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SPECIFIC EVALUATION METHODOLOGY OF RAILWAY BALLAST
PARTICLES’ DEGRADATION

Purpose. The most railway lines in the world have so called traditional ballasted superstructure. The authors
think that it is important to learn about the process of ballast degradation. There are only two types of standardized
laboratory test methods in the EU to assess railway ballast particle degradation and describe the rock physic charac-
teristics, but are not suitable for modelling the railway stress-strain circumstances of ballast materials, and they par-
ticles. In this paper the authors represent some conclusions from their research that the authors experienced during their
individual fatigue laboratory test and from new additional tests. With these kind of testing methods, the deterioration
process of railway ballast particles can be assessed more realistic and precisely. Methodology and new directions.
There are two types of laboratory tests which are presented in this article. The first one was performed by using
a shear box with a special layer structure that is loaded by dynamic, pulsating force; while the second one was exe-
cuted by using a 140 mm diameter HDPE tube with its original closing element that is loaded by ZD-40 machine.
Findings and problems. There is a development after the R&D work made and published in 2014, in 2017 and 2018
years the ballast particle deterioration process is given according to more intermediate fatigue cycles with individual
measurements that show more precise «picture» about the full particle degradation, i.e. breakage process. The authors
give more accurate correlation functions between the calculated parameters and load cycles during fatigue. However,
there are many factors in the test that need to be improved in the future. Therefore, the authors have discovered other
additional tests. Originality. The most important goal of the authors that supplement the currently used regulation with
new measurement methods. Practical value The authors’ developed and new methods may serve as a basis for a future
instruction or regulation. The publishing of this paper was supported by EFOP 3.6.1-16-2016-00017 project.

Keywords: individual laboratory test method; railway ballast material; particle degradation; breakage; dynamic
fatigue test; static pressing test; CT equipment; 3-D image analysis

«hammeringy of rails at rail joints, defects of weld-
ing...etc.) [1, 2, 4, 38, 39, 40, 41, 50, 52],

— natural and environmental effects (freeze,
melt, sunshine, rain, wind, flood, etc.),

— effects at turnouts caused be railway vehicles
[50, 52],

— effects at level crossing caused by road vehi-
cles,

Purpose

For the railway transport the most widely used
superstructure is the ballasted track [23, 24]. The
ballast bed bears significant forces and plays im-
portant role in load carrying «chainy». Each part of
the track receives static and dynamic effects in dif-
ferent proportions [1, 2, 50, 52]. The forces and

stresses do not transmit consistently in the «sleep-
er-ballast bed» interface, as well as «grain-grain»
connections in the ballast bed. These kinds of ef-
fects are the following (without completeness):

— dead weight loading (according to the au-
thors’ analysis, it is negligible),

— vehicle forces and effects (on perfect or quite
perfect quality track),

— previous geometric and/or structural features
on defective track (defects of track geometry,

— effects of tamping machines’ hammers dur-
ing operation,

— other relevant effects (e.g. other vehicle ef-
fects, etc.) [0032, 0034].

The degradated ballasted track cause significant
geometric changes that cause structural, stability
and drainage problems. These problems could
shorten the lifetime of the track even in a short
term [1, 50, 51, 52].

In nowadays practice it is obvious aspect that
required quality ballast [9, 13, 29, 30, 33, 34, 35,
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36, 37, 46, 47, 49] is achievable in requested quan-
tity.

It would be important to embed crushed stone
materials with better rock physic properties as
railway ballast bed. Using these ballast materials
would also facilitate production, transportation,
installation, operation and maintenance.

In reality, the previous assumption is not evi-
dence: the employed and developed laboratory
testing methods by the authors and the MSZ EN
13450:2003 product standard [37] (in Hungary the
Modification 4 in MAV 102345/1995 PHMSZ
[30]) can be suitable for redound and raising with
the higher volumes of the LArg and MpeRB.

The developed testing method may be a pro-
posal for the elaboration or modification of new
assessment and measurement method and the revi-
sion of the values’ limits.

There are two types of standardized laboratory
test methods in the EU which could describe the
rock physic characteristics of the railway ballast
and determined in the MSZ EN 13450:2003 prod-
uct standard [37]:

— Los Angeles abrasion test (MSZ EN 1097-
2:2010) [0021],

— Micro-Deval abrasion test (MSZ EN 1097-
1:2010) [0020].

