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O030p HOBeHIIUX MCCIEIOBAHMI 10 OLeHKe KOHLEHTPATOPOB HANpPS:KeHUil
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Heenedosano mpexmepHoe ynpyzoe pachnpeoenienue HANpA#CeHUull OKOA0 OCMPbIX Y2lo8
HAKIOHHO20 pPOMOOBUOHO020 omeepcmus 6 niaacmure. lIpoananusuposana mpexmepHast
KOHEYHOINEeMEHMHAsL MOOeb NPU PA3IUYHBIX YCA0BUAX HASPYHCeHUS Ol U3YUeHUs UHMeH-
CUBHOCIU PA3PYWEHUsL NPU PAHBIX MOOAX C YYEmom Moawunsl niacmunsl. Ilonyuennvle
pe3yIbmanmsl CPAGHUBAIOMCS C MAKOBbIMU, ONPeOeleHHbIMU NO HOogellulell meopull, Komopas
npeobpazyem mpexmepHvle OCHOGHbIE YPAGHEHUsl Ynpyeocmu 6 cucmemy oupgepenyuans-
HbIX YPABHEHULL, BKIOUAIOWYI0 OULAPMOHUYECKoe U eapMOHudeckoe ypasHeHus. Ilocieonue
obecneuusarom peuteHue, COOMEEMCmMayiouiee YCioguro 6 NIOCKOCU U 6He NIOCKOCU
Haopesa, 1 00IAHCHBL OblMb 0OHOBPEeMEHHO YOosiemeopenvl. Tlonyueno xopowee coomeem-
cmeue Mexcoy YUCTeHHbIMU Pe3yibmamami U meopemudeckum pacnpeoeieHuem Hanpsi-
JHcenull.

Knrouesvie cnosa: ananutndeckue BBIPDAXKCHUS, KOHEYHODJIEMECHTHBIN aHaJIn3, OTBEPCTHUC,
TPEXMEPHOCTD.

Introduction. Due to convenience and relative simplicity, solutions of plane theory of
elasticity are popular and serve as a basis for many engineering design procedures,
standards and failure assessment codes. In terms of numerical costs, two-dimensional
models, based on plane stress or plane strain assumptions, are much more computationally
efficient, easier to build and verify in comparison with the corresponding three-dimensional
counterparts. However, to approach the through-the-thickness effect of real components,
requires alternative methods such as three-dimensional theory of elasticity or finite element
(FE) method.

The coupling effect was investigated for through-the-thickness cracks in finite
thickness plates using analytical and numerical methods [1-3]. In particular, the 3D stress
field at sharp notches with arbitrary notch opening angles based on the first order plate
theory by [4] is studied in [5, 6]. The coupled mode in shear loading was called ‘the
out-of-plane mode, or Mode O, to distinguish it from the conventional Mode III. It was
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also demonstrated that the out-of-plane mode is provoked by the 3D effects linked to
Poisson’s ratio of the material and described by the same characteristic equation as the
conventional Mode III.

The local interaction between the loading modes for the case of pointed and sharply
radiused notches in plates with finite thickness was re-analyzed in [7]. It was demonstrated
that the governing equations of three-dimensional elasticity can be reduced to a biharmonic
equation and a harmonic equation. The former provides the solution of the corresponding
plane notch problem, while the latter gives the anti-plane elasticity problem. Having the
two equations simultaneously satisfied in a 3D problem, justifies the theoretical and mutual
interaction between different modes. The main aim of this study is to examine the proposed
theory in [7] by investigating the stress fields in the vicinity of the sharp corners of a
diamond hole in a plate with finite thickness under tension and twisting loading conditions.

1. Methodology.

1.1. Analysis of the 3D Stress Fields. Recently, a new approach to the analysis of
three-dimensional problems has been developed by Lazzarin and Zappalorto [7] who
assume the Kane and Mindlin [4] hypothesis for displacement components as given by

uy=ulx, y), u,=v(x,y), u,=bzxXw(x, y), )]

where b is a constant value. As a result, the normal strains €., €,,, €., aswellas y,,
are independent of z, whereas, the other two shear components, i.e, y,. and y,., depend
on z. We have

du v
exx=a, syy=5, €., = bw,
o aw @
Vooay oy’ z ay’ “ ax

By invoking the stress—strain relationship, also the stress components 0., 0, T,,,
and o ,, are independent of z, whereas the out-of-plane shear stress components depend
on z, according to the following equations:

