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Abstract

A non-contact measurement method, namely electronic speckle pattern interferometer (ESPI), was used to investigate the tensile

strain field of a composites plate in the presence of stress concentrations caused by a geometrical defect consisting of circular hole.

ESPI uses the principle of 3D speckle interferometry to measure the deformation and contour of the measuring field with sub-

micrometer accuracy. The ESPI technique clearly revealed the strain concentrations near the singularity. The experimental results

are compared with the predictions of a theoretical model previously developed by Lekhnitskii’s and a finite element study.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The origin of this study lies within the framework of

an industrial agreement to study the behaviour of

composite materials (carbon/epoxy) used in structural

work in the field of aeronautics. In order to anticipate

possible problems of mechanical resistance and life span

on these materials, a series of static fatigue tests and

finite element study have been planned. The objective
here is to calculate stress concentration around a cir-

cular hole in the composite plate under longitudinal

tensile load. The increasing use of composite materials

in the design of structural parts with high mechanical

performance requires a better understanding and mod-

elling the behaviour of these structures. Holes in com-

posites will create stress or strain concentrations and

hence will reduce the mechanical properties [1]. A ESPI
technique has been used to study the strain concentra-

tion round a measurement of the three-dimensional

displacement field on the specimen surface. The defor-

mation of the surface of the specimen due to the applied

load is seen by a change of the attached random grating

[2,3]. The advantages of the ESPI technique are the

accuracy and spatial resolution of the measurement (in

the micron meter range), a larger measurement area
than the measurement area of strain gages, and a non-

contact measurement.
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The aim of this paper is to investigate the strain con-
centration in woven fabric composites with circular hole.

Assuming that woven fabric composites are orthotropic

composites, stresses around holes can be calculated from

the strain concentration. Afterwards, the stress concen-

tration calculated from the strain measurement is com-

pared to the theoretical stress concentration calculated

from Lekhnitskii’s et al. [4] and finite element study. In

this work, three sequences of orientation: [0�]6, [90�]6,
[±45�]2s, are used for a uni-axial tensile test.
2. Experimental

The deformation of the structure is recorded by the
ESPI system. Using digital analysis and correlation

methods, the specimen displacements and deformations

are calculated automatically from the changes in the

pattern on the specimen surface. The visual informa-

tion obtained by Q-100 (ESPI) is ideal for the compre-

hension of the behaviour of the specimen. The numerical

values of displacements and deformations can be em-

ployed for a comparison of the real behaviour of the
specimen with the calculations obtained by finite ele-

ments. The tests were realized with an INSTRON elec-

tromechanical testing machine (Fig. 1) equipped with a

100 kN load sensor. Several parameters can be acquired

a the same time (time, applied load); data acquisi-

tion needs to use an extensometer and data processing

equipment.
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Fig. 2. Specimen painted white.

Fig. 1. Tensile machine installed with a strain mapping device.

Table 1

The tensile properties

E11

(GPa)

E22

(GPa)

m12 G12

(GPa)

Thickness

(mm)

Diameter

hole (mm)

51 50 0.06 3.24 2.28 5
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The geometrical aspect of the test specimens were

performed in accordance with ISO 527 or NF T57-301

standards which are applied to carbon fiber composites

[5]. These standards suggest the use of test specimens

with a length of 250 mm and a width of 16 or 25 mm.

The ESPI system is placed on the surface painted in

white to improve the quality of the captured images Fig.

2. The tensile properties of this laminate are given in
Table 1.
3. Results

The analysis of the results is made while being based

on the evolution of the load according to the deforma-

tion. The exploitation of the data obtained starting from
the various sensors made it possible to obtain the fol-

lowing behaviour (Fig. 3).
This evolution is carried out according to the fol-

lowing phases:

• a first linear elastic phase characterized by an elastic

module E,
• a second phase where the curve loses its linearity thus

translating the non-linear behaviour and the begin-

ning of the damage of the composite,
• the last phase is a brutal rupture of the specimen.
3.1. Strain distribution in woven fabric composites

For woven fabric composites with holes, strain con-

centrations are generated by a combination of the stress

concentration at the tip of the hole and the strain vari-

ation due to the different mechanical properties of

woven [1]. Fig. 4 shows the cartography of the strain
distribution obtained for a 2770 N load. One indicates a

concentration of the deformations around the hole.

