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In this work, the digital image correlation (DIC) technique was used as full-field measurement to analyze
the shear properties of the 3D orthogonal woven C/C composites. Both the in-plane and the through-the-
thickness specimens were tested and the macroscopic average strain was obtained. The composites were
composed of lots of periodic units and the macroscopic average strain was dependent on these meso-
structures. There were three regions within one unit, which showed different mesoscopic strain. The rela-
tionship between the shear test region and the macroscopic average strain was systematically studied.
Finally, the accuracy of conventional strain-gauge rosette measurement was also discussed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Three-dimensional (3D) carbon/carbon (C/C) composites have
attracted considerable attention and been widely used in aviation,
aerospace and naval industry [1,2]. Due to their 3D architecture,
the C/C composites show lots of merits such as strong through-
the-thickness properties, high damage tolerance, and dimensional
stability [2–5]. For the purpose of materials selection decision and
structure designing, correct determination of mechanical proper-
ties is still a very essential and also actual issue. Among the
mechanical static tests, the shear properties is the most difficult
type to be acquired [6]. Thus, the determination of shear modulus
for 3D woven composites should be more sophisticated and chal-
lengeable because of their structure heterogeneity.

Several methods such as thin-walled tube torsion test [7], rail
shear test [8–10], off-axis shear test [11–13], and Iosipescu shear
test [14–16] have been developed to measure shear properties of
composites. However, all of them are originally used for homoge-
neous materials. The 3D C/C composites which are composed of
lots of periodic units are heterogeneous. The size of the units can
reach to as large as 2–10 mm and the deformation field may be
highly inhomogeneous on this mesoscale level [17]. Since the
mesoscale of the homogeneous materials is quite small in compar-
ison to the specimens’ dimension, the mesoscopic strain of the
homogeneous materials can be ignored. However, it contributes a
lot to the macroscopic strain in the heterogeneous one. The shear
All rights reserved.
elastic property is a macroscopic mechanical characteristic, which
is usually used to evaluate the structural performance. During the
shear testing, if the test section of the specimen is on the relative
stiffness part of the unit, the strain will be much larger than that
of the soft part. The accurate determination of the shear modulus
directly depends on correct selection of the representative
macroscopic average strain. In this case, both the meso-field and
macro-field shear deformation are important to the material test-
ing. The influence of the material heterogeneity on the macro-field
average strain is requisite for the accurate determination of the
shear modulus.

A full-field measurement can be employed to fully understand
the shear property of the heterogeneous materials. Since 1990s,
moiré interferometry was developed as a chief full-field technique
in woven composites measurements. Ho and his colleagues [18]
have done many pioneer works in this area and tested the shear
properties of graphite–woven composites by using moiré interfer-
ometry as the full field technique. The distributions of the shear
strain for the specimen were studied and the extremely inhomoge-
neous strain was firstly investigated. Additionally, based on the
moiré interferometry, several important works were also done
for tensile and compression test of the woven composites [19–
22