These laboratory test methods are not suitable
for modelling the railway loads in a real manner
with the dynamic force and vibration [0035, 0037],
but they can be absolutely useable for satisfy defin-
ing the abrasion characteristics of a given aggre-
gate sample and for ensure the checking of the
quality level. For the objective judgement of con-
formability special laboratory breakage test has to
be used that consider the more real operation cir-
cumstances and stresses.

The unique laboratory test method was devel-
oped in 2015 [17], because the standardized tests
cannot consider the real breakage and abrasion (i.e.
loads from vehicles and other effects). The results
of the test were compared with the related regula-
tion of MAV (Hungarian Railways). The individu-
al laboratory test helps to calculate the required
time intervals of ballast screening.

The authors research the theme’s extensive in-
ternational literature. Foreign researchers are ac-
tively publishing in the research topic, so there is
a comprehensive literature in different areas and
different methods: laboratory tests; field tests;

DEM and FEM modelling methods and 3D grain
shape improvement [6, 14, 15, 22, 31, 32, 42, 43,
48]. Based on this the authors represent the own,
individual solution for the unique laboratory test
procedure (method) that is able to simulate the
stresses more realistic.

The second, additional test is very different
from the original one. The authors put ballast par-
ticles to a HDPE (water) tube (lined with single
layer 1200 g/m? geotextile) with its original clos-
ing element and loaded by ZD-40 machine static to
an ultimate loading value step by step. Before and
after each loading stage, ballast sample — with all
the particles in the tube — are scanned by a CT
(computer tomography) equipment [7, 10, 11, 25,
26]. Because of loading a small aggregate, almost
every particle’s degradation is trackable.

Hopefully with this new method the authors
can achieve breakthrough results, which may serve
as a basis for a later standard.

Methodology and new directions

Individual laboratory test

In 2014 a Research & Development project was
completed with the finance support of Colas
Eszakkd Ltd.; the public information was pub-
lished in [17].

In 2017-2018 laboratory test series with im-
proved parameters and modified circumstances
were performed [16, 18, 19, 20, 21, 27].

The authors executed the tests with two types
of ballast samples because of the different rock
mechanic properties (ballast samples from Colas
Eszakké Ltd.). The samples’ basic properties were
different from each other (LAre and MpeRB val-
ues). The load cycles were the following: 0.1 mil-
lion; 0.2 million; 0.5 million; 1 million; 1.5 mil-
lion, 3 million and 5 million. Every ballast sample
should be separate for each fatigue test.

The aspects and detailed parameters of the la-
boratory test are included in a previous publication
[27]. Such parameters which have been taken from
the wide literature research are the follows used by
the authors to get results:

- Fv (%),

— BBI,

— Bg,

— d<22.4 mm in mass percentage,

— d<0.5 mm in mass percentage,
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— d<0.063 mm in mass percentage,

— deo/dyo ratio,

— C¢ ratio,

— M ratio,

— A ratio.

The goal was to effort determine mathematical-
physical trends and correlation between character-
istics (see above point) and loading cycles of fa-
tigue test.

Application of the CT (X-ray) equipment

While there is a wide range of literature availa-
ble for the 3-D image analysis, the authors found
very little source related to testings of railway bal-
last and/or civil engineer granular materials with
CT equipment. The CT (X-ray) equipment is avail-
able to the authors in the laboratory of Audi Hun-
garia Faculty of Automotive Engineering at Szé-
chenyi Istvan University, Gy6r (Hungary) [7, 10,
11, 25, 26].

X-rays are a form of energy distribution in the
family of electromagnetic vibrations. Computer
tomography is a development of traditional X-ray
screening technology.

The basic data of the device and some relevant
data for one measurement can be read in the au-
thors’ previous paper [20].

The numbered and 3-D scanned ballast parti-
cles are placed in a 140 mm diameter (inner di-
mension) HDPE tube (originally a water tube) with
its original closing element (see Figure 3) and put
it into the CT equipment (digitally technic).

