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Abdgract: Problem statement: Since the residual stresses can cause a sciehif@ghrction in strength of
the mechanical components, having a semi-desteuatigasuring method that would predict and model
theses stresses would be an advantage. The hiblggdriethod has been used, by many researches, for
measurement of the residual stresses in differategnals. In this article, the finite element meth® used

to simulate the hole drilling metho8pproach: The calibration factors required for measuringrésdual
stresses in composite materials are performed wsifigite element procedure instead of experimental
techniques. In this approach, the elements withénvthole boundary are firstly removed from thetdini
element model of the specimérhen, the average strains released around the \ahedeare measured
using a there-strain gage rosette located neavtible boundaryResults: The calibration factors which are
used to convert the released strains to residuessts are obtained by the hole drilling method. rékults

for an orthotropic unidirectional ply made of glegoxy are presente€oncluson: The compliance
factors are represented as a 3x3 matrix for tHeowdpic material. The results obtained from thetei
element method are compared with the analyticattisol method. A good agreement between the results
shows the reliability of the numerical method presd in this study.

Key words: Residual stresses, calibration factors, hole dglimethod, composites materials, finite
element method, released strains

INTRODUCTION matrix. Cure temperature plays a key role in
determining the values of the residual stresse® Th
The hole drilling method is a widely used magnitudes of these stresses depend on the plyplay-
technique for measuring residual stresses in laetha material properties of the unidirectional ply and
composites. This is the only method for measuremennanufacturing processes. These residual stresdesere
of residual stresses that is accepted as an (AS8BTE the efficiency of structures and can cause matrix
08el, 1996). The hole driling method for measuringcracking, fiber breakage and delaminating. Theggfor
residual stresses was presented in 1934 by (Mathahey reduce the ultimate strength of structuresthin
1934). In 1968, (Berdand Thompson, 1968) and in 1987 hole drilling method a rosette strain gage is mednt
(Prasad and Prabhakaran, 1987) extended the hale a specimen containing residual stresses. There
drilling method for orthotropic materials. Schajand  strain gages locate in 0, 90 and 225°. To measure a
Yang (1994) that the development of the centrak holresidual stress, a circular hole is drilled at the
drilling method for orthotropic materials by (Prdsand geometrical center of the rosette to a depth dijght
Prabhakaran, 1987) is not valid. They presented greater than the whole diameter. This hole locally
different method for orthotropic materials with asfggree  relieves the stresses in the surrounding material.
of orthotropy. They developed a table of calibratio Finally, the engendered strain can be measured by
constants for orthotropic materials. Shokrieh ahd€emi  the three strain gages.

(20(?7) obtained calibration. factors in points obette In this study, we use the finite element methad fo
strain gage by exact solution of equation of stiesss  calculation of calibration factors. The results adbed
strain around hole in orthotropic composite mal®ria from the numerical method are compared with the

Residual stresses in composites are producednalytical solution method. An acceptable agreement
during the manufacturing process due to mismatch ofetween the results shows the reliability of the
the coefficient of thermal expansion of fibers andnumerical method presented in this study.
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The calibration constants A, B and C are dependent

Strailt gage on the material properties, geometry of the rosatie

1c>5/fite the depth of the hole. The important issue of
TP determining the calibration constants can be fobopd

\‘ 4:Mm/’ experimental and numerical methods. For isotropic
‘\_m_/, materials C = 2B and for a clockwise rosette Cdn E

is changed to -C.
By measuring the strairgs, €, andesand using Eq.
2, the residual stresses are calculated.

Calibration factors for orthotropic materials. for the
two-dimensional cases, five elastic constantg @,

V,y and \{,) are required to relate the stresses and
strains in an orthotropic material. When the x and
axes lie along the principal elastic directions tbé
material, Hooke’s law generalizes to Eqg. 3:
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Only four of the five elastic constants are
independent due to the following elastic symmetry
relationship Eq. 4:
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Fig. 1. (&) The central hole drilling apparatus dbdl )
Rosette strain gage (adapted from (Schajer and 10 better correlate the residual stresses to the

Yang, 1994) released strains, (Schajer and Yang 1994) definesl n
calibration factors for orthotropic materials whichn
MATERIALSAND METHODS be carried out by closed form, numerical and

experimental methods. Using an analytical solution,
Calibration factors for isotropic materials; For  they calculate the calibration factors for a widege of
isotropic materials the released strains measused pnechanical properties of orthotropic materials. yThe
each strain gage, located at the angléafith respect used the following Eg. 5:
to the x-axis, are expressed by the following eiquat

(ASTM E837-08el, 1996) Eq. 1: 1 Ci G, Cyffon] (&,
? a Cxn Cup|(0np =18, (5)
g = A(GX + Gy) + B(GX - Gy)COSZ) + C‘ExySinﬁ (1) Gy Cyp Cuflon €3
where,0 is the angle of each arbitrary point with respect The compliance terms {Care considered to be

the x-axis and A, B and C are constant values ctallenon-dimensional using the tegyece, . Since the x
calibration constantsr, o, andt,, are the residual stresses
trapped in the sample. In Fig. 1, the central widoléng
apparatus and a rosette strain gage are shown.

