all
phases, the following parameters were specified: scale factor, zero offset of the instrument counter,
background parameters (the Chebyshev polynomial of 5" degree), unit cell parameters. Also, the profile
parameters varied during the adjustment - the profile function Pearson VII (U, V, W in the Kalotti
dependence) was used.

To study the thermal behavior of the samples, the apparatus for carrying out thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) SETARAM LABSYS TGA / DSC / DTA
(France) was used. The obtained samples were abraded in an agate mortar with an agate pestle and
then sieved through a sieve with a 008 cell. The abrasion process was repeated until the entire sample
passed through a sieve. Then we weighed a sample of each sample with a mass of 50 + 2 mg and
weighed on an analytical scale with an accuracy of 0.0001 g. The sample was then placed in a corundum
crucible for analysis. Measurements of the thermal behavior of the samples were carried out in a
temperature range of 50 °C to 1000 °C with a stabel heat rate of 10 °C/min in the atmosphere of air.

The microstructure of the samples was studied on a FEI Quanta 200 scanning electron microscope
with an Apollo 40 elemental analysis attachment. Samples were fixed to the sample holders with carbon
scotch tape. Studies of the microstructure were carried out in the regime of deep vacuum.

Results

Figure 3 presents the results of a study of the compressive strength of fine-grained concrete,
depending on the conditions of limited expansion deformations.

It was found that with an increase in the degree of deformations restriction, an increase in the
compressive strength is observed. In the case of triaxial and biaxial constraints, an increase in strength is
observed with an increase in the amount of the expanding admixture in fine-grained concrete. With
uniaxial deformation constraint, the drop in strength is observed when the content of the expanding
additive in the cement is 15 %. During the hardening process of the fine-grained concrete with expanding
admixture without deformation restrictions, the compressive strength decreases even when the content of
the expanding admixture in cement is 5 %.

It has been established that with increase of the deformation constraint degree there is the
increase in strength under compression. In the case of biaxial deformation constraint, the strength
increase is observed with the expander amount increase in the fine-grained concrete composition. The
strength growth under compression for uniaxial deformation constraint is terminated when the expander
content in the fine-grained concrete is 2.5 % by the total mass. While fine-grained concrete hardening
with the expander without deformation constraint, it significantly reduces the strength with the expander
content increase more than 0.5 % by the total mass. That confirms the results of fine-grained concrete
strength properties studies on the expanding cements basis [22-26], where a sharp decrease in strength
with calcium sulfoaluminate content increase in the expanding cement composition was observed [16, 27,
28].
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Figure 3. The influence of expansion deformation constraint conditions on the strength under the
concrete compression: 1 —without deformation constraint;
2 —uniaxial deformation constraint; 3 —biaxial deformation constraint;
4 —triaxial deformation constraint

The analysis of the study results showed that the expansion deformation constraint has a
significant impact on the volume and nature of the expanding cement pore structure while hardening. It
also has been established that the extent of this influence increases in proportion to expansion potential
capacity increase.

B Unrestrained

30 - expansion
@ Uniaxial expansion

MPa

1 2

Figure 4. The influence of constraint degree of the expansion process on the strength under
compression, porosity and expansion pressure: 1 —strength under compression;
2 — pressure under stable expansion

As the expansion potential capacity, the expansion value during sample hardening without
deformation constraint at normal temperature-humidity conditions has been established (temperature —
20 °C, humidity — 50%) [21, 29]. During the introduction in the base cement composition of 5 % of
expander, the deformation constraint degree has not substantially influence on the cement stone strength
and pore structure. Compared to the base Portland cement strength under compression, the strength
under compression increases by 6-8% regardless of the constrained deformation conditions.

During the introduction in the cement composition of 15% of expander, the expansion potential
capacity increases by 12 mm/m and in this case, the sample strength under compression, hardening
under the uniaxial and biaxial expansion constraint increases by 7 % and 10 % respectively (Fig. 4). At
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the same time, the significant differences in volume and nature of the pore structure were not
established. While expanding cement hardening, which contains in its composition 25% of expander, the
expansion potential capacity increases by 185 mm/m. In this case, while uniaxial expansion deformation
constraint the self-destruction of concrete structure at the sample centerline is observed that do not have
expansion constraint (Fig. 1). While biaxial deformation constraint, a fairly dense and solid structure of
cement stone is formed (Fig. 3) and deformation in “free” direction does not exceed 5% of the expansion
potential capacity value.

