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Abstract. This paper presents new design of the structpedisen for plane stress analysis.
Requirement was that the specimen is loaded byetsal tensile testing machine without any
special equipment. Specimen was analyzed usingdefielement method in ANSYS
Workbench software. Finite element method was atsed for simulation of strain gauge
measurement to determine principal stresses, dgaivaon Mises stress and orientation of
the principal axes in the center of specimen. Rmakperimental stress analysis using strain
gauges was performed on real specimen. Results goperimental measurements and
numerical simulations were compared.

I ntroduction

Plane stress is a special case of general threendional stress state at a point of structure
under mechanical loading. Plane stress is typitahany engineering problems where the
stresses are induced in a thin plate or on theduekce of a structural element, such as the
surfaces of thin-walled pressure vessels underredter internal pressure, the free surfaces
of shafts in torsion, beams under transverse laigplane fuselage and wings, car bodies etc.
[1-3].

A point of thin-walled structure can be represergs@ rectangular planar element inxhe
y plane. This element in the state of plane stressthree nonzero stress components: two
normal stresses;, g, and one shear stregg (from static equilibriumzy = 1) as shown in
Fig. 1. In three-dimensional state of stress, tlagecother three stress componesysry,,
in perpendicular direction to they plane £ direction), but these ones are zero in the case of
plane stress.

Stress components, gy and 5, vary with the anglep of rotation of the element into new
coordinate system. In new coordinate system, therenaximumo; and minimumag; normal
stresses called principal stresses and zero shess sn the element, see Fig. 1. Principal
stresses lie in principal directions. Maximum shs@essrx occurs when the element is
rotated from principal directions about angle 4&% Fig. 1. For this orientation of element,
there are except maximum shear strggs also two nonzero normal stresses with the same
average stress valugye.
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Fig. 1. Element in the state of plane stress:

a) x-y coordinate system, b) principal directions, cgdiion of maximum shear stress.

In general, there are different values of normal slnear stresses in any coordinate system
of the element. This transformation of stress itdeorto anglep describes Mohr’s circle. In
Mohr’s circle the horizontal axis represents normsiaéss and vertical axis represents shear
stress in the element. Normal and shear stressagriient coordinate system of the element
are represented by a point on a circle. Arfjle twice in the center of circle, see Fig. 2.
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Fig. 2. Mohr’s circle for plane stress.

If all three stress components for any coordingtsesn are known, then the principal
stresseso; ,, maximum shear stresgax, average stressqe and angleg with respect to
principal directions are defined as follows [1-3]:
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If principal stresses are known or calculated fremm 1, the von Mises criteriotises
(ductile materials) or maximum normal stress doteio,.« (brittle materials) can be used to
compare plane stress with uniaxial yield strgsgand ultimate tensile strengths [1,2]:
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Experimental determination of mechanical stressepearformed by measuring of the
strains. In the state of plane stress there aesssttomponents only iy plane but strains are
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in all three directions. Normal stresses producemad strainsey, &y, & (¢ iS result of
Poisson’s ratio effect) and shear stress produnear strainyy in x-y plane. In the region of
elastic deformation we assume the linear stragsstirelationship defined by generalized
Hooke’s law. Hooke’s law for plane stress is gilmnthe equatione( is not considered) [1-
3]

&, 1 1 -v 0 o, g, E 1v 0 || &
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whereE is Young’s modulus andis Poisson’s ratio.

The strains on a surface of body are usually mosveniently measured by means of
electric-resistance strain gauges. The simplesh foff such a gauge is a short length of wire
insulated from and glued to the surface. Whendtnegj occurs the resistance of the wire is
increased, and the strain can thus be measuredadéy. Single strain gauge is capable only
of measuring the extensional strain in the directitat the gauge is oriented. Therefore, if the
principal directions are known the gauges are nexlint these directions (principal stramns
ande, are measured) and principal stresses can be addwas follows [1]:

o= (e,+ve,) o,=

E E
(1—|/2) (1_V2)(52+V51) 4)

When the principal directions are not known in atbeg three measurements are needed.
In this case, to determine the state of plane stiiess necessary measure not only two
extensional strains, but also the shear strai, re$pect to some givery coordinate system.
However, there is not direct way to measure tharssieain. [1]

The solution of this problem is to make three iretefent measurements of extensional
strains at a point on the surface of structure. wost obvious approach is to place three
strain gauges together in a rosette with each gatigated in a different direction and with
all of them located as close together as possibspproximate a measurement at a point [1].
Strain gauges in rosette are typically orienteflxatd angle 45° (rectangular rosette) or 60°
(delta rosette) with respect to each other.