Fig. 3. The HDPE tube with the sample

The measurement method is the following (for
the 3-step loading):

— washing, drying and numbering of all the
stones,

— measuring the weight of the stones and tak-
ing photo of all of them,

— inserting the stones into the HDPE tube
(lined with single ,

— placing the HDPE tube into the CT equip-
ment and recording CT 3-D model (initial model),

— loading with ZD-40 machine (until 300 kPa),

— another recording by CT equipment (2nd
model),

— loading with ZD-40 machine (until 600 kPa),

— another recording by CT equipment (3rd
model),

— loading with ZD-40 machine (until 900 kPa),

— another recording by CT equipment (4th
model),

— measuring the particles after the loading
(weight, photographing),

— washing and drying the particles,

— measuring the weight and photographing
once again.

The one-step loading measurement method is
very similar to the previous mentioned one, the
authors had to save two recording with the CT
equipment (before as well as after loading) and the
loading was up to 1800 kPa.

X-ray procedure

Homogeneous beam was emitted through the
sample, which diffuses and penetrates (it depends
on the material) and as a result of the adsorption,
the distribution of the quantum of the x-ray chang-
es and weakens in the image plane, blackens the
detector to varying degrees. This creates the x-ray
images; that depends on the quality of the ballast
material. X-rays can also detect tiny cracks after
the loading.

Computer tomography procedure

The object under examination is illuminated
with a thin, flat X-ray beam. There is a detector
which placed behind the object senses where and
how much of the beam has been absorbed along
a line. In the same plain, the beam is illuminated
from several directions, and a drawing of the de-
tails in the plain (slice) is drawn from the measured
intensity curves. The plain is then pushed away
and rotated again. At the end of the procedure, the
spatial structure of the test body can be mapped.
«Structure» refers to the arrangement of details
that can be distinguished from X-ray transmission
capability. Modern CT (X-ray) equipment crawls
several slices (up to 1260) at a time, and a test can
be performed in a few minutes with the necessary
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calculations. The available CT equipment can be
seen in Figure 4. Figure 5 shows an example for
measurement.
Basic data of the device, and some relevant
data for one measurement:
— A 360° rotation produces 1260 projections
(CT-images).
— The number of the lines are 104.
— In case of multi slice: distance between two
slices is 210 mm.
— Number of the pixels: 2048 x 2048 (used:
1024 x 1024).
— 2D-pixel size: e.g. 0.19124188 mm.
— 3D-XY-pixel size: e.g. 0.18966927 mm (the
edge length of 1 spatial pixel — so called ‘voxel’).
— 3D-Z-pixel size: e.g. 0.1896692 mm.
— X-ray tube: Y.TU 450-D09.
— Tube voltage: 0...450 kV (used 210 kV).
— Current: 2.60 mA (it is related to 210 kV;
e.g. 1.213 mA for 450 kV).
— Focus: small.
— Filters:
o Al: 0.00 mm,
Cu: 1.50 mm,
Sn: 0.00 mm,
Pb: 0.00 mm.

O
O
O
O

Fig. 4. The CT (X-ray) equipment with
the HDPE tube from two viewpoints

Fig. 5. Preview of a CT measurement, as well
as the board of the software

As described above, before and after the loading
tests — like the fatigue test — the HDPE tube with the
ballast material was scanned by the CT equipment.
The authors used CT equipment for the analysis of
the breakage. The CT machine’s own software is
able to build the spatial frame of the ballast set and
the 3-D model could be used in the free software
version of GOM 2018 (projection system). The pa-
rameters are the following that can be determined
by using the 3-D model:

— displacements of the particles,

— volume,

— the set of the particles can be identified.

The weight of the particles after the test was
redefined.

After that, the authors performed some loading
test with just one-step and the values reached even
the 1800 kPa (2000 kPa). The step-by-step loaded
and scanned sets can be compared with the soft-
ware.

Figure 6 and Figure 7 show some photo from
the laboratory measurement.

Fig. 6. Some weighted and numbered particles
before loading
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Figure 8 and Figure 9 show 3-D images (mod-
els) made by CT (X-ray) equipment. The samples
in the HDPE tube were static loaded with compres-
sion stresses of given values (in Figure 7 from
right to left: 0, 300, 600 and 900 kPa; in Figure 8
from right to left: 0, 1800).

