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ABSTRACT

A double-notch and modified Tosipescu shear test fixtures have been designed and manufactured
to investigate in-plane shear properties of cross-ply composite laminate with different off-axis
angles. A cross-ply [0°/90°]; glass/polyester composite laminate was manufactured using hand
lay-up technique. This laminate was cut at different off-axis angles (8°= 0°, 15°, 30° and 45°) to
give different stacking sequences ([0°/90°]y, [15°%-75%T,, [30°/-60°]; and [45°/-45°]y
respectively). The tensile properties (strength, modulus, and Poisson's ratio) were determined
experimentally and theoretically from the elastic properties of the constituent materials. Shear
properties (strength and modulus) were determined experimentally by the two tests. Shear
modulus were predicted theoretically from the elastic properties of the constituent matetials.
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1. INTRODUCTION

During the last decades, an intensive research effort-

has been devoted to the experimental characterization
of composite laminate shear behavior. Different shear
test methods have been proposed for measuring in-
plane shear properties (strength and stiffness). In-
plane shear bebavior could be determined by
Tosipescu test [1-4], off-axis tension test [5], rail
shear test [6], torsion test [7], and double notch shear
test [8].

Compared with other test methods, Iosipescu shear
test was known as one of the most efficient methods.
It uses a flat specimen which is easier to be
manufactured, achieves a uniform shear stress state
over the test region, and more reliable results can be
obtained. On other hand, this test requires larger
specimen, and it is not suitable for elevated
temperature testing with its commercial metallic
fixtore.

The double-notch shear test, where notches make the
shear stress distribution In specimen highly non-
uniform [8), was used in this study. Since it is
inexpensive, the ASTM standardized it for plastic
and ceramic matrix composites. The research
community uses it frequently for comparative studies

and quality checks [8]. The double-notch shear test
method covers the determination of in-plane shear
strength of reiaforced plastics in flat sheet form in
thickness ranging from 2.54 to 6.6 mm [9].

In this study, tensile and in-plane shear properties of
cross-ply glass/polyester laminate with different off-
axis angles will be examined experimentally and
theoretically. In-plane shear properties will be
determined using two tests, Iosipescu shear test
fixture designed and manufactured according to
Wyoming specifications (ASTM D5379-93) [10],
and double notch shear test fixture manufactured
according to ASTM D3846-02 [9]. All tests were
carried out on a universal testing machine
(testometric 200kN). The cross-head speed of its
loading member was 2mm/min. The load deflection
curves were obtained from the computer unit of the

testing machine.

2. EXPERIMENTAL WORK
2.1 Material and Specimen Preparation

A . cross-ply  glass/polyester  laminate  was
manufzctured using hand lay-up technique. The
constituent materials and their elastic properties are
illustrated in Table 1,2.
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Table 1. The constituent materials of GFRP composite

larninates

Materials Type

Matrix Polyester resin (SIROPOL 8230)

Catalyst Cobalt naphthanace {0.5% of matrix
volume)

Hardener Methy! Ethyl Ketone Peroxide (0.6% of
matrix volume)

Reinforcement | E-glass (Roving) p , =2200 g /km

Table 2. The properties of E-glass fiber and polyester

resin
Constituent Elastic properties
materials E(GPa) | G(GPa) v
Polyester resin 246 1.28 0.37
E-Roving glass 76 304 0.25

A total of 8 templates were used to lay the fiber
bundles in 0° and 90° directions. The parallel bundles
of fiber glass were fixed on the frame of the
templates using small pins. The normal distance
between each adjacent parallel bundles was 5 mm.
The upper and lower surfaces of the mould were
glass plates treated by wax. . At first a thin layer of
polyester resin was spread over the lower glass plate.
The first template with 0° oriented fibers was placed
on the resin. Rolling the fibers impregnates them,
squeezes any excess resin, displaces the air outwards.
When the ply was fully fmpregnated, the bundles
were loosen from the terplate. An amount of
polyester resin followed by a template with 90°
oriented fibers was placed and so on until the whole
laminate is constructed. The last layer was resin
covered by a’sheet of aluminum foil. The second
glass plate was placed upon the laminate and a 25 kg
weight was distributed over the glass plate. After 24
h, the glass plates and aluminum foil were removed
and the laminate was completely cured at room
temperature for 21 days giving a laminate with
thickness varying from 6-6.4 mm.

