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Summary. A polarization-optical method for studying three-dimensional problems of fracture mechanics
has been developed. The method was tested to determine the values of stress intensity factors (SIF) for surface
cracks in thin plates and thin shells. The data of SIF values for surface cracks of different geometry, which are
subjected to different loadings, are obtained. The experimentally obtained values of SIF were compared with those
calculated analytically. The efficiency of the proposed technique for solving the corresponding problems of
engineering practice is shown.
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Statement of the problem. The reliability of modern equipment and its functionality
depends on the effective assessment of stress strain state (SSS) and the limit state of the
elements of machines and structures, especially in the presence of geometric and technological
concentrators. At present, such tasks can be efficiently solved by applying analytical and
numerical methods. Modern computer technology allows simulating elements of machines and
building structures with optimal geometry, minimum material consumption and increased
reliability. Great strides have been made in computer simulation of fracture mechanics
problems (processes of surface and through-cracks development, pre-fracture zones and «neck
formationy). The results obtained analytically (and calculated numerically) have become the
basis for creating a data bank when designing devices and components of machines.
Nevertheless, with the undeniable success of analytical and numerical methods, there is a
practical need for the development of experimental methods. Therefore, the more fully all
factors are taken into account in the basic hypothesis, the more accurate the analytical solution
is. Moreover, this problem is quite difficult to be solved for complex full-scale objects.

Analysis of available investigations and publications. The application of
experimental methods in modern conditions is most effective in three areas: for the study of
field objects; as test tasks in the development of new analytical methods; for obtaining
experimental data, which, in combination with numerical methods, can increase the accuracy
and reliability of analytical solutions [1-10]. Optical methods take a special place in
experimental research methods [3, 8-10]. Light as a probing tool provides a wide range of
opportunities for the experimenter. In recent years, a number of new optical methods of
experimental mechanics have been proposed [8, 10]. At the same time, traditional classical
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Photoelastic research of three-dimensional problems of fracture mechanics

research methods, such as polarization-optical or photoelasticity methods have significant
potential [3, 8].

The objective of the paper — is to modify and develop modern approaches of the
photoelasticity method for the most effective study of three-dimensional problems of fracture
mechanics in thin-walled plate and shell structural elements.

Methods of research. Analytical and experimental studies are based on the provisions
of solid-state mechanics and fracture mechanics, modern ideas about the physics of the
interaction of light with the medium, basic equations of the parameters of the dialectric
permeability tensor (DPT) and stress-strain state (SSS). The methods of three-dimensional
photoelasticity using «deformation freezing» and microzonal photoelasticity are applied.

Epoxy resin models were investigated by polarization-optical method on coordinate-
synchronous polarimeters KCII-7 and KCII-10. The Kkinetics of fracture of inorganic
silicate glass was studied on aggregate polarization microscopes IIOJIAM P — 312 and
I[MTOJIAM JI— 211. The stress state of homogeneous and heterogeneous triplexes at low
temperatures was investigated using a polarimeter KCIT-7.

Main thesis. In [8, 10], a method was developed and formulas were obtained to
determine the values of stress intensity factors (SIF) along the front of surface cracks in thin-
walled structural elements using three-dimensional photoelasticity with deformations
«freezing». For different arrangements of surface cracks relative to the direction of action of
tensile stresses o (determined by the angle o — the angle between the frontal projection of the
surface cracks and the direction of tensile stress ¢) and the angle, at which the surface crack is
located relative to the surface of the plate (angle S — the angle between the side projection of
surface crack mand the plane of the plate), the appropriate expressions to determine the values
of SIF were obtained.