Fig. 7. Numbered particles in the lined HDPE tube be-
fore (top) and after (bottom) loading (Test series #3, i.e.
maximum compression stress: 1800 kPa)

Fig. 8. Recorded 3D images (models) from the loaded
aggregates in 3 (4) steps by CT equipment related to test
series #2 (from right to left — step #0: before loading,
step #1: max. compression stress is 300 kPa, step #2:
max. compression stress is 600 kPa, step #3: max. com-
pression stress is 900 kPa)

Fig. 9. Recordings from the loaded aggregates in 1 (2)
steps related to test series #3 (from right to left — step
#0: before loading, step #1: max. compression
stress is 1800 kPa)

The authors suppose that the speed of the load-
ing is also a relevant parameter that will be exam-
ined in the future.

Findings and problems

In recent papers [16, 17, 18, 19, 20, 21, 27] the
relevant correlations were presented in some
graphs related to the calculated parameters in case
of the individual fatigue laboratory tests.

There is enormous time requirement of this
type of testing method, so this is the reason why
the authors would like to try to find other meas-
urement methodologies, like the measuring with
the CT equipment. It can take 1 to 1.5 month to
reach the 5 million cycles in the testing method
and the authors used «fresh» ballast material for
every measurement (after 100,000, 200,000,
500,000... etc. cycles).

Other problem is the extruded polystyrol layer
was significantly deformed during the dynamic
test, so in this year the main goal is to evolve the
modified layer structure. Changing it for a stiffer
and harder layer could help the research in better
way.

At the second laboratory tests the evaluation of
the results is still ongoing.

The graphs below show the loading curve for
the 3-step load and the one-step load (see
Figure 10. and Figure 11.).

The loading curves show that they do not reach
the upper limit of the load in a straight line, but
they move down in certain places. In these places
the ballast particles displacements from each other
and breaking. With increasing the load, the frac-
tures in the loading curve are increasingly greater.

Compression test — Series #2

oy
N

iy
o

A e max. 300 kPa

e==max. 600 kPa

max. 900 kPa

Vertical loading force (kN)
(o2}

0 2 4 6 8 10 12
Compression (mm)

Fig. 10. Loading curves of loadings with max.
300-600-900 kPa compression stress values
(3-step loading)
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Compression test — Series #3
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Fig. 11. Loading curve of loading with max.
1800 kPa compression stress value (one-step loading)

The loading curve rises much steeper after eve-
ry (little) breakpoint.

The preliminary results show the quantity of
the «resty» particles from the entire ballast aggre-
gate from the 3-step loading laboratory test (with
the HDPE tube). This value calculated from the
weight of the original numbered, washed and dried
particles without loading and washed and dried
particles after the latest loading (it is a percentage
value, however it should be taken into account that
up to 30% of some stone have broken down). The
values can be seen in Table 1. The values written
with slanted letters show the values that involve the
rate of those stones that split into several pieces.

Table 1

The broken particles of the ballast aggregate after
300-600-900 kPa compression stress (the 3-step load-
ing test)

The weight of the broken parti-

Series number of the tests cles [%]

0.18%
0.14%
3.18% (6.26%)
1.13%
1.06% (3.90%)

6 1.65% (3.64%)

Table 1. shows that none of the samples con-
tains more than 1.7% (with the exception of Series
2#) of the powder of the stone after the latest load-
ing. The percentage of broken stones is also less
than 4%, including the number of stones that fell
into several larger pieces (not powder, like the pre-
vious case).

The authors also investigated that in the tube
which particles were broken down mostly of the

g A W N P

rows. Table 2 show the degradation for each rows
(ratio of after-loading-weight and before-loading-
weight in percentage).

Table 2

The broken particles of the rows
at the 3-step loading test

Series number of
the tests

Number of the
row

The weight of the
broken particles

[%]

0.10%
0.06%
0.13%
0.13%
0.47%

0.00%
0.27%
0.11%
0.09%
0.27%
0.09%

5.45%
0.62%
1.28%
5.73%
2.80%

0.15%
1.59%
2.04%
0.57%
1.17%

0.24%
0.34%
0.67%
0.31%
4.33%
0.21%

~NOo OB WON PP OO PN PEPI OO PMMODNMREPEP OGO ODNPRFEP([O OGO BMWOODNMP|OOOBMMODNDPR

0.51%
0.05%
0.54%
0.35%
6.68%
0.43%
0.91%
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According to the values (with the expection of
Series #2) the particles are mostly broken in the
lower and middle part (three before the bottom) of
the aggregate.