The plate was taken to the workshop and specimens
were cut to the required dimensions using sawing and
milling machines. The fiber volume fraction was
determined experimentally using the ignition test
according to BS 3691 [11]. The average valne of
fiber volume fraction was 42.59%.

2.2 Tension Test

The test specimens were cut into strips with 250mm
length and 25 mm width Fig. 1. Four rectangular
aluminum tabs were bonded to the gripping length
(60 mm) of each test specimen using polyester resin.
These end tabs reduce stress concentration from the
grips, prevent the specimen slippage, tramsfer the
compressive load from the testing machine fo the
specimen and prevent the specimen crushing between
the grips. Two perpendicular strain gages were
bonded on center region of the specimen to measure
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actual Young’s modulus, major Poisson’s rafio.
Using the strain gauges gives.acmal strains compared
with apparent strains that obtained from load-
displacement diagram of the testing m/c. Three
specimens {one with strain gauges and two without
strain gauges) were tested for each off-axis angle.
The strain were measured using Digital Strain Meter
Te-21k model 232,

4 Aluminium tabs

Traasverss strain gage

Fig. 1 Dimensions of tensile test specimen DIMS in
(mm).

2,3 Josipesen Shear Test

In-plane shear properties (7 xy,G ,y) of cross-ply
glass/polyester Jaminate with different off-axis angles
were determined using modified Wyoming Iosipescu
test fixture ,Fig.2, according to ASTM D5379-93
[10]. The left half of the fixture is fixed rigidly to the
base plate along with spacer block which has a guide
way to prevent the twisting of the movable (right)
half. The entire front face of the specimen remains
visible during testing and the progress of failure can
be monitored visually.
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Fig 2 Tosipescu shear test.

The principle of the test is to apply a set of prescribed
displacements on the V-potch specimen, so that the
central region of the sample is under a state of
predominant shear, These displacements are achieved
throngh relative movement of the movable grip with
respect to the fixed grip. Three specimens (one with
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strain gauges and two without strain gauvges) were
tested for each offiaxis angle. The strain were
measured using Digital Strain Meter Tc-2lk medel

232..

2.3.1 Preparation of Iosipescu shear specimens

The test specimens were cut into strips with 76X 19,5
um? using a rotating saw with narrow pitch to
prevent the damage during cutting process. The
width of the specimen was machined up to
19£0.05mm using & milling machine. The final
dimensions in (mm) are illustrated in Fig. 3. 90°
double V-notches were machined mid-length through
the thickness of the specimen using form-milling
cutter for a depth of 3.8 mm, which is about 20% of
the specimen width. The radius of the notch root is
0.157 mm in all the specimens. To measure the shear
strain \Y, y)and shear modulus (G, y) two strain

gages were bonded at +45° and -45° at the center of
the test specimen.

iy 6.3

8
L——*— T6 ) |

Fig. 3 Dimensions of losipescu specimens DIMS in
{mmy).

i

2.3.2 The main features of this test are:

1- Pure shear stress state at the specimen mid-length
by applying two counter-acting moments.

2- a state of constant shear force through the middle
section of the test specimen.