All these expressions for determining the value of SIF are proposed to be written by one
general formula (1), which contains constants Al, A2, A3. The constants for each of the main
types of the crack edges deformation and the presence of the corresponding SIF values will take
certain values.

r
K, =A, % [A,(8"sin2¢" — §°sin2¢°) + A3(8" cos 2¢" — 6° cos 2¢°)] 1)

i=1 1, 1

In the formula (1):
r — radius vector of the point of the optical quantities measurement, which is measured from the
crack tip on the corresponding section or sub-section;
C — optical constant of the model material based on epoxy resin EJ[-20M;
d — thickness of the section or sub-section;
&' — optical path difference of the rays, which characterizes the parameters of the general stress
state near the crack tip;
¢’ —isocline parameter, which characterizes the parameters of the general stress state near the
crack tip;
8° — optical path difference of the rays, which characterizes the parameters of the base stress
state;
¢° —isocline parameter, which characterizes the parameters of the ground stress state.

Let us consider the possible options for the location of the surface crack in the plate and
the corresponding stress fields near the contour of the cracks.

The options for the location of surface cracks in the plates under tension and the
corresponding values of constants A1, 42, A3 in determining the values of SIF by formula (1) are
presented below.
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Figure 1. Deformation around the tip of the surface crack: a) type I; b) type | and type II;
c) type | and type 1lI; d) type I, type |1, and type Il — crack opening

The stress state around the contour (Fig. 1, a) corresponds to type | of deformation (Kj).
Constants 4; in formula (1) take the values 41 = -2; 4>=0; A3= 1.
Formula (1) takes the form (2):

KI:_ .
cd

The stress state around the contour (Fig. 1, b) corresponds to types | and Il of
deformation (Ky and Ki). Constants 4; in formula (1) take the values

Ki D A1=-1; Ao=A43=1.

Ku D A1=A2=1; A3="-1.

Formula (1) takes the form of formulas (3) and (4):

Ki=— % - [(8" sin 29" — 89 sin 2°) + (&' cos 29" — 59 cos 2°)] @)
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T
Ky = % [(6"sin2¢" — §°sin2¢%) — (6’ cos 2¢" — §° cos 2¢°)] 4)

The stress state around the contour (Fig. 1, ) corresponds to type I and 111 of deformation (K
and Kii). Constants 4; in formula (1) take the values

K1 D A1=-2; 42=0; 43=1.

Kmm  : A1=A42=1; A3=0.

Formula (1) takes the form of formulas (5) and (6):

K =- Z\C/Z_r- [(6'cos2¢’ — 6% cos2¢?)]; (5)
Ky = g- [(8'sin2¢" — 6°sin 2¢9)]. (6)

The stress state around the contour (Fig. 1, d) corresponds to all 3 types of deformation
(K1, Ki, Kir). Constants A4; in formula (1) take the values

K1 D A1=-1; A»=A3=1.

Ku P A1=A>=1; A3=-1.

Km : A1=42=1; A43=0.

Formula (1) takes the form of formulas (3), (4) and (6), respectively.

Results of the research.

1. Experimental determination of SIF values for surface cracks in thin-walled
structures.

1.1 Determination of SIF Kyand Ku.

1. The model with a crack is «frozen» under the action of working load (fig. 2).

2. From the «frozen» model, rows of sections are cut, along the normal to the crack
front (Fig. 3)

3. On the coordinate-synchronous polarimeter KCIT -10 along the line & = 90°,
measurements of the optical path difference of polarized rays ¢' of the isocline parameter ¢’ are
carried out for the relations: 0.2 < r/a < 0.4, where r is the radius vector of the point of
measurement of general stress state parameters; a is the depth of the surface crack for this
section; dy is the thickness of the section; r° is the radius vector of the point of measurement of
the base stress state parameters (Fig. 4).

The value of the ratio 0.2 < r/a < 0.4 is the “confidence interval” determined
experimentally. In this interval, the values of SIF are calculated according to the proposed
formulas and based on photoelastic measurements, which characterize the additional stress
state, practically do not change their values.

4. On the same device, a difference of the course ¢° and the isocline parameter ¢° for
relations 2 < r%a < 2.5 are measured (fig. 4). The optical quantities that characterize the
parameters of the base stress state are measured in the interval 2 < r%a < 2.5. There is no
complete optical picture of the additional stress state at the crack tip.

5. Based on the result of measurements, the values K; (symmetrical distribution of
stresses relative to the edges of the cracks in the section plane) by formula (2) are determined.