Of special scientific and practical interest are the study results of expanding cement structure
formation processes under triaxial expansion deformation, when trough the entire volume of hardened
cement stone the anomalous inclusions of the black color are fairly formed, which optically resembles the
filler grains with a size of 0.1 to 5.0 mm. (Fig. 5)
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Figure 5. The formation of black aggregates in the cement stone volume, hardening at isotropic
deformation constraint conditions (left sample) and the absence of aggregates during hardening
without deformation constraint (right sample) at an expansion potential capacity of 185 mm/m

The studies performed using optical polarizing microscope and electronic scanning microscope,
did not allow identifying a clear border zone between the cement stone matrix, which has a gray color
and black agglomerates. The agglomerate microstructure is extremely dense, continuous, and
substantially free from micro cracks and pores. In this case the studies of hydration products, performed
using DSC and XRF analysis has allowed establishing that for the cement stone matrix the predominant
content of hydrosilicate phase and hydrosulfoaluminate of monosulfate form is typical.

Table 1. The results of XRF, DSC and ISA of hydration products after the statistical
processing

Hydration products Sample 1 Sample 2 Sample 3 Sample 4
Ettringite 36.7 % 62.3 % 57.7% 55.8 %
Monosulfate 22 % small amount small amount small amount
Portlandite 4% 5.8% 5.4 % 4.9 %
Calcite 6.4 % 9.0 % 10.2 % 8.9 %

Note: sample 1 — grey part or matrix; samples 2 and 4 — black agglomerates; sample 3 —transition
zone between the “matrix” and black agglomerates.

In the study of the black agglomerate phase composition, a preferential content of ettringite was
established, as well as the high content of portlandite and calcite, the number of which is more than
1.5 times higher than their content in the cement matrix (Table 1).

Thus, the above crystallohydrates are located in a dense environment of CSH-phase. Using X-ray
microstructural sensing of different zones of black agglomerates, the presence of only AFt-phase was
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established, while in the section zone of black agglomerates and the gray matrix, a preferential content of
AFm-phase was established. This can be explained by increased water demand of crystallizing AFt -
phase, at which point in adjacent regions, containing sulfates and calcium, reactive water and the sulfate
component is sufficient only for the AFm-phase formation. In the main volume of the black agglomerates
there is a mixture of crystals of portlandite and ettringite, uniformly distributed in the CSH-phase. In this
area there are ordinary ettringite crystals of in the form of needle-like prisms, and its morphological
structure resembles the form of fused crystals (Figs 6 and 7).

Figure 6. Mixed crystal of hydration products (ettringite, portlandite, hydrosilicate) in the black
aggregate volume: zoom x10000

%
2

T :
Figure 7. Transition zone between the black agglomerate and gray matrix, zoom x10 000:
ettringite, portlandite, silicate hydrate, calcite

-
s

Discussion

The number and density distribution of black agglomerates in the cement matrix volume increases
in proportion to the pressure magnitude, developing in the process of expanding cement hardening in the
complete expansion deformation constraint. The emergence of black agglomerates was identified in the
expansion pressure exceeding 0.4 MPa, The process of their formation is probably associated with the
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reaction system equilibrium state disturbance at the isotropic expansion constrained deformation
conditions and change of component chemical potential, involved in the development of hydration
reactions. It has a significant impact on changing the crystallohydrate habit with preferential formation of
microcrystalline forms, as well as high content of CSH-phase in the black agglomerate volume. In
accordance with the Taylor’s theoretical views [30], the morphology of the forming crystallohydrates is
primarily determined not only by the ion ratio in the reaction medium, but the temperature and humidity
and adiabatic conditions, under which the hydration processes are developing.

The distribution of individual black agglomerates by the volume of hardening cement stone may be
a result of sulfoaluminate expander mixing with the base Portland cement while preparing a dry mixture
and cement-water paste and during the introduction of water of mixing. In this case the calcium
aluminates function as centers of crystallization, and the growth rate and the size of the producing
crystallohydrates in the aquatic environment are determined by diffusion processes at the interface of the
reaction phases.

Optical anomalies, such as established in the study of structure formation processes of expanding
cements at the full expansion constrained deformation conditions, exist in cement silos and filters on the
cement plants, when while their cleaning the layers of hardened cement stone with separate inclusions
are removed, which are of the dark gravel form [31].