[(I_V)gzz +V(8xx +'9yy )]=

du v
ox dy ’ )

aw ow
TyZ=nyz=sz$, sz:nyz:sza'

Uzz = A
(1= 2 )(14+v)
E

= {(l—v)bwﬂ/
(1= 2 )(1+v)

By imposing the equilibrium in z direction, one obtains
Viw=0, Q)

where V2 denotes the two-dimensional Laplacian operator. Similarly, considering the
equilibrium in x and y directions, applying differentiation and by using the Schwarz
theorem for partial derivatives, the following equation can be obtained:

2 2 2
070, 0 ny_l_za Ty
2 ay? dydx

=0
o ®)
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Due to the fact that the stress components o, 0,,, 7,,, and 0, do not depend on

z, Eq. (5) is automatically satisfied by the classic Airy stress function ¢(x, y):

%¢ a%¢ a%¢
= = s T =———.
2 v axdy

(6)

Now, by using the generalized Hooke’s law for stresses and strains and satisfying the
in-plane compatibility equations, one obtains [7]:

Vig=vVi0_ =0 7

Here the equality to zero is guaranteed by the third of the Beltrami—Mitchell equations,
considering the fact that the stress components o, o and o, do not depend on
Z.

y> Tayo

Subsequently, any three-dimensional notch problem can be converted into a biharmonic
problem (typical of plane stress or plane strain conditions) and a harmonic problem (typical
of out-of-plane shear case), provided that the displacement law according to Kane and
Mindlin’s Eq. (1) is satisfied. The final equation system is

{V4¢= 0,

8
Viw=0, ®)

where ¢ and w are defined implicitly according to Eqs (3) and (6), respectively. Note that,
both equations (8) must be satisfied simultancously.

It is worth mentioning that the solution given in [7] is not valid on the free surfaces of
the plate, due to the presence of some edge effects, such as corner point singularities [8—11]
that might play an important role on stress intensities.

2. Examples and Applications. In this section, a three dimensional model with an
inclined diamond hole in a finite thickness plate under different loading conditions is
considered. In order to demonstrate the degree of accuracy of the theory developed in [7],
the analytical frame of the theory is explained first and then verified by the 3D finite
element (FE) models under tension and torsion loading conditions respectively.

2.1. The Spatial Diamond Hole Problem. An inclined diamond hole in a plate with
finite thickness under tension and torsion is considered. The inclination angle is 22.5° as
shown in Fig. 1. Such an inclination induces local in-plane mixed mode stresses (Mode I +
Mode II), which can be solved by using Williams’ plane solution for re-entrant corners,
according to Eq. (8), where the function ¢ is as follows [7, 12]:

¢ — ],.'11"'1 [AS COS((l] + 1)0)+BS‘ COS((l_ l1 )9)]+
+ 94, sin((2 +10)+ B, sin((1- 1, )0) ®

Having a fixed value of the through the thickness coordinate, z, and using the polar
coordinate system at the notch tip, the in-plane stresses vary according to Williams’
singularity degrees 1—4; and 1—A, for Modes I and II, respectively.

In the presence of a sharp V-shaped notch, the stress distributions of symmetric type
with respect to the angle bisector (Mode I) are [12—14]:
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6,=100 MPa F
t + ¢

200 mm
200 mm

Fig. 1. Finite thickness plate weakened by inclined diamond hole under tension (a) and torsion (b).
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The skew-symmetric stress distributions (Mode II) are

O g0 | r’lz_le y
Urr =
. N2 (1= Ay)+x,(1+45)
0
—(14+4,)sin(1— 1,)0 —sin(1+ 4, )0
(1= A, )cos(1— 4, )0 cos(1+4, )0

Parameters K; and K, are the notch stress intensity factors (NSIF) related to Mode I
and Mode II stress distributions, respectively, 4; and 1, are Williams’ eigenvalues [12]
and, finally, y; and yx, are parameters which depend on the opening angle [12-14].
Subsequently, the stress field intensities can be quantified by the corresponding NSIFs [15]:

K, (z)=1lim, V21 M0y (6= 0),
12
K, (z)=lim, o 217 "7 4 (0= 0). (12

However, due to the nature of three-dimensional problems, in addition to the in-plane
stresses, the out-of-plane shear stress components 7, and 7, can be obtained by using
the following w function [16]:
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w= Dsr/l3*Y cos(4; ,0)+D, P sin(4 3 ,0), (13)

where A5 =215, =m/y,so that only the skew-symmetric part of w contributes to the
singular behavior of stress fields [7]. Accordingly, anti-plane Mode III shear stresses near
the notch tip can be determined as