Fig. 3 shows measurement with rectangular stramggarosette. GaugA is rotated
relative to the principal axis 1 of the angpe Directions of gaugeé andC representx-y
coordinate system of the element.
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Fig. 3. Measurement with rectangular strain gawogette.

From measured straing, ¢g, ¢c we can determine strain components for element-yn
coordinate system [1]:

ETEN L E,TE G Yy = X, —E,— & (5)
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Now, it is possible calculate stresses in the efgnmex-y coordinate system using generalized
Hooke’s law, EqQ. 3. Principal stressas,, maximum shear streSg.x and anglep between
principal directions and-y coordinate system are then calculated from E@h#&.von Mises
stress is calculated from EQ.2.

Plane stresstesting methods

Plane stress is tested using various methods. Tisé common test is biaxial tensile test of
thin cruciform specimen as shown in Fig. 4a. Armisciuciform specimen are loaded in
tension. There are principal axes in the directiohapplied loads in the center of specimen.
Testing machines for this test require combinatibtwo or four individual force actuators as
shown in Fig. 4b. It is also possible use universaisile testing machine with special
pantograph device, see Fig. 4c.

Attached to cross head of tensile tester

Fig. 4. Biaxial tensile test: a) cruciform specimbhtension in two directions by action of
four actuators [4,5], ¢) pantograph mechanismdasile testing machine [6,7].

Arcan et al. [8] proposed a biaxial fixture, comryoknown as the Arcan fixture, to
produce biaxial states of stress. Specimen witteldiyt geometry is usually used, see Fig. 5a.
The Arcan fixture can be used to apply both shedraxial forces to the test specimen, see
Fig. 5b [9].

a)
Fig. 5. Arcan fixture [10]: a) butterfly specimdy), biaxial states of stress.

Different type of specimen is thin tubular specimeaded by axial tension force and
inertial pressure as shown Fig. 6a. Plane strede & enforced in the shell of the tubular
specimen. Device for testing this kind of specimmequires additional hydraulic pump or
pneumatic compressor, Fig. 6b.
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Fig. 6. Testing of tubular specimen: a) tubularcapen,
b) servo-controlled tube-bulging testing maching[1

All these testing methods are quite complicatedxmensive so our target was design new
specimen for plane stress analysis which will Istirig by using just universal tensile test
machine. Software ANSYS Workbench was used for gihesihe specimen shape.
Experimental measurement using strain gages wasecatively performed.

New specimen for plane stressinvestigation

In Fig. 7, there is a design of new specimen fetitg plane stress state. This specimen
can be tested using universal tensile testing machithout any special equipment. Vertical
arm is loaded in tension and we assumed that depdoimen design the horizontal arm is
loaded in compression. In the center of specimenptincipal directions should be in the
vertical and horizontal directions as shown in FigThis assumption was verified by finite
element analysis.

Parameters for plane stress test:

* shape and dimensions (in millimeters) of the speailsre shown in Fig. 7;

» thickness of the specimei= 1 mm;

e material: aluminum (E = 70 GPa= 0.33);

» applied forcefF = 200, 400, 600 N.
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Fig. 7. Shape of the specimen.

Static structural finite element analysis (FEA) wpsrformed in software ANSYS
Workbench [12]. The specimen was modeled as sulfadg. Type of structural analysis was
plane stress with thickness. The main target of #malysis was determined whether the
principal axes in the center of specimen are inticedr and horizontal directions. This
assumption was confirmed from the vector plot dbdeation and principal directions in the
center of specimen, see Fig. 8.
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Type: Wector Principal Stress
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Fig. 8. Vector plot of deformation and principatetitions in the center of specimen.

Results of deformation and state of stress forethire specimen and for a point in the
specimen center are in Fig. 9 (load cBse400 N). Results for all load cases are in Tab. 1

B: Static Structural
Total Deformation

Type: Total Deformation

Unit: mm

0,0078943
= 0,0069084
5 0,0059219

0,0049354
—! 0,003349
—1{ 0,0029625
| 0,001976

0,00098954
3,0658e-6 Min

0,0088813 Max

14,229 Max
13,761
13,203
12,624
13,356
11,88
11419
10,951
10,493
10,015 Min

von Mises stress

(14224

Tab. 1. Results from static structural FEA.

F [} gy Tmax OWises
[N] | [MPa] | [MPa] | [MPa] | [MPa]
200 5.0 -2.0 4.0 7.1
400 | 11.7 -4.2 7.9 14.2
600 | 175 -6.3 11.9 21.3

B: Stal
Maxim
Type:
Unit: MPa

12,287 Max

11792
11,207
0,801
10,306
98105
93151
6,8138
8,324

7.829 Min

B: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa

Maximum principal stress

Fig. 9. Plot results for load cae= 400 N.