Conclusions

Experimentally determined anomalous phenomena during expanding cement hardening on the
calcium sulfoaluminate basis at the expansion constrained deformation conditions are determined by the
combination of two processes — structure strengthening due to hydration sulphoaluminates and silicates
of calcium and the ettringite formation, thus the constraint of the deformation on the one hand increases
the degree of self-stress, and on the other hand reduces the role of structure plasticity of cement stone
newgrowths while hardening, which allows in wide ranges modifying the concrete properties on the
expanding cement basis and ensuring the uniformity of the structure functional characteristics. Further
theoretical and experimental studies of expanding cement hardening on the calcium sulfoaluminate basis
at the expansion constrained deformation conditions opens up new possibilities for obtaining concrete
products and constructions with the structure and properties, commensurate with ceramics, but without
the use of cost demanding processes, only by chemical energy, released during the hydration of
sulfoaluminate systems.
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The interaction between the kaolinite or bentonite clay and
plasticizing surface-active agents

B3anmoaencrteme KaonmHoBoW U OEHTOHUTOBOW NH
C NnacTUUUUPYOLLMMK NOBEPXHOCTHO-aKTUBHLIMW BELLLECTBAMMU

P.E. Bulanov, AccucmeHm kaghedpbi a8MomMo6usibHbIX
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Abstract. The influence of a number of superplasticizers of various chemical bases on the physical
and technical properties of clay soils has been studied. Model soils are considered as clay soils: kaolin
clay with kaolinite mineral content up to 95 %, bentonite clay with montmorillonite content up to 70%. The
greatest increase in the physical and technical properties of clay soils is achieved when they are modified
by a polycarboxylate superplasticizer, which is due to adsorption of polymer molecules on clay minerals
even with a negative charge of chips and basal planes. This is explained by the ability of side chains of
the polycarboxylate ester, which has a similar composition with polyethylene glycols, to be adsorbed on
the aluminosilicate layers of clay minerals by the formation of hydrogen bonds. The interaction of kaolinite
and montmorillonite included in kaolin and bentonite clay with a polycarboxylate superplasticizer was
studied by infrared spectroscopy. It was found that the additive under study belongs to a type of
polycarboxylate superplasticizers modified with organo-silanes. Introduction to kaolin and bentonite clays
leads to chemisorption with clay minerals and the formation of organomineral bonds, which leads to an
increase in the strength characteristics of clays.

AHHoTauuA. [llpoBedeHbl MUccnefoBaHUS BNUAHUA psda  cynepnnacTuuKaTtopoB pasfnnyHON
XUMWYECKOW OCHOBbI Ha (OU3MKO-TEXHUYECKME CBOMCTBA [MMHUCTBIX FPYHTOB. B KayecTBe rMMHUCTBIX
FPYHTOB PacCMOTPEHbI MOAESbHbIE TPYHThI: KAONMHOBAs [MMHA C cogepXXaHMem MuHepana KaonvHuta
00 95 % n 6eHTOHMTOBAs MKNHA C cogepXaHmemM MoHTMopunnonnTa ao 70 %. Hanbonbluee noBbileHME
PU3MKO-TEXHUYECKMX  CBOWCTB  MMUHUCTLIX  FPYHTOB  AOCTUralTca npu  moguduvkaumm  umx
nonukapbokcunaTHbIM cyneprnactugmkaTopom, YTo 06ycnoBneHo agcopbumen Mornekyn nonuMmepa Ha
IMUHUCTBIX MUHepanax gaxe Mpu oTpuuaTenbHOM 3apsiie CKOMoB M GasanbHblX MITOCKOCTEN. JTO
ob0bsicCHAIeTCA CNOCOBHOCTBIO OOKOBLIX Lenen admpa nonvkapbokcunaTta, MMEKLWNA aHanorm4yHbIn
CoCTaB C MONMUITUNEHININKONSAMK, apacopbupoBaTbCA Ha  antOMOCUITMKATHBLIX CMOSAX  FMUMHUCTBIX
MUHeparnoB nocpeacTBOM OOpa3oBaHMsS BOAOPOAHbIX cBsA3en. Metogom WK-cnektpockonuu usy4veHo
B3aUMOENCTBUE KAONMHMUTA U MOHTMOPUITIIOHMTA, BXOASALWMX B KAONIMHOBYIO U OEHTOHMTOBYHO TMUHBI C
nonvkapbokcunaTHbIM cynepniactTudukaTopoM. YCTaHOBMEHO, YTO nccrnegyemasi fobaBska OTHOCUTCS K
TMNY  NonuKapbOKCUMnaTHbIX  cyneprnacTuumkaTtopoB,  MOAUMULMPOBAHHBIX  OpraHo-CuaHamu.
BeegeHne B kaonMHOBYKO W OGEHTOHWUTOBYHO [MMHbI, MPUBOOAMT K XEMOCOPOLUMU C  MMHUCTBIMM
MUHepanamMmu u obpasoBaHN0 OpraHOMUHeparnbHbIX CBSI3eN, YTO NPUBOAMUT K MOBbLILLEHNIO MPOYHOCTHbIX
XapaKTepPUCTUK FMVH.
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Introduction