Kz

T ——————sin(44 ,0),
zr \/E ( 3a )

Ay —1 (14)
Ky cos(A5 ,0)
Tyg=—"""F"7—— )
0 \/E 3,a
and
K+(z)=1lim, o V2mr ™7 (0= 0), (15)

where K;(z) is the Mode III NSIF. Equation (15) can be considered as the extension to
the out-of-plane mode of Gross and Mandelson’s definitions [15] provided for the in-plane
modes, see Egs. (12).

2.2. Tension Loading. In order to validate the theoretical frame developed in [7], a
detailed FE analysis on the model shown in Fig. 2 under tension loading is performed. The
normal stress ¢, = 100 MPa is applied on the far end of the plate. The ANSYS package is
used to perform the finite element analyses (FEA). Material is assumed as isotropic and
linear elastic with the Young modulus £ = 206000 MPa and the Poisson’s ratio v = 0.3.
The 20-nodes brick element is used. With the aim of obtaining the desired degree of
accuracy, a very fine and regular mesh pattern, specially close to the diamond corners is
constructed as shown in Fig. 2.

Fig. 2. Mesh pattern used for stress analysis of finite thickness plate weakened by inclined diamond
hole under tension.

The variation of three stress components oy, 7,9,and 7 along the notch bisector
line and close to the notch tip (corner 4 in Fig. 2) are shown in Fig. 3. All the stresses are
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calculated on the plane 0.5 mm far from the free surface of the plate. It can be seen from
Fig. 3 that, as expected, the value of 04y is much higher than the other two stresses,
showing the dominance of Mode I fracture for the plate under tension.

Figure 4 shows the through the thickness variation of the NSIFs K|, K,,and K3 in
a distance from mid-plane to the free surface of the plate. The notch tip at corner 4 is
selected again for the NSIFs evaluations.
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Fig. 3. Stress components 0y, 7,9, and 7 along the notch bisector line of an inclined diamond hole
in a thick plate under tension. Distance from the free surface z =0.5 mm.
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Fig. 4. Plots of NSIFs along the thickness of the plate with inclined diamond hole under tension.

From Fig. 4, it can be observed that the value of K5 is relatively lower than the other
two NSIFs. The intensity of K5 varies from case to case. Here, the main aim was to
document the existence of the out-of-plane mode, which can be detected only by means of
3D models. This specific mode is expected to increase as the plate thickness increases [11].
It is evident, the linear change of K3 through the thickness of the plate up to the
maximum value, which is located in the vicinity of the free surface. In parallel, the
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variability of in-plane NSIFs (K; and K,) is shown: K, is constant on the major part of
the plate thickness, whereas the variation of K is more distributed through the thickness
of the plate.

2.3. Torsion Loading. The plate with inclined diamond hole with the same material
properties and element type as of the tension loading is also investigated under torsion
loading conditions.

The applied shear stress is set according to the expression 7, = 3F / t2, valid for the
narrow rectangular section, which induces a nominal shear stress 7, = 100 MPa on the
gross section of the plate (Fig. 5).

T
ity

i)
Iigr AR
””":‘g‘;ﬁgﬁ:ﬂ" A

Fig. 5. The mesh pattern used for analysis of finite thickness plate weakened by inclined diamond
hole under torsion.

Similar to the tension loading condition, the variation of three stress components 0 g,
7,9,and 7 along the notch bisector line and close to the notch tip (corner 4) are shown
in Fig. 6. All the stresses are calculated on the plane 0.5 mm far from the free surface of the
plate.

It is worth noting from Fig. 6 that o4, (corresponding to induced Mode I) is again
much higher than the 7 corresponding to the applied Mode III
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Fig. 6. Stress components 0y, T,9,and 7 along the notch bisector line of an inclined diamond hole
in a plate under torsion. Distance from the free surface z =0.5 mm.
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Due to the twisting loading, the stresses at the two corners A and B (Fig. 5) are
different. Hence, both corners are considered for NSIFs evaluation through the thickness of
the plate, as it is shown in Fig. 7.