Table 2 lists the residual strength properties of woven

fabric composites for different sequence of orientation.

The residual properties were calculated, as follows:

r� ¼ pult
w� d

ð1Þ

where pult, w and d are the ultimate force, the specimen

width, and the hole diameter, respectively.
4. Numerical approach

Several authors used the method of the EF for the

study of the stress concentration [6,7]. The FE analysis
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Fig. 3. Applied load–displacement curve, (a) specimen [0�]6, (b)

specimen [90�]6, (c) specimen [±45�]2s.
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was performed the commercial finite element code
Abaqus 6.3, using the material properties for the car-

bon/epoxy composite listed in Table 1. A convergence

study has been carried out with element type S8R Fig. 5.

Boundary conditions and load cases are available at

Fig. 6.
5. Analytical approaches

Consider a circular hole of radius r in an infinite

anisotropic plate as shown in Fig. 7. If the remote uni-

form stress r1 is applied in the y-axis direction, then the

normal stress ry in the y-axis direction at the point on

the x-axis in front of the hole may be approximated

by [4].
ryðx; 0Þ ¼
r1

2
2

�
þ r

x

� �2

þ 3
r
x

� �4

� ð1þ n� 3Þ 5
r
x

� �6
�

� 7
r
x

� �8
��

ð2Þ

(x > r) where n is obtained by

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

E1

E2

� 2t12

� 	
þ E1

G12

s
ð3Þ

At the hole boundary x ¼ r, Eq. (2) gives the stress

concentration factor:

Kp=2 ¼
ryðr; 0Þ
r1 ¼ 1þ n ð4Þ

Eq. (4) gives a constant value of Kp=2 for the same

material regardless of the hole size. As the hole size

decreases, the stress concentration factor decreases and
finally approaches unity (that is, a plate without a hole).

Whitney and Nuismer [8,9] proposed two stress criteria

for predicting circular holes and straight cracks, namely

the ‘‘point stress’’ criterion and the ‘‘average stress’’

criterion.

5.1. Point stress criterion (PSC)

The point stress criterion assumes that the failure will

occur when the stress ryðx; 0Þ at a certain small fixed

distance d0 ahead of the hole boundary first reaches the

tensile strength rf of the material (or tensile strength

of the plate without a hole) Fig. 7. It is expressed in

the following equation:

ryðxÞjx¼Rþd0
¼ rf ð5Þ

Using Eqs. (5) and (2) the stress concentration factor,

Kp=2, can be written as

KPSC
p=2 ¼ ryðxÞ

r1

¼ 1

2
2



þ n21 þ 3n41 � ð1þ n� 3Þ 5n61

�
� 7n81

�
ð6Þ

where,

n1 ¼
r

r þ d0
ð7Þ
5.2. Average stress criterion (ASC)

The average stress criterion assumes that the failure
will occur when the average value of ryðx; 0Þ over some

small fixed distance a0 ahead of the hole boundary first

reaches the tensile strength rf of the material Fig. 7. It is

expressed in the following equation:

1

a0

Z Rþa0

R
ryðx; 0Þdx ¼ rf ð8Þ



Fig. 4. Cartography of the deformations measured on a specimen 0� for a load of 2770 N. (a) e11 (b) e22 (c) e12.

Table 2

The residual strength properties

Specimen [0�]6 [90�]6 [±45�]2s
r� (MPa) 318 275 170
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Applying the Eq. (8) to the Eq. (2) results in a predicted

ratio of the strength of the notched specimen to the

strength of the unnotched strength, as follows:
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Fig. 6. Boundary conditions.

Fig. 7. Failure hypothesis [8].
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5.3. Stress concentration calculated from the strain

measurements

The values of the characteristic distances d0 and a0 are
determined by means of curve fitting of the experimental

data obtained from tensile tests of rectangular specimens

containing holes of different sizes. Consequently, we

used for a0 and d0 values resulting from the literature

[6,7] is, a0 ¼ 0:3 mm and 0:1 < d0 < 0:2 mm.
In experiments, one a

KEXP
p=2 ¼ rS

r� ð11Þ

rS ¼ FS
SS

and r� ¼ FT
S�, where S for the surface without a

hole, T for the surface with hole.

From Eqs. (9) and (6) and for the various orienta-

tions, we obtain Table 3.