6. The values of K;and Ky (with asymmetric stress distribution relative to the crack
edges in the section plane) by formulas (3) and (4) are determined.
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Figure 2. «Freezing» of the model with a Figure 3. Location scheme of the crack sections
surface crack under load
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Figure 4. Determination of the SIF values K; and Ky Figure 5. Determination of the SIF values Ky on

on sections normal to the crack front subsections that contain the crack tip

1.2 Determination of Km

1. The model with a crack is «frozen» under the action of the working load (Fig. 2).

2. From the «frozen» model, rows of sections are cut, along the normal to the crack front
(definition of K;and Ky). (Fig. 3, Fig. 4).

3. Sub-sections are cut from the sections so that the crack tip is in the middle of the
thickness of the sub-section and the ratio d2/a = 0.5 is fulfilled, where «a is the depth of the
surface crack for this section; d> is the thickness of the sub-section.

4. On the coordinate-synchronous polarimeter KCII -10, the measurements of ¢’, ¢', 6°,
@° are carried out at the ratios 0.2 <r/a<0.4;2 <r%a <2.5.

5. Based on the measurement results, the value of Ky by formula (6) is determined.
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As the crack depth decreases, its impact zone decreases as well. Thus, the effect of a
crack with a depth of @ = 1 mm in a thin plate with a wall thickness of H = 2.3 mm is not
completely visible at a distance of r°® = 2.5 mm. The ratio r°a, which is given in the
description of the method, was determined by the picture of isochromatic fringes — a field
uniform in intensity, starting from the crack tip, which satisfies the above ratio r%a; by
measuring the optical path difference ¢ of polarized rays and the isocline parameter ¢ by the
method of compensation (starting from this distance ¢ and ¢ take constant values — for a plate
with a crack under tension, for a number of cracks of different depth). The ratio d./a is
obtained by determining the «confidence intervaly, ie the area near the crack tip, in which the
obtained values of the SIF have a constant value.

Thus, for thin-walled structures, we have the opportunity to determine the parameters
of the base stress state at a distance very close to the crack tip, which helps to increase
accuracy. For high-gradient stressed fields, the ground stress state can be defined as the
average of these two measurements made at points symmetrical about the crack tip at the cut.
Determining the value of Ky on sub-sections containing the crack tip makes the method
usable for the study of thin-walled structures, as neither a series of thin sections («chip
method») nor measurement at a section close to the crack tip («thin section method»), which
are given in [3], are not applicable to determine the value of Ky in thin plates and shells due
to their small thickness.

The optical path difference of the polarization rays ¢ and the isocline parameter ¢
when determining the value of SIF is measured in such a way that the condition formed on
the sections and subsections: the angle formed by the crack plane and the line connecting the
crack tip with the measurement points should be equal to 90°. This increases the accuracy of
measurements, as the fulfilment of this condition will not depend on the accuracy of the
coordinator of the device KCII -10. In addition, measurements at an angle of 90° greatly
simplify the final formulas for calculating SIF values. The deep cracks in thin-walled
structures (a/h > 0.8) cannot be measured at an angle 6 <90 due to the proximity of the crack
contour to the wall of the plate.

2. Comparison of experimental data with calculations.

The proposed method for determining the SIF for surface cracks in thin-walled
structures was tested on flat models (plates) and three-dimensional models (shells).

Experimentally found SIF values were compared with known theoretical solutions of
the corresponding problems [1].

Under study: a) semi-elliptical surface crack in a thin plate located perpendicular to the
line of action of tensile forces; b) semi-elliptical surface crack in a thin closed shell, loaded by
the action of internal pressure, which is located along the shell; c) rectangular surface cracks in
a thin shell exposed to torque, located along the forming shell. The optical path difference ¢
and the isocline parameter ¢ in the region of all investigated cracks were measured on the
instrument KCIT -10.