Figure 7 shows the linear variation of K| and K, through the thickness of the plate
and a parabolic trend of K 5. It was shown in [17] that the equation system (8) is valid even
when the displacement field is no longer according to the Kane-Mindlin hypothesis, i.e.,
Eq. (1), but is also when given in the following more general form:

u = fl(2)Xulx, y),  uy,=f(2)Xu(x, y),  u,=f(2)Xwx, y), (16)
where f(z) can be regarded as a generic polynomial function of order n:
f(2)=ay+ayz+ayz*+ ... +a,z". (17)

It is noteworthy that Eq. (17), similar to the equation proposed in [18] for the crack
case, automatically satisfies all the six compatibility equations [17].
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Fig. 7. Plots of NSIFs along the thickness of the plate with inclined diamond hole under torsion.

In addition, apart from very near surface location (i.e., z>2.25 from midplane),
where some edge effects such as corner point singularity may exist [8—11], on a plane at
z= 0.5 mm from the free surface some differences between the NSIFs values at the two
corners A and B can be observed. Considering the corner 4, the Mode I seems to be the
dominant mode of fracture and K, has a relatively lower value (about 25% lower than K )
at z= 0.5 mm from the free surface. On the other hand, for corner B, both K| and K, are
dominant and have an equal value at the same distance from the free surface. For both
corners, Mode III has a negligible effect with a relatively higher value at corner B.

Finally, in-plane stress components (0, 0,., and 7, ) as well as anti-plane shear
stresses (7,. and 7 ) obtained from FEA on a circular path with radius »= 0.002 mm
centered at the notch tip (corner 4), compared with the theoretical prediction according to
Egs. (10), (11), and (14), are shown in Figs. 8 and 9, respectively.
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Fig. 8. In-plane stress components (0pg, 0,., and 7,) obtained on a circular path with radius
7 =0.002 mm centered at the notch tip (corner 4) and comparison with the theoretical predictions [7].
Inclined diamond hole in a plate under torsion (7, = 100 MPa). Distance from the free surface
z=0.5 mm.
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Fig. 9. Anti-plane shear stresses (7, and 7 ) obtained on a circular path with radius » =0.002 mm
centered at the notch tip (corner 4) and comparison with the theoretical predictions [7]. Inclined
diamond hole in a plate under torsion (z,, = 100 MPa). Distance from the free surface z = 0.5 mm.

As it can be seen from Figs. 8 and 9 a very sound agreement is observed between the
numerical results and analytical predictions proposed in [7]. A good agreement with the
theoretical results was also found for the tension loading conditions.

Conclusions. In this study an attempt is made to examine the proposed theory in [7]
by investigating the stress fields in the vicinity of the sharp corners of a diamond hole in a
plate with finite thickness under tension and twisting loading conditions. The FE results
have confirmed the presence of coupled modes at the V-notch tip, showing a good
agreement with the in-plane and out-of-plane theoretical stress distributions.
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Pe3zwome

JlocnipkeHo TPUBUMIPHUI NMPY>KHUH PO3IIOLT HANpPy)KEHb OISl TOCTPUX KYTIB TOXWIJIOTO
pomMboronibHOTO OTBOPY B IacTuHi. [IpoaHanmizoBaHO TPUBHUMIpHY CKiIHUCHHOEIEMEHTHY
MOJIeNIb 32 PI3HMX YMOB HaBaHTXEHHs Ul BUBUCHHS IHTEHCHBHOCTI PYHHYBaHHs 3a
PI3HHX MOJ 3 ypaxyBaHHSIM TOBIIMHU TUTACTHHU. OTpHMaHI Pe3yNbTaTH MOPIBHIOIOTHCS 3
TaKMMH, 110 BH3HAYEHI 32 HAWHOBIIIOI TEOPI€IO, sIKA MEPETBOPIOE TPUBHUMIPHI OCHOBHI
PIBHSHHS IIPY>KHOCTI B CHCTEMY IH(EpeHIIaTbHAX PIBHIHB, B SIKY BXOIATH OirapMOHIYHE i
rapMoHiyHe piBHsHHS. OcTaHHI 3a0€3MeuyroTh PO3B’s30K, IO BiJIIOBIAa€ YMOBI B IUIONIHHI
Ta 1032 IUIOIIMHOK HAJpi3y, 1 MOBUHHI OAHOYACHO 330BOJIBHATHCS. OTPUMaHO XOPOIIY
BIMOBITHICTh MIXK YMCEIBHUMHU PE3yJbTaTaMH 1 TEOPETUUHHM PO3IMOALIOM HAIPyKEHb.
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