Clay soils have a wide range of mineral composition and consist of different types of clay and non-
clay minerals [1, 2]. They are the product of weathering of feldspathic and other silicate rocks, composed
mainly of montmorillonite, kaolinite and hydromica with an admixture of mainly relict minerals — quartz,
mica, secondary calcite, opal and others. Kaolinite and montmorillonite are the most common clay
minerals including in soils. Kaolinite — is a relatively stable mineral contained relatively in large quantities
in many clay soils (Al2032Si02:2H20). The montmorillonite (2Al203°2Si02+4H20) is the second most
occurring clay mineral. It is formed under alkaline conditions in marine sediments and in the weathering
crust. It belongs to a subclass of phyllosilicates, has the ability to a strong bulking [3]. Usually clay soils
are subdivided on mineral composition into monomineral (kaolinite, montmorillonite, illite, etc.) and
polymineral consisting of various clay and relict minerals [4, 5].

It is known that intromission of different surface-active agents into clay soils changes its structure
and properties [6]. This is because of the presented in the soils finely dispersed and colloidal particles
leads to significant increase the total surface of the partition between solid phase and liquid medium and
hence to increase the free surface energy [7]. This allows to increase the physical and chemical activity
of the patrticles, to increase the adsorption capacity of the surface, that allows the surface-active agents,
concentrated on interfaces, to form the finest adsorbed layers, dramatically altering the molecular nature
and properties of the soil surface [8].

Previous studies [9] have shown that the polycarboxylate superplasticizers compared
with plasticizing additives, other have the greatest effect on increasing of physical and technical
properties of soil-cement in accordance with Russian State Standard GOST 23558-94. It is also
determined by a number of positive effects of polycarboxylate superplasticizers on the physical properties
of clay soils with different mineral composition [10]. However, the effect of plasticizing surface-active
agents with various chemical bases on the physical and strength properties of clay soils has not been
sufficiently investigated.

In this way, the aim of the work was to determine the most effective plasticizing surface-active
agents for kaolinite and bentonite clay on the bases results of experimental studies.

To achieve this aim, the following tasks are formulated:

1) to study the influence the plasticizing surface-active agents with various chemical bases
on properties of kaolinite and bentonite clays by methods of laboratory studies of the construction and
technical properties of soils;

2) to investigate the interactions between considering clays with the polycarboxylate
superplasticizer by the infrared spectroscopy.

Materials and methods of research
The following clay soils were used for the research:

1) kaolinite clay (KC) with the plasticity index 18.07 and content of sandy particles 6.02 %, pH of
agueous extract 8.3, content of mineral kaolinite up to 95 %;

2) bentonite clay (BC) with the plasticity index 22.32 and content of sandy particles 8.00 %, pH of
the aqueous extract 8.3, the mineral content of montmorillonite up to 70 %.

The following additives as plasticizing surface-active agents are used.

1) Sulfonated melamineformaldehyde compound (SMF) — superplasticizer Melment F10, which is a
white powder. It consists of sulfonated powdered polycondensated products based on melamine,
obtained by spray drying. Producer BASF Constraction Polymers, Germany.

2) Sulfonated naphthaleneformaldehyde compound (SNF) — superplasticizer SP-1
(TU 6-36-0204229-625-90 with changes 1, 2), which is a brown powder. It consists of a mixture of
oligomers and polymers of different relative molecular weight obtained by condensation of naphthalene
sulfonic acids with formaldehyde and technical lignosulfonates and neutralized with sodium hydroxide.
The main component (the active substance) is the unreacted salt of B-naphthalenesulfonic acid and
sodium sulfate. Producer company "Polyplast”, Russia.
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3) Lignosulfonate technical (LST) — plasticizer LST (TU 2455-028-00279580-2004), which is a
powdery powder from light yellow to brown color. It is a natural water-soluble sulfonic derivative of lignin,
formed during the sulfite process of wood delignification. Producer company "Solikamskbumprom®,
Russia.