During the test particles in the HDPE tube
moved significantly during the test (mainly on top
of the aggregate). The authors would like to ana-
lyse particle movements in the future.

Originality and practical value

The most important goal of the authors that
supplement the currently used regulation with new
measurement methods, because the original stand-
ardized tests are not loading the samples realistic.
The authors’ developed and new methods may
serve as a basis for a future instruction or regula-
tion.

Conclusions, future scope

The authors would like to reduce the time re-
guirement of newly developed testing methods
with improved manner. The authors combine the
compression tests with 3-D image analysis (full-
field 3-D shape measurement) with the help of CT
(X-ray) equipment. The measurement method was

developed, the procedure of evaluation methodolo-
gy is in progress.

Beside them field tests are planned in the Hun-
garian railway lines. The authors plan to collect
samples from old railway lines where ballast ag-
gregates have known PSD (particle size distribu-
tion) at the time of construction.

In the laboratory the authors always work in
idealized conditions. This is the reason why the
particle breakage values are much higher than the
values in real circumstances (see measurement re-
sults from 2014 and 2017-2018). Besides, the au-
thors could test only one kind of loadings. Tamp-
ing machines also break ballast particles during
work, so this kind of effect is also needed to be
considered in the future research. Delivery of the
crushed stone to the site can also be an important
parameter that has to be considered.

The authors plan to work with DEM simula-
tions [12, 44, 45], for this a spatial model must be
built. The simulations with the laboratory tests
would be comparable.
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YJIOCKOHAJIEHA METOJIUKA OLIIHKA PYHUHYBAHHSI YACTOK
SAVIIBHUYHOI'O BAJIACTY

Mera. binpuricTs 3a1i3HUYHUX JIiHIH y CBITI MAlOTh Tak 3BaHy TPAIUIIHHY BEPXHIO OYIOBY KOJIii 3 OalacCTHUM
mapom. Ha gymKky aBTOpiB, A1 rapaHTyBaHHS O€3IEKH PyXy BaXKJIMBO BHBUMTH IPOIEC pyHHyBaHHS OaJlacTHOTO