In Fig. 6, pictures of isochromatic fringes in the «frozeny» section of the surface crack
are shown. The results of experimental research (solid lines) and their comparison with the
theoretical values calculated according to the literature are given below in the form of graphs
in Fig. 7-9.
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Figure 6. Pictures of isochromatic fringes in the section containing the point of maximum deepening
of semi-elliptical surface crack in the plate under tension
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Figure 7. Determination of the SIF value K; at the deepest point of the semi-elliptical surface
crack front in thin plate under tension
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Figure 8. Determination of the SIF value K; at the deepest point of the front of the semi-elliptical surface
crack front in a closed thin shell loaded by the internal pressure (the crack is located along the shell)
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Figure 9. Determination of the SIF value Ky;; for rectangular surface cracks in a thin shell,
which is subjected to torque

12 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 1 (101), 2021https://doi.org/10.33108/visnyk_tntu2021.01


https://doi.org/10.33108/visnyk_tntu2021.0

Yuri Rudyak, Mykola Pidgurskyi, Iryna Matvieieva, Valentyna Groza,
Viktor Sichko, Volodymir Merzliuk, Ivan Pidgurskyi

Conclusions. Based on the analysis results of experimental data comparison for
determining the SIF values for surface cracks with theoretical ones, the discrepancy is from 2%
to 8%. Therefore, the developed method for studying the three-dimensional problems of
fracture mechanics according to photoelastic analysis provides the necessary accuracy and can
be used for the analysis of thin-walled structures with non-through cracks.

The main essence of the developed and experimentally implemented method of
measuring the SIF values for surface cracks in thin-walled plate and shell structures is to
determine separately the optical parameters that characterize the general and basic stress states.
Based on this information, the access to the additional stress state parameters is provided, which
includes the SIF values, and, based on the obtained experimental information, the SIF values
K1, K, Kir are determined.

The «confidence interval» r/a = 0.2+0.6 is determined, in which the experimentally
determined SIF values according to the data of photoelastic studies coincide as much as possible
with the calculated data.
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POTOINPYXXHE JOCIIXXEHHA IPOCTOPOBUX 3AIAY
MEXAHIKHX PYUHYBAHHAA

IOpiii Pynsik!; Mukoaa Iiarypesknii?; Ipuna Martseepa®;
Banentnna I'po3a®; Bikrop Ciuxo*; Boxogumup Mep3iaok?;
Isan Iliarypcnkmii?

Y Tepnoninvcoxuii nayionanvruii meOuunuil ynieepcumem
imeni 1. A. I'opbauescvkoco, Tepronine, Yxpaina
2Teproninbcobkutl HayionanvHull mexuiunuti yuisepcumem imeni leana Ilynios,
Tepnonins, Ykpaina
SHayionanouuii asiayitinuii ynisepcumem, Kuis, Yxpaina
*Muxronaiscvoruii nayionanonuii ynisepcumem imeni B. O. Cyxomauncovxozo,
Muxonais, Yxpaina