2.4 Double Notch Shear (DNS) Test

A seties of Double Notch Shear (DNS) tests were
conducted to examine the effect of shear length (S)
on the in-plane shear strength of cross-ply
glass/polyester laminates with different 6°. The in-
plane shear strength is measured by applying a
compressive load to notch specimens of uniform
width. Three specimens were tested for each 6°. The
specimens are loaded in a supporting fixture Fig. 4. -

2.4.1 Preparation of double-notch shear (DNS)
‘specimens

The DNS test used is defined by ASTM D3846-02

[9]. The test specimens were cut  into strips with

79.5%13.5 mm2. The width of specimen was

tmachined to 12,7 £0.05mm. two cenfrally located

notches machined halfway through the specimen

thickness and spaced a (S) distance apart on opposing
faces, Fig. 5.

P Test spechnen Two otitside support plates

Ao

x|
= £
Buse Tor
assembling the
test specimen
At suppotts

Fig. 4. Double-notch shear test supporting jig.

Quality of the notche cutting has a significant effect
on the test results. Undercutting (where the notch
doesn’t reach the specimen midplane) Ieads to an
increase in the measwred strength. Over cutting
(beyond the midplane of the specimen) leads to a
decrease in the measured strength. The spacing
between the two grooves varies from 8= 4, 7, 10
mm. Failure of the specimens occurs in shear area
between the two notches.
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Fig. 5 In-plane shear specimen nused in DNS fest
DIMS in (mum).

3. RESULTS AND DISCUSSION

3.1 Tensile Properties of [0°/90°]2s Cross-ply
Laminate With Different Off-axis Angles

Fig. 6 shows siress-strain diagram of cross-ply
glass/polyester specimens with (0°, 15°, 30°, 45°} ofi-
axis angles tested in tension.

The average values of ultimate tensile strengths were
calculated from these curves and iltustrated in Table
3. The main characteristic of these curves is the knee
‘The reason of the knee is that, fiber and matrix camry
the load uniil the strain reaches ultitate matrix strain
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at this moment matrix micro cracking begins, After 350 fTmm—m——— aa

that, the load redistribution occurs and load is = 300 b (0% 0T A

transferred progressively to the fiber until the final M S léé’of'zgok‘ /f' \

fracture occurs. Redistribution of stress between 3 2500 ... ... ¥459,:45.%§’ A \
. . . ' o ~

fibers and matrix leads to another increasing inthe - & 5 - !

tensile stresses with apparent tensile modulus lower & /

than that for the initial linear portion. The final L 150 7

failure is catastrophic without amy yielding. The é 100 // e

reason of knee may be also due to slipping of test = d ek ETTTUL

specimens. These curves are slightly non linear. The 50 ‘gﬁ s v

apparent tensile modulus of elasticity were calculated

from slope of initial linear portion of stress-strain 0 2 4 6 8
diagram. Fig, 6 Stress-strain diagram of cross-ply specimens
with different off-axis angles.
Table 3: The mechanical properties of cross-ply composite laminate with different off-axis angles
Ig:i;l: ;:Ze Tensile Young’s Modulus (GPa) Poisson’s Ratio
Composite Strength
Type (MPa) Apparent Actual Theoretical Experimental Theoretical
[0°/9G°) 02 5.6 212 19.8 0.167 0.1125
[15%-75%, 142 3.566 16.4 15.87 0.357 0.3
[30°-60%],; 101.8 2.677 10.65 10.58 0.56 0.53
[45"/-45“]%,_ 86.5 1.96 9.8 9.34 0.595 0.57

3.1.2 Stress-streain diagrams from the strain gage
readings

Fig. 7 shows the longifudinal and transverse stress-
strain diagrams of cross-ply GFRP composite
specimens with different 6°. The strain values in
these figures were obtained from the strain gauges.
The actual Young’s moduli were calculated at 0.5%
longitudinal strain [4]. Table 3 shows a comparison
between the apparent (from Fig. 6), theoretical, and
actual Young's moduli (from Fig. 7).

Stress (MPa)
— 150

A [ 0/ 90]35
@ [15-75);
& [30/-60]
o [45/-45]

i i L i 1 1

-1.0 -0.5 0.0 Q.5 1.0 1.5 2.0
Transverss strain Longitudinal strain
Sfrain (%46}

Fig, 7 Stress-strain relationship of cross-ply GFRP
Iaminate with different off-axis angles.