mapy. ¥ €C icHye TiJIbKU JBa THUIH CTAHAAPTHUX METOJIB JIAOOPATOPHUX BHIIPOOYBAHb ISl OIIHKH CTYICHS pyH-
HYBaHHS 4aCTOK 3aJli3HUYHOTO 0alacTHOTO IIapy i omucaHHs iX Qi3MYHMX XapaKTEpPHUCTHK. AJle BOHM HE NPHIATHI
U MOJICITIOBAHHS HAIPY>KEHO-1e(hOpPMOBAHOTO CTaHY 3aI3HUYHUX OAJIACTHUX MaTepiaiiB i IX 4acTok. Y Mii cTat-
Ti aBTOPHU MPEACTABISIOTh METOAM BUNPOOYBaHb, 33 JOIIOMOTOIO SKHX MPOLEC PYHHYBaHHS 3aJli3HUYHMX YacCTOK
0anacTy MOXKHA OILIHUTH OUTBIN peaniCTHYHO ¥ TouHO. L{i MeToau 6a3yroThCs HA BUCHOBKAX 13 JOCIIIKEHb, 1H/UBI-
IyaJbHUX JIA0OPATOPHHUX BUIIPOOYBaHb Ha BTOMY, a TAKOX 13 TOJATKOBUX BHMPOOyBaHb. MeToauka. Y poOoTi mo-
JIaHO JIBA THIU JIAOOpaTOpHUX BUIPOOyBaHb. [lepuinii OyB BUKOHAHUI i3 BUKOPUCTAHHSM 3CYBHOI KOpPOOKH 3i crie-
LIaJIbHOIO IIAPYBATOI0 CTPYKTYPOIO, K4 HaBaHTAXEHA TUHAMIYHOIO, MYJIbCYIOUOI0 CHIlor0. JIpyruil TuI — i3 BUKO-
pHUCTaHHIM TPyOH 3 MOJETHIICHY BHCOKOI IIITHHOCTI AiaMeTpoM 140 MM 3 OpHTiHAIBHOIO 3aMipHOIO JIETaJUIo, Ha-
BaHTakeHOI0 MamnHo ZD—40. PesyabraTu. [licns HayKkoBo-#oCIiTHMX PO3pOOOK, MPOBEJEHUX 1 OIMYOIiKOBaHUX
y 2014 poui, crioctepiraeTbcsi pO3BUTOK METOJIIB OLIHKYM pyHHYBaHHs OanacTHoro mapy. Y 2017 it 2018 pokax min
Yyac BUNPOOYBaHb PyHHYBAaHHS YacTOK OajacTy Oyio 37ificHeHO 3 OLIBIIMMHU NPOMIKHUMHM IMKJIAMH BTOMH Ta OK-
peMuMH BUMipaMH, sIKi O17bII TOYHO MOKAa3ylOTh IIOBHE PYHHYBaHHS 4acToK, TOOTO mporec pyitHyBanHs. [IpoBene-
HO KOpEJIAIII0 MK PO3paXxyHKOBHMH IapaMeTpaMy i IUKJIaMH HaBaHTa)KeHHS Ha BToMy. OHaK Iijg yac BUIpoOy-
BaHHS 3aJMIIAETHCS Oarato QakTopiB, sKi MOTpeOyIOTH moJinmieHHs. TOMy aBTOPHM ONMCYIOTHh 1HII JOJATKOBI
tectn. HaykoBa HOBM3HA. Y po0OOTi 3amponoHOBaHA BIOCKOHAJIEHA METOAWKA OI[IHKH PYHHYBaHHS 0anacTHOTO
Iapy 3ali3HWYHOI KOJdii, SKa Ja€ OUTbII TOYHI Pe3yNbTaTH HOPIBHSIHO 3 TPAaAWLiHHAMH METOJaMH BHMipIOBaHb.
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IMpakTnyna 3Ha4YuMicTh. MeTou, po3po0ieHi aBTOpaMu MOXKYTh CITy)KMTH OCHOBOIO JUIS CKJIAJIaHHS HOBHX 1HCTpY-
Kuiit abo mpasw. [TyGuikanist miei crarTi Oyna nmigrpumana npoexrom EFOP 3.6.1-16-2016-00017.