ST «AHTOHOB», Kuis, Ykpaina

Pestome. Poszeunymo nonapusayitiHo-onmuyHutl Memoo OOCHONCEHHS MPUBUMIDHUX 3a0a4 MEeXAHIKU
PYUuHysanHs. 3a OaHUMU POMONPYICHUX SUMIDIOBAHb 3ANPONOHOBAHO GUIHAYAMU OKPEMO NAPAMEMPU 302ATbHOO
Mma OCHOBHO20 HANPYNHCEHUX CMAHI8, i HA OCHOBI OMPUMAHUX OAHUX PO3PAXO8Y8AMU NAPAMEMPU O000AMKO8020
HANPYICEHO20 CMAaHy, 8 sIKi 6x00smb Koeiyichmu inmencuenocmi nanpysicenv (KIH). Taxuil nioxio 0osgonse
susnawumu KIH 015 negenuxux 3a 6enu4uHOI0 KApmun ONMUYHOL aHi30mponii, Ki XapakxmepHi 0151 NOBEPXHeBUX
MPiWUH Yy MOHKUX NIACMUHAX | 000JIOHKAX, GUSOTNOGNICHUX I3 ONINUYHO-YYMAUGUX MAMepIanié Ha 6a3i enoKCUOHOT
CMOJIU, HEOP2AHIUHO20 CUNIKAMHO20 CKAA MA Y 20MO2eHHUX 1 2emepo2ennux mpuniexcax. Ilapamempu 3a2anvno2o
HANPYHCEHO20 CIAHY BUMIPIOIOMbCA NOOAU3Y OKONLY MPIWUH, Y MAK 36AHOMY «IHMeP8ai 00CMOBIPHOCMIY, 8 AKOMY
excnepumenmanvHo eusHaueri eenuyunu KIH ons pisnux padiyc-6ekmopie mouoK UMIPHOGAHHS, NPAKMUYHO He
8IOpIzHAIOMbCA Midic coO010. [lapamempu 0CHOBHO20 HANPYIHCEHO20 CIMAHY BUIHAYAIOMBCS HA NeBHUX BIOCHIAHSX 810
@dpoumy mpiwguny, 015 AKUX ONMUYHA THMep@ePeHyilina KapmuHa He MICmums 30H KOHYEHMpAyii HanpysiceHv.
3anpononosano 3acanvhy opmyny ons eusnavenns KIH maxkum wiisixom 0ns pisnux eudie oegpopmayii 6 oxoni
mpiwunu. Popmyna micmume Koeghiyicumu, ki HAOY8arOMb NEGHI SHAUEHHSL 3AEHCHO BI0 HAAGHOCMI NOOIU3ZY OKOLY
mpiwunu KIH K1, KII, KIII, abo ix kombinayiu. Memoo eKCnepumMeHmansho peanizosanull 3a 00NoMo20i0 00 ’emHol
POmonpysHcHOCMI i3 «3aMOPOIACYBAHHIMY OedopmMayii. ma NOIAPUZAYIIHO-ONMUYHUM OOCTIOINCEHHIM 3pI3i6 i
cy63pizie nogepxnesux mpiwun. Memoo anpobosano npu eusnayenti senuyurn KIH Ona nosepxmnesux mpiwutn y
MOHKUX NAACMUHAX | 000JOHKAX, BU2OMOBIEHUX 13 ONMUYHO-YYMIUBO20 Mamepiany Ha 6a3i enoKCUOHO-0iaHO801
cmonu EJ-20M. Ompumano oani éenuuun KIH 0115 nogepxuegux mpiwun pizHoi ceomempii 8 naaui (nigeainmuyHux,
NPAMOKYMHUX), AKI nepe6y8aiomsv npu pisHUX 8UO0AX HABAHMAdCEHHA. Po3zenanymo niacmunu 3 nogepxHesumu
mpiyuHamy npu po3msey, MoHKi 0OOJOHKU 3 NOBEPXHeSUMU MpiwuHamy nio 0i€lo SHYMPIWHb020 MUCKY ma
kpyuenns. Excnepumenmanvruo ompumani eenuyunu KIH nopienoganu 3 po3apaxo8anumu 3HA4eHHAMU, 00UUCTEHUMU
3a gidomumu sanexncnocmamu. Pozbigcuicme excnepumenmanvio ompumanux eenuyur KIH i3 pospaxosanumu
ananimuyno cxnaoac 2-8% ons pisnux eapianmis po3mauty8anHs nogepxHesoi mpiwunu, ii ceomempii ma 6uoy
HABAHMAICEHHS. MOHKUX NaAcmun i 00010HOK. [lokazano egpexmugHicms 3anpoOnOHOBAHOT MEMOOUKU BU3HAYEHHS
KIH 3a xapmunamu onmuyHoi aHi30mponii HegenuKol euduHu 0I5l PO36 SA3aHHS GIONOBIOHUX 3A0aY IHICEHePHOT
NPAKMUKU.

Knwuoei cnosa: mexanixa pyiinysanus, xoepiyienm iHMEHCUBHOCHE HANPYICEHb, (POMONPYICHICMb,
MOHKI NAACMUHU, MOHKI 000IOHKU.
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