The resulis indicate that the actual Young’s moduli
are about four orders of magnitude higher than the
apparent Young’s moduli. This was due to the
displacement resulting from the clearance in the
different joint in the testing machine, the specimen
micro-slip, and shear deformation in the adhesive
materia]l (bonding matrix between specimen and
aluminnm tabs). These displacements were added to
the specimen displacement resulting in low apparent
Young’s modulus [4]. ‘

Figure 8 shows the effect of off-axis angle on the
actual, apparent, and theoretical values of Young's

modulus of GFRP conposite.
24 »  Actual values
§ 20 .. » Appam.)t values
= o J— Theoretical values
g 16
2 1
g s e
"g:} 8
4 N T e
g e Joo b oo b oa b o3 i
0 10 26 30 40 S0
Off-axis angle (deg.)
Fig.8 Relationship between off-axis angles, Young's
moduli of GFRP laminate.
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It is obvious that, actual, apparent, and theorctical
values of Young's modulus decrease as the off-axis
angle increases. The actual values of young's
modulus agree with the theoretical values,

3.1.3 Major Poisson’s ratio(V )}

Table.3 shows a comparison between theoretical and
expetimental values of Poisson’s ratios for cross-ply
laminate with (0°, 15°, 30° 45°) offiaxis angles,
Figure. 9 shows the effect of off-axis angle on the
experimental and theoretical values of Poissan’s
ratio.

The major Poisson's ratio can be calculated from the
following Eq. (1)

Vo=~ P (1)

It is obvious from Fig. 9 that Poisson's ratic values
increases as off-axis angle increases the predicted

values agree with the experimental results.
0.6 p

& Experiments] values

Poisson's ratio

un Theoritical valies

0 PR z 1 i J
0 15 30 45
Off-axis angle (deg.)

Fig. 9 Relationship between Poisson's ratio and off-
axis angles of GFRP laminate.

3.1.4 Failure modes of [0°/90°]2s laminate with
different off-axis augles

Failure occurred in [0%90°]2s specimens during
tensile testing as longitudinal splitting with visual
propagation of longitudinal cracks with audible
sound, Fig. 10 (a). For 15°, 30° and 45° specimens,
an inclined crack started at off-axis angle and
propagated from one end to the other through the
specimen widths accompanied by a noise before
specimen failure, Figs. 10 (b,c,d).

3.2 In-plane Shear Properties of GFRP Specimens

In-plane shear properties (strength and modulus) of
cross-ply glass/polyester composites with different
off-axis angles were determined using Josipescu and
double-notch shear tests.

3.2.1 losipescu shear results

e In-plane shear strength

The effect of off-axis angle on the shear sirength and
modulus of GFRP specimens have been investigated
using Yosipescu test. Fig.11 shows lead-displacement
diagrams of the testing machine in Tosipescu shear
tests for cross-ply laminate with 8° = 0°, 15°, 30°, and
45° yespectively.

Inclined crack at 45°

@

Fig. 10 Failure Modes of [0°/90°],, cross-ply
laminate with different off-axis angles.

The main characteristic of these curves is the linear
behavior in the initial portion. Just beyond
proportional limit, it became nonlinear due fo the
different efastic properties of the constiluent
materials of the composite laminate that leads to
fiber/matrix interface failure. With increasing the
applied load the deviation from the linearity
increased due to propagation of cracks along the fiber
directions and failure of some fibers in the
transverse-loading direction. Beyond this point, the
friction of pullout fibers and fiber bundles maintained
all the applied loads. At this time, visible large cracks
were observed between the two notches, Figs. 16 (a)-
16(d). After the complete failure the load gradually
decreased. In this work the in-plane shear strength
was calculated based on the magimum load [3] from
the foltowing Eq. (2}.
A

Fig.12 shows the effect of off-axis angle on tensile
and shear strength. It is obvious that as off-axis angle
increases, tensile strength -decreases. At 0° off-axis
angle the fiber (in the load direction) resists the load
so the material is stronger in this direction so the
tensile strength of GFRP, in this direction, is the best.
As the off-axis increases the resistance of the
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material decreases so it is easier to fail (fiber is not in
the loadimg direction so the material resistance
decreases).