4) Polycarboxylate (PCE) — polycarboxylate superplasticizer Pantarhit PC 160 Plv is a light gray
powder obtained by spray drying from a polymer solution. The active substance is polyacrylic acid.
Producer is BASF Constraction Polymers, Germany. Pantarhit PC 160 Plv was selected in comparison
and research as the most effective polycarboxylate superplasticizer based on the results [9].

Dosages of plasticizing additives are 0.05 %, 0.5 %, 1 %, 2 % of the clay soil weight.

Building and technical indicators are accepted following: physical properties — the plasticity index,
the optimum moisture content and maximum density, the strength properties — the ultimate compressive
strength. The plasticity index (lp) is calculated in accordance with Russian State Standard GOST 5180-
2015 as the difference between the creep stress (W) and the rolling-out limit (Wr). Optimum moisture
content (Wopt) and maximum density (pmax) are determined in accordance with Russian State Standard
GOST 22733-2016 on the standard compaction measuring device of the SoyuzdorNII. To determine the
ultimate compressive strength (Rsx), samples were prepared with the maximum density, which were
stored for 7 days under air conditions, and then dried to constant weight in a drying oven at a
temperature of 105 °C and tested on a press.

The registration of infra-red spectrum samples was made on IR Fourier-spectrophotometer by
Perkin-Elmer firm, the Spectrum 65 model, using a Miracle ATR (ZnSe crystal) attachment in the
4000-650 cm™ area, usually at 20 scans. The background spectrum was recorded and subtracted
automatically. The powder, after grinding clay soil and additives, was pressed against the crystal by a
special clamp, which is part of the set-top box. After registration, automatic correction and spectrum
conservation were automatically performed.

Before registration of the infra-red spectrum, the clay soils were dried at a temperature of 105 °C to
a constant mass. Samples for the study were prepared as follows. The surface-active agents were
previously diluted in a ceramic bowl with distilled water. Additives were added in amount of 20 % of the
clay soil weight. Next, a pre-dried clay soil was added for the paste formation. In this case, the clay soil
paste was in the state of creep stress and stored for 7 days in normal-moisture conditions. After that, the
modified clay soil was dried, as well as unmodified. The dried clay soil samples were crushed in a
vibratory mill for 5 minutes to particles of micron size.

Results and Discussion

Figures 1 and 2 show the research results of the influence of surface-active agents on the
construction and technical properties of kaolinite and bentonite clays. It was established that the
parameters of standard compaction, creep stress and rolling-out limit, the plasticity index and ultimate
compressive strength are changed during intromission of plasticizing surface-active agents into clay
composition.

Introduction the SMF from 0.05 % to 2 % of the clay mass weight decreased the optimum moisture
content for KC on 0.11-8.22 %, for BC on 0.08-5.47 %. The maximum density increased in KC on
4.73 %, in BC on 3.29 %. The creep stress and the rolling-out limit decreased in KC on 0.26-9.52 % and
0.12-5.43 %, in BC on 2.13-4.33 % and respectively 0.08—-4.33 %. The plasticity index decreased for KC
on 0.50-16.93 %, for BC on 0.05-6.10 %. The ultimate compressive strength was increased in KC on
2.46-24.18 %, and in BC on 1.38-56.55 %.

Adding the SNF from 0.05 % to 2 % of the clay mass weight, the optimum moisture decreased for
KC on 0.11-9.07 %, for BC on 0.11-5.66 %. The maximum density increased in KC on 5.41 %, in BC on
3.95 %. The creep stress and the rolling-out limit decreased in KC on 0.75-10.72 % and 0.31-5.49 %, in
BC on 2.17-7.29 % and respectively on 0.11-4.64 %. The plasticity index decreased for KC on
1.55-20.20 %, for BC on 0.09-6.19 %. The compressive strength was increased in KC on 4.10-30.33 %,
in BC it is 1.38-58.62 %.
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Figure 1. Dependences physical and strength properties of kaolinite clay
of the dosage of plasticizing surface-agents:
a) the optimum moisture; b) the maximum density;
¢) the plastic index; d) the ultimate compressive strength

Introduction the LST from 0.05 % to 2 % of the clay mass weight led to a decrease of the optimum
moisture content of KC on 0.54-15.67 %, BC on 0.23-6.47 %. The maximum density is increased in KC
on 6.08%, in BC on 5.26 %. The creep stress and the rolling-out limit decreased in KC on 1.24-13.89 %
and 2.82-28.39 %, in BC on 2.21-7.52 % and 0.19-4.67 %, respectively. The plasticity index decreased
for KC on 2.82-28.39 %, for BC on 0.09-6.66 %. The compressive strength limit was increased in KC on
2.05-41.80 %, in BC itincreased on 1.38-74.48%.