-1,2008 Max
-1,5335
-1,8653
-2,1991
-3,5318
-2,8645
-3,1974
-3,5301
-3,6629
-4,1956 Min

von Mises stress

7.9276 Max
76737
74197
. 7,1658
60119
6,659
64041
6,1502
58963
56424 Min

Minimum principal stress Maximum shear stress

Finite element simulation of strain gauge measurement

Rectangular strain gauge rosette was modeled inghter of specimen to determine three
individual extensional strains. Orientation of tresette is shown in Fig. 10. Gaudeis
rotated from principal axis 2 about angfe = —20°. Specimen was modeled as three-
dimensional body and each gauge was modeled agduodl plane element with own local
coordinate system. Results of this simulation veettensional strains of individual gauggas
&g, ec (X axis of local coordinate system, see Fig. Bljess quantities were calculated from
the strain results using Eq. 1-3 and 5. All resaitspresented in Tab. 2.
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Fig. 10. Orientation of the strain gauges.

Tab. 2. Results from simulation of strain gauge sneament.

F EA B &c Ox gy Ty [} (%] Trmax OMises ¢
[N] | [um/m] | [um/m] | [um/m] | [MPa] | [MPa] | [MPa] | [MPa]| [MPa]| [MPa]| [MPal| []
200 -39.6 65.7 74.9 -1.2 4.9 2.5 5.8 -2.0 3p 7]1120 |-

400 | -79.1 1314 149.8 -2.3 9.7, 5.1 11/6 -4)2 719 114 -20
600 | -118.7 197.1 224.7] -3.5 14.6 7.4 17{3 -6/3 11.821.2 | -20

Experimental strain gauge measur ement
Real specimen was subjected to testing. Three gawgee attached on the specimen.
Orientation of gauges is the same as in previongefielement simulation, see Fig. 11.

Measured strains and calculated stresses are irBTab
Devices used for experimental measurements: uriveasile testing machine, load cell,
strain gauges, measuring amplifier, PC with sofewtr acquisition and visualization of

measuring data.

Tab. 3. Results from experimental measurement.

F én 8 ec [ gy Ty 0 o)) Trex | Owisss
NI | [um/m] | [um/m] | [um/m] | [MPa] | [MPa] | [MPa] | [MPa]| [MPa]| [MPa]] [MPa]] []
200 | -40.4 61.6 68.6 -1.4 4.3 2.5 5.3 2B 3B 6/8 20.5

400 -80.8 123.2 137.2 -2.8 8.7 5.0 10/6 -47 716 518 -20.5
600 | -121.2 184.8 205.8 -4.2 13.0 7.5 15{8 -710 11.420.3 | -205

Fi. 11. Real épecimen with strain gauges.

Conclusion

New specimen for plane stress testing was desidgfiade element method was used for
analysis the state of stress in the center of spati Finite element simulation of strain gauge
measurement was also performed. Finally experirhemtasurement was done. Results from
simulations are compared with experimental resaoli&ab. 4 and Tab. 5. Percentage errors of
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both finite element analyses are less than 15 9ein of the measurements. Von Mises stress
errors are even smaller than 6 %. Results differeace acceptable and we can consider that
shape of the specimen is suitable for analysidasfgstress state. Advantage of this specimen
is that specimen can be tested by using univeesaile testing machine without any special
equipment. Different stress values can be achibyaethanging of the specimen dimensions.

Tab. 4. Comparison of static structural FEA and sneaments.

F [N] 200 400 600

FEA | Measured A[%] | FEA | Measured| A [%] | FEA | Measured| A [%]
oL [MPa] 5.0 53 57 11.7 10.6 -104 | 17.5 15.8 -10.8
o | [MPa] | -2.0 2.3 130 | -4.2 -4.7 106 | -6.3 7.0 10.0
x| [MPa] | 4.0 3.8 -5.3 7.9 7.6 -39 | 11.9 11.4 -4.4
Owiss | [MPa] | 7.1 6.8 44 14.2 13.5 -52 | 21.3 20.3 -4.9

Tab. 5. Comparison of strain gauge simulations:fzand measurements.

F [N] 200 400 600
Geea | Measured| A [%] | Grea | Measured| A[%] | Geea | Measured| A [%]
a [MPa] | 5.8 5.3 -94 | 116 10.6 -94 | 17.3 15.8 -9.5
o [MPa] | -2.1 -2.3 8.7 -4.2 -4.7 106 | -6.3 -7.0 10.0
Tnex | [MPa] | 3.9 3.8 -2.6 7.9 7.6 -39 | 11.8 11.4 -35
Owises | [MPa] | 7.1 6.8 44 14.1 13.5 -44 | 21.2 20.3 -4.4
) [°] -20 -20.5 24 -20 -20.5 24 -20 -20.5 24
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