As off-axis angle increases the in-plane shear
strength increases, as shown in Fig. 12, this s
because at 0° off-axis angle the fiber can not resist
deformation in the direction of maximum shear (at
45°) with respect to the applied load. However, such
a lay-up would have a relatively low tensile strength.

10
8 i
2 N,
&z G s A
= TN
b P R .
A A
54 — 0L, TS
........... [15/-75]:

e 307601

— - [45/-45],,

! |

Displacement (mm)

Fig. 11 Load-displacement diagram of cross -ply
laminate with 0° off-axis angle (taken from the
testing m/c).

¢ In-plane shear Modulus

Fig.13 shows the experimental relationship between
the shear stress (txy) and strains measured from +45°
and -45° strain gages on the test specimens. The
values of shear strain (yyy), related to shear stresses,
were caloulated from the results of strains of +45°
and 45° strain gages represented in Fig. 13 using the
following equation:-

(Yxy) = &.45- B+45 &)
330 = P Experimental values
£ of tensile strength.
280 & Experimental values
= A of shear strength.
2 210
5
5 140
&
70 1
0 . i L i i ]
0 15 30 45

Offaxis angle (deg.)

Fig. 12 The relationship between the shear strength
and the off-axis angle.

2 3 4 5

L3 ~
i 4 10790y

10 b & [15/-75hs
4 [30/-60];
& [45/-45];

Strain (%)
e
“—

5 Shear stress (MPa)
Fig. 13 Stress-strain relationship of cross-ply
laminate with different off-axis angle.

Fig. 14 shows the constructed shear stress-shear
strain diagrams.

The values of shear modulus have been determined
experimentally from the slope of the shear stress-

strain curve, represented in Figs. 14, at 0.5% strain.
The values of in-plane shear moduius were calculated

from the following equation:-

T .
G, = 4
"=y 4
where: ( Y,) (shear strain) = €. 45 - &45.
100
= 80 =
60 |-
PR *
2
E 40 - ,
Z + [0/90),
E E ] [15},—75]25
% 20 & [30/-60],,
| e [4I5f—45]gs|

15 2 25

0 0.5 1
Shear strain (%)

Tig. 14 Shear stress-shear strain relationship of cross-
. ply laminate with different off-axis angle.

Fig. 15 and Table 4 show a comparison between the
experimental and predicted values of in-plane shear
modulus of GFRP specimens with different off-axis
angles.
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.‘;T; J
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4 7 | o Expeimentat values,
7t — Theoretical values,
2 1 | 1 { 1 |
0 13 30 45
Off-axis angle {deg.)

Fig. 15 Relationship between the shear modulus and
off-axis angles.

Table 4; The in-plane shear properties of cross-ply GFR/polyester laminate with different off-axis angles.

s e Failure Modes

Specimens with 0° off-axis angle were failed in
losipescu test due to pure shear stress along the two
V-notches roots. Shear cracks parallel to the loading
direction connected the roots of the V-notches were
observed, Fig. 16 (a).

The cracks in 15% 30° and 45° off-axis angle
specimens were initiated at the roots of the V-notches
and propagated along the fiber directions. With
increasing the load more cracks occurred around the
notch roots instead of the center region between the
notches. By continuously increasing the loading,
crushing the materials at the inner loading points was
occurred due to stress concentration, Figs. 16 (b)-16

(d).