Knrouosi crosa: aBTOpCHKHI Ta0OpPaTOPHUA METOI BHIIPOOYBaHb; 3alli3HUYHUI OanacT; pyWHYBaHHS YacTOK;
BHIIPOOYBaHHA HA AWHAMIYHY BTOMY; BHIIPOOYyBaHHA Ha cTaTwdHWi THCK; KT-007MamHaHHs; aHai3 TPUBUMIiPHOTO
300pakeHHS
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YCOBEPHIEHCTBOBAHHASA METOAUKA OLIEHKH PA3PYILIEHUSA
YACTUL KEJE3HOJOPOXKHOI'O BAJIJIACTA

Heab. bonbIIMHCTBO XKENE3HOIOPOKHBIX TUHHUN B MUPE UMEIOT TaK HAa3bIBAEMOE TPAJAULUOHHOE BEPXHEE CTPO-
eHHe MyTH ¢ OayutacTHeIM citoeM. [1o MHEHHUO aBTOPOB, U oOecieueHns: 6€30IMaCHOCTH IBM)KEHHS BAXKHO U3yUHUTh
npouecc paszpymenus damtactaoro cinos. B EC cymecTByeT TOIbKO /1Ba THMA CTaHAAPTHBIX METOAOB Jaboparop-
HBIX HUCIIBITAHWH U1 OIIEHKH CTEIICHHW Pa3pyLICHUS YaCTHIl JKEJIC3HOAOPOXKHOTO OAIaCTHOTO CJIOS M OIMCAHHS
(GU3MYECKUX XapaKTepUCTUK TOPHBIX mopoi. Ho oOHM HE NpPUrogHBI Ui MOJECIUPOBAHUS HANpPSHKEHHO-
JeOpMUPOBAHHOTO COCTOSHHS YKEJIE3HOIOPOKHBIX OAJTACTHBIX MAaTEpHAJIOB U MX 4acTull. B naHHOMW cTaThe aBTO-
PBI IPEACTABIIAIOT METOJBI HCIBITAaHUH, C MOMOIIBI0 KOTOPBIX MPOLECC PaspyLICHUs >KEJIe3HOAOPOXKHBIX YaCTHIL
Oajacta MOXKHO OLIEHHTH 0oJiee PeaMCTHYHO M TOYHO. DTU METOAbI 0a3upyIOTCA Ha BBIBOAAX M3 HCCIICIOBaHUI
aBTOPOB, MHIMBUIYaIbHBIX Ja0OPATOPHBIX UCIBITAHUN Ha YCTAIOCTh, @ TAK)KE W3 JONOJHHUTENbHBIX HCIBITAHUM.
Metoauka. B pabore npencraBiieHbl 1Ba THIIA JJaOOPATOPHBIX MCIIBITaHUI. [1epBbIii OB BBIMOJIHEH C HCIOJIB30Ba-
HHEM CJABUTOBOI KOPOOKH CO CHENHALHOM CIOMCTOH CTPYKTYpOH, KOTOpas HarpyxeHa AMHAMHUYECKOMH, IyIbCH-
pyromeii cuinoif. Bropoii THII — ¢ HCHIOIp30BaHUEM TPYOBI U3 IMOJIMATHICHA BBICOKOH IIIOTHOCTH nuametpoM 140 Mmm
C OpHUTHHAJIBHOW 3amuparomiell neTanblo, HarpyxkeHHoi wmammHONH ZD—40. Pesyaprarpl. [locme HaydHO-
HCCIe0BaTEIbCKNX Pa3paboTOK, MPOBEACHHBIX U OmyOsmkoBaHHEIX B 2014 rony, HabmomaeTcs pa3sBUTHE METOIOB
OIICHKH pa3pyieHus 6ammactHoro ciost. B 2017 u 2018 rogax Bo BpeMst HCIIBITAHUH pa3pylIcHHE 0aJLTaCTHBIX Ya-
CTHI[ OBUIO OCYIIECTBIECHO C OOJBIIMMHU NPOMEXYTOYHBIMU LIUKJIAMH YCTAJIOCTH C OTACIBHBIMH U3MEPEHHAMH, KO-
TOpbIe OOJIee TOUHO MOKA3bIBAIOT MOJHOE pa3pylLIEHUE YacTull, T. €. mpolecc paspyuieHus. [IponsseneHa Koppes-
U] MEKAY pacueTHBIMH MapaMeTpaMy M HUKIAMU Harpy3kH Ha ycTanocTs. OHaKO BO BPEMs HCIIBITAaHUIT OCTaeTCs
MHOro (aktopoB, TpeOyromux yiyuiieHus. [103TOMy aBTOPHI ONMCHIBAIOT JpPYrHe JAONOJHHUTENbHBIE TECTHI.
Hayunas HoBu3HA. B paboTe npe/ioxkeHa yCOBEPIIEHCTBOBaHHASI METOIMKA OLIEHKH pa3pylieHHs 0aJu1acTHOTO CIIOs
KEJIE3HOJIOPOKHOTO IIyTH, KOTOpas JaeT 0ojee TOYHbIE pe3yJbTaThl 110 CPABHEHHUIO C TPAIUIMOHHBIMH METOIaMHU
n3Mmepennil. IIpakTuyeckasi 3HAYNMOCTb. MeTopl, pa3paboTaHHBIE aBTOpaMH, MOTYT CIIy)KHTb OCHOBOW JUISl CO-
CTaBJICHWSI HOBBIX WHCTPYKUMH wiu mpaBwil. IlyOnmkanmst paHHOM crTaThM ObUla IOJJIEp)KaHa IIPOEKTOM
EFOP 3.6.1-16-2016-00017.

Kniouesvie crosa: aBTopckuid 1ab0paTOPHBIA METO/ MCIBITAHHMN; XKEJIE3HOIOPOXKHBIN OajtacT; pa3pylieHue Ja-
CTHII; UCIIBITAHUE Ha IMHAMHYECKYIO YCTAJIOCTh; HCIIBITAHNE HA cTaTndeckoe aasieHue; KT-obopynoBanne; ananmm3
TPEXMEPHOTO H300paKEeHHS
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