If the rosette is counterclockwise and the strain_,

gages are located at 0, 90 and 225°, then Eq. 2: Simulation of orthotropic materials. In order to
’ ' o simulate the hole driling process for orthotropic

A+B 0 A-Bl[o . materials, we use_d the ABAQ[_JS finite _eleme_nt soffeva
x : For an orthotropic material with the dimensionsl160
A C A Ty = 8 (2) mm by 150 mm, the location of the strain gage énad t
A-B 0 A+B]lo,] & hole are simulated.
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and y are the principal elastic directions of the
orthotropic material, the terms£and Gs; become zero.
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In order to calculate the calibration factorg,©,;
and Gy, a simulation of the tensile test is implemented
by applying a known stress44= 1, 0,,= 0,01,=0) in
the direction of strain gage number 1. By measuittieg
released straing;, €& and €; using a finite element
method and applying Eq. 5, calibration factots, ©;;
and Gy, are calculated, as follows Eq. 6-8:

1 Cu Cp Cylfoy €,
E—Ey C,i Gy Culy 0p =¢, (6)
* Cyu Cp Cyull O €3

Also, for measuring the calibration factds, C,;
and G, a simulation of the tensile test is implemented
by applying a known stressy = 1,0,,= 0,0:,= 0) in
the direction of strain gage number 3:

Fig. 2: Mesh of the specimen, rosette and the aiea

1 Cu Cp Cuif O €1
E.E, 2 Cp Culy 0 =e, (7)
* Gy Cp Cylloy, €3

Finally, in order to calculate the calibration tfarc
C,, a simulation of the shear test is performed by
applying a known shear stresg (= 1,0,,= 0,01,= 0):

1 C, Cp, Cu|| O €1

N C21 Cz
EE& C, C

2 Caxll O €3
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O 0
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It is noted that, the strain gages numbered throug
1-3 are located in the fiber direction, matrix diten
and 45° with respect to the fiber direction, respety.
If the x and y are the principal elastic directiaisthe
orthotropic material, the terms £and Gzbecome zero.

Fig. 3: Stress distribution of an orthotropic corsip®
material due to whole drilling by applying initial
stress in x-direction RESULTS

In the software, we used a second-order eight-nod¥alidation with published data: In order to compare
Plane82 solid element. As shown in Fig. 2, thethe results of the hole drilling method with theuks
number of elements for the two-dimensionalpresented by (Schajer and Young,1994) a similar
modeling is 4919 and the mesh of the area under theomponent is considered. The mechanical properties

strain gages contains 36 elements. of unidirectional glass/epoxy composites are giiren
After applying the initial stress as the residualTablel. _
stress, in order to simulate the whole drilling qass, For a unidirectional layer of the material present

the elements in the area of the strain gage arevedn in Table 1, (Schajer and Young, 1994) offered the

By knowing the value of the initial stress appliedthe  following calibration coefficient matrix Eq. 9:

model and the released strain on the strain gagg ar

the calibration factors are calculated. In Fig. ti3e 033 0 015

stress distribution of an orthotropic material doidiole c = O' 11 070 O 1 9

drilling by applying stress as the residual striess- [ ' e ©)

direction are obtained. 019 0 -06
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G v ] simulation of the hole drilling process for the
orthotropic materials, by Poisson’s ratio, shedfnstss
and module of elasticity is implemented. The resate
compared with the available analytical results. The
v V. consistency of the results show the reliability tbé
modeling process presented in this study. The
v advantage of the method presented in this resdarch
| - the capability for modeling or the central holellbij

Y process. Also different strain gages with differbote
06 - diameters can be simulated.
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A comparison between the results obtained by\ilee t
methods have acceptable compliance in the caldirati
factors.

In the present study, the hole drilling method is
simulated by finite element method. The released
strains measured by the hole driling method are
converted to residual stresses using calibratictofa.

In order to calculate the residual stresses farapic
materials, two calibration factors from releasemint
are enough. The results obtained in this articlewsh
that the released strains in orthotropic materais
different from those of the isotropic materials.dider

to determine the residual stresses from the redease
strains, the simple trigonometric equations avée!dbr
isotropic materials cannot be used for orthotropic
materials. In this research a calibration coeffitie
matrix of 3x3 is used. However, for composite
materials nine calibration factors are needed. The
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