Off-axis angle S:;:t::ge Shear strength (MPa) Expeﬁlr:-el;i:lne shiear mudu]“i;?;:%ical
o° [G°/90°Y; 70.86 3.04 317
15¢ [15%=75%Tas 90.76 3.6 3.97
30° [30%-60°]3 107.36 6.3 5.88
45° [45°/-45Y5, 124.74 8.16 8.82

-75° Inclined shear crack
)]

-45¢ Inclined shear crack

Fig. 16 Iosipescu failed specimens.
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3.2.2 Double-notch shear resulfs

se In-plane shear strength

In this section the in-plane shear behavior of GFRP
composite specimens using double-motch shear
(DNS) test was studied. The effect of off-axis angle
(6° = 0°, 15°, 30°, and 45°), and shear length (S=4,7,
and 10 mm) on the shear sirength of GFRP
specimens has been investigated. Figs. 17 to 20 show
the load-displacement diagrams of the testing

machine in (DNS} test.
4

N

Load (kN)
\F\
-l
[¥a}
i
]

N
o
i
N
:

1 2 3
Displacement (mum)

Fig. 17 Load-displacement diagram of cross-ply
laminate with various shear lengths using DNS test.
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&5,

:

1/
7

]
=

Load (kIN}
— ot}

[ A1
v
=

0 1 2
Displacement (rumn)
Fig. 18 Load-displacement diagram of [15°/-75]2s
laminate with various shear lengths using DN fest.

7.5 . ] 1
6.0 5= 10 mm

(5, )

4,

by
=

S=7 mm

N
/
I

g

L5 5= 4 mm
i ]
0 1 2 3
Displacement {mra)

Fig. 19 Load-displacement diagram of {30°/-60°]2s
laminate with various shear lengths using DNS test.

75 l l

6.0 S=10mmn [
o -
é 43
)
~
o [
3 30 §= Tmm

1.5

0 3

Displacement (tum)

Fig. 20 Loati—displacement diagram of [45°/-45]y
jaminate with various shear Iengths using DNS test.

The main characteristic of those curves is the
linearity up to a certain point followed by nonlinear
portion because of the different elastic properties
fiber and matrix. Microcracks develop in matrix then
load redistributed between fiber and matrix until

fracture ocours,
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Fig. 21 shows the relationship between the average
shear stress at failure and the shear length (S). The
resuits in these figure indicates that as the shear
length (S) increases the value of shear stress
decreases. This result is due to the increasing of the
bending stress as shear length increases. The value of
the maximum in-plane shear strength was obtained
by extrapolating the curve 1L= £ (8) to §=0. As shear
length increases the applied load on the specimen
increases so the bending stress inmcreases. To
minimize bending stress on the test specimen shear
length must be so small (shear length = 0).

150
G e
£ mp~~17
) [~
g . T2
a T~
: :\g\ﬁ
& §¢ }=
]
o L & [0/901,
S e
5 o [30/-60},
= - + [45/-45);,

0 [} I 1 l 3 ‘ 3 l ] ‘

0 2 4 6 8 10
Shear length (mm)

Fig. 21 Relationship between values of shear strength
at failure and the shear length(S) for cross-ply DNS
specimen.

Fig.22 indicates a comparison between shear strength
of cross-ply laminate with different 8° in losipescu
and double-notch shear tests. For both tests, the
maximum shear strength occurred at off-axis angle =

45°,

150 ¢
s ]
= 120
%
B 90
B
ul
E 60 o Double-noich shear test
% » Tosipescn shear test.
T 30
M
|
0 - ; )
o 15 30 45

Off-axis angle (deg.)