Based on the both criteria, the characteristic dimen-

sions for woven fabric composites with holes in the main

(weft) direction (0� specimen) are lower than in the bias

direction (90� specimen). It is also evident that the

influences of the holes on the strength properties in the
weft direction are more pronounced than in the bias

direction.

If local variations in the mechanical properties are

neglected and hence the overall mechanical properties of

woven fabric composites in the on-axis tensile loading

are assumed to be orthotropic under plane stress, the
Table 3

Coefficients of stress concentration

0� 90� 45�

KPSC
p=2 1.31<K<1.40 1.31<K<1.40 1.56<K<1.70

KASC
p=2 �1.62 �1.62 �1.60

KEXP
p=2 1.38 1.5 1.23
axial stresses around the hole or crack can be calculated

from the measured strain field (e11; e22) using the fol-

lowing equation [4]:

r11 ¼
E11e11

ð1� m212ðE22=E11Þ
þ m12E22e22
ð1� m212ðE22=E11Þ

ð12Þ

A comparison between the theoretical stresses

according to Lekhnistkii’s Eq. (2), the stresses calculated

from the measured strain (the Eq. (12)) and FE model

for the three sequence of orientation (0�, 90� and ±45�)
(Fig. 8). Three applied load were investigated, 2770 N

for [0�]6, 2120 N for [90�]6 and 810 for [±45�]2s.
Fig. 8 shows the form of stress distribution in the

centre section of the specimen. Although the general pace
is good, we noted a difference between measurements
0
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Fig. 8. Stress distribution of woven fabric composite subject to a

tensile load. (a) [0�]6 specimen (applied load 2770 N) (b) [90�]6 speci-

men (applied load 2120 N) (c) [±45�]2s specimen (applied load 810 N).
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and the analytical and numerical models; at the edge of

the hole, real measurements are lower. The analytical

form suggested Eq. (2) constitutes a first approach. The

model finite elements makes it possible to approach the
real pace appreciably.
6. Conclusion

This stress concentration characterization study of a

laminate carbon/epoxy has been carried out. The pre-

cision of experimental measurements influences the re-

sults and this explains difference between the results

found in experiments. Near of the hole, the stress ob-

tained in experiments is definitely lower compared to the

analytical and numerical models. The strain concentra-

tion in woven fabric composites with holes is influenced
by the loading direction; there is a high agreement be-

tween those stresses for woven fabric composite with an

on-axis (weft direction 0�) tensile load. However, in the

off-axis direction (90�, 45�), the comparison does not

show a good agreement.
References

[1] Pandit SD, Nishiyabu K, Verpoest I. Strain concentrations in

woven fabric composites with holes. Compos Struct 2003;59:361–8.

[2] Icardi U. Through-the-thickness displacements measurement in

laminated composites using electronic speckle photography. Mech

Mater 2002;35:35–51.

[3] Marchetti E, Faraggiana R, Bonifacio P. A speckle interferometry

survey of Bootis stars. A&A 2001;370:524–8.

[4] Lekhnistskii’s G, Tsai WS, Cheron T. Anisotropic plates. New

York: Gordon and Breach Science Publishers; 1968.

[5] Toubal L, Lorrain B, Karama M. Evaluation des d�eplacements

et d�eformations d’un composite par photogramm�etrie. XVI�eme

Congr�es Franc�ais de M�ecanique, Nice 1–5, Septembre 2003.

[6] H€usn€u MD, Alaattin A. Analytical and finite element comparisons

of stress intensity factors of composite materials. Compos Struct

2000;50:99–102.

[7] Wawrzynak P, Ingraffea AR. Interactive finite element analysis of

fracture processes: an integrated approach. Theoret Appl Fracture

Mech 1987;8:137–50.

[8] Whitney JM, Nuismer RJ. Stress fracture criteria for laminated

composites containing stress concentrations. J Compos Mater

1974;8:253.

[9] Nuismer RJ, Whitney JM. Uniaxial failure of composite laminates

containing stress concentrations. Fracture Mech Compos ASTM

STP 1975;593:117.


	Stress concentration in a circular hole in composite plate
	Introduction
	Experimental
	Results
	Strain distribution in woven fabric composites

	Numerical approach
	Analytical approaches
	Point stress criterion (PSC)
	Average stress criterion (ASC)
	Stress concentration calculated from the strain measurements

	Conclusion
	References