The use of PCE, that was studied in [9], in an amount of 0.05 % to 2 % of the clay mass weight
ensured a reduction in the optimum moisture content of the KC on 4.46-30.35 %, BC on 1.07-18.36 %.
The maximum density increased in KC on 1.35-14.19 %, in BC on 1.32-11.84 %. The creep stress and
the rolling-out limit decreased in the KC on 3.76-23.25 % and 1.40-51.63, in BC on 3.13-21.97 % and
0.46-19.54 %, respectively. The plasticity index decreased for KC on 8.02-51.63 %, for BC on
1.88-35.37 %. The compressive strength limit increased in KC on 58.20-140.57 %, in BC on
2.76-115.86 %.

According to the data presented in Figures 1 and 2, it can be seen that among the studied
plasticizers of various chemical bases the most effective plasticizing surface-active agent was
polycarboxylate superplasticizer Pantarhit PC 160 Plv (PCE). It should be noted that in [9] other
polycarboxylate superplasticizers (Odolit-K, Giperlit, Melflux 2641 F), as well as Pantarhit PC 160 Plv,
were more effective than SMF, SNF and LST.

PCE can be adsorbed on clay minerals even with a negative charge of chips and basal planes.
This is due to the ability of the side chains of PCE, that have a similar composition with polyethylene
glycols, to be adsorbed on the aluminosilicate layers of clay minerals through hydrogen bonds [11-17],
which probably explains their high efficiency.
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Figure 2. Dependences physical and strength properties of bentonite clay
of the dosage of plasticizing surface-agents:
a) the optimum moisture; b) the maximum density;
¢) the plastic index; d) the ultimate compressive strength

According to E. Tombacz, M. Szckcres, J.L. Suter, P.V. Coveney, L. Lei, J. Plank [18-20], injecting
the PCE in the clay soil increases the basal reflection thickness of montmorillonite from 1.23 to
1.72-1.77 nm, but in kaolinite and muscovite practically does not change. Montmorillonite sorbs about
230 mg/g of PCE, and kaolinite and muscovite sorb about 20 mg/g, which probably explains the more
effective effect of PCE on KC, in comparison with BC.

LST also showed greater efficiency in comparison with SMF and SNF. Perhaps this is due to the
fact that the molecule of LST is spheroidal and consists of disc-shaped aggregates up to 200 nm in size,
where hydrated groups are localized in the internal structure of associates [21-24]. Such molecules
configuration limits the water mobility, but at the same time, its lyophobicity increases. Such a structure,
in spite of the fact that the mechanism of interaction with particles surface is mainly based on the forces
of electrostatic repulsion, can lead to a significant decrease in the interaction between individual clay
particles with adsorbed on their surface surface-active agents.

As is known, a continuous spatial grid with a coagulation structure acquiring plastic-viscous
properties is formed in the clay-water system. The increase of the thickness of the water shells has a
plasticizing effect on the clay, while reducing the strength of the structure and its ability to permanent
elastic deformation [8]. Adsorption of surface-active agents on clay minerals in the clay-water system
allows to reduce the surface energy at the interface, which contributes to the increase on density due to
the decrease the water demand (optimum moisture), to the decrease in creep stress and the rolling-out
limit [8, 25], and ultimately to the increase of the strength of the soil.

PCE showed the greatest efficiency among the considered plasticizers, by allowing to reduce the
optimum moisture and plastic index, to increase the maximum density and compressive strength limit of
kaolinite and bentonite clay. The positive influence of PCE on both the physical and mechanical
characteristics of the cement stone [26] and on the physical and strength properties of clay soils explains
the strength and frost resistance increase of soil cements modified with such additives.
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At the next stage, the interaction of kaolinite and bentonite clays with a polycarboxylate
superplasticizer was studied by methods of infrared spectroscopy.