Fig. 22 Relationship between in-plane shear strength
and off-axis angles for both Iosipescu and DNS tests

Engineering Research Journal, Minoufiya University, Vol. 31, No. 2, April 2008

M




AL Selmy, U A, Khashaba, I.4. El-Sonbaty, M.4. Abd El-Baky, "Tensile and Shear Properties of Cross-..."

e Failure modes

Fig. 23(a) shows a photograph of failed cross-ply
specimen in double-notch shear test, Cracks occurred
between the two notches along 0° direction (in the
loading direction). Figs. 23(b) to 23(d) show the

failure of cross-ply specimen with 15°,30°, 45¢ off-

axis angles respectively. The shear cracks inclined by
15°,30% and 45° respcctlvely

Shear crack along 45° direction
(@
Fig. 23 Failed DNS spercimens.

4.1 Prediction of the Elastic Properties of Cross-
ply Composite Laminate with Different Off-
axis Angles

4.1.1 Determination of elastic properties of

vpidirectional lamina

The elastic properties of the constituent materials

shown in Table 2 are used to calculate the Jamina

elastic properties in 1-2 principle principal coordinate
system under plane stress using the following

equations [12]:

Vi=v,V,+v, . (1-V,) (5)

E, =E,V,+E, (1-V ) (6)
1+ ¥V

Ep=E, ‘"—g"'];_"“ (7
1"";-Vf

where; ¢ =2 for circular fiber.
1+V,).G,+(1~F )G,

G,=G, Shadfaastan f) - (8)
A-V,).G, +(1+¥,)G,

4.1.2 Determination of elastic properties of cross-
ply laminate with different off-axis angles.

1 A, e 1 (‘9)

where:
A ; are the components in the inverse mafrix of the

laminate extensional stiffness ,Ailj, which calculated

as following;
142

= [©@)).dz= Z(Q,, ©(@-7a)  09)
2

where:
zk is the ply surface position, N is the number of
plies (N=8), t is the whole laminate thickness, O, is
transformed lamina stiffness matrix in x,y coordinate
system and can be defined as following {12]:
0,, =0, 008" 0+ 0y, sin’ O+ 20, +20,,)sin" feos® 8
O,y =(0,, @y ~ 40 ysin’ Bo0s™ 8+ 0, (vos* & +sin‘ ) an

Ouy =0, sin + 0y, cos® 6420, +20,)sin” Fras® &
Oy =(0, 40 ~20; =20, )it Feos’ 4Ly (sitd For-cod’ §)
where © jare the components of the lamina stiffness
matrix which are related to the engineering constants

as:
E, Vo kE,

@, = 1-*V12V2, Wy, = 1~—V12V21 =@y

0, = _ B, O =Gz (12)
l=v,vy

5. CONCLUSIONS

1- The main characteristic of tensile curves is the
knee due to the failure of the fransverse layers.
redistribution of stress between fibers and matrix
was occurred leading to another increasing in the
tensile stresses. The final failure is catastrophic
without any yielding.

2- The predicted values of the elastic properties (Bxx,
vy, Gxy) of cross-ply specimens with different
off-axis angles have good agreement with the
experimental resnlts,

3- The maximum Poisson's ratic (vxy) is found for
specimens with 45° off-axis angle.

4- The maximum in-plane shear strength is found for
specimens with 45° off-axis angle, [45°/-45°]2s.
On the other hand specimens with 0° off-axis angle
have the minimum in-plane shear strength.

5- In Josipescu shear test, as off-axis angie increases
the in-plane shear strength increases.
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6- In Josipescu shear test, the failure of [0°/90%]2s
specimens was due to pure shear stress along the
V-notch roots where shear cracks are paralle] te
loading direction , while the cracks in 15°, 30°, 45°
off-axis specimens where initiated at the notch
nose and propagated along the fiber directions.

7- in DNS test, the failure of [0990°]2s specimens
was cracks occurred between the two nofches
along 0° direction (in the loading direction). In
cross-ply specimen with 15%30°% and 45° off-axis
angles, the shear cracks inclined by 15°,30°, 45"
Shear cracks were initiated at U-grooves and
rapidly propagated toward the center section of the
specimen.

8- In-plane shear strengths determined using DNS
test agree with those determined by Iosipescu shear
test.
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