It can be seen from Figure 3 that each of the spectra is characterized by the presence of intense
absorption bands in the area of 1000—1200 cm-1. These peaks are due to valence vibrations of Si-O-Si
bonds [27]. In our case, they include a doublet 1024-999 cm-1 in the spectrum of KC and an intense peak
of 1097 cm-1 with a shoulder of 1060 cm-1 in the PCE spectrum. Probably, the investigated additive PCE
(Pantarhit PC 160 PIv) belongs to the group of polycarboxylate superplasticizers modified with
organosilanes [28-30], as shown in Figure 4.
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Figure 3. Infrared spectroscopy in the study of kaolinite clay and polycarboxylate:
- PCE, - KC, — KC + PCE system
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Figure 4. The chemical formula of a polycarboxylate superplasticizer modified by organosilanes,
according to J. Plank, E. Sakai, C.W. Miao, C. Yu, J.X. Hong

Peaks 3688, 3673, 3619 cm™ on the KC and KC + PCE curves correspond to the stretching
vibrations of the -OH gibbsite layer of the kaolinite mineral in the KC. With the injection of the PCE
additive leads to intense band of 1097 cm™ disappears in the spectrum of the KC + PCE system,
although the remaining peaks corresponding to the PCE spectrum are conserved. In particular, the bands
2884 cm™ (stretching vibrations of CHz2 and CHs groups), 1467 cm™ and 1342 cm? (deformation
vibrations of the same groups) are retained. This indicates that the chemical interaction between kaolinite
and PCE proceeds, and this interaction leads to the conversion of the Si-O-Si bonds of the PCE additive
to other structures, apparently chemically related to kaolinite. The aliphatic portion of the PCE containing
the CH2 and CHs groups does not appear to undergo any changes.

Similar results were obtained with adding PCE into BC.

Oscillations of Si-O-Si bonds in the BC spectrum correspond to peaks of 1002, 912, 873 cm™.
When PCE was injected into BC, results similar to KC have been obtained. The corresponding infrared
spectroscopy is shown in Figure 5. Intensive spectra of 1097 and 1060 cm™, corresponding to stretching
vibrations of Si-O-Si bonds in PCE, practically disappear in the spectra of the modified BC. The presence
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of aliphatic CH2 and CHzs groups will remain. In this case, the modifiers chemically bind to the mineral by
Si-O bonds, which leads to their conversion. Interactions on hydroxyl groups as a modifier and a mineral
are not observed.
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Figure 5. Infrared spectroscopy in the study of bentonite clay BC and polycarboxylate PCE:
- PCE, - BC, — BC + PCE system

It should be noted that according to W. Fan, F. Stoffelbach, J. Rieger, L. Regnaud, A. Vichot, B.
Bresson, N. Lequeux, J. Witt, J. Plank [28, 30] organosilane modified polycarboxylates with -Si-OH bonds
adding into cement systems can form chemical bonds with cement neoplasms of the type C-S-H-PCE.
That is, these polycarboxylates in the first stage are adsorbed on the surface of the flocculum of cement,
and then their chemisorption occurs on the surface of the hydrate particles. Also in the works of E. Sakai,
D. Atarashi, M. Daimon, S. Ng, J. Plank [31, 32] noted the possibility of the formation of such bonds in
clay minerals.

Conclusions

The influence of plasticizing surface-active agents with various chemical bases on the creep stress
and the rolling-out limit, optimum moisture and maximum density, compressive strength of kaolinite and
bentonite clay is considered. It was determined that the most effective among the studied surfactants was
polycarboxylate superplasticizer. Polycarboxylate showed maximum efficiency in kaolinite clay.

The interaction of kaolinite and montmorillonite included in kaolinite and bentonite clay with a
polycarboxylate superplasticizer (Pantarhit PC 160 Plv additive) was studied by infrared spectroscopy.

Characteristic absorption bands corresponding to vibrations of Si-O-Si functional bonds are
established.

It has been shown that the introduction of polycarboxylates modified with organosilanes into
kaolinite and bentonite clay leads to the disappearance of absorption bands corresponding to Si-O bonds
in the surface-active agents. This fact, apparently, indicates the chemical interaction of the modifiers used
with clay minerals, leading to the conversion of Si-O groups. There are no interactions (chemical or
physical, like hydrogen bonding) relatively to OH groups of clay minerals and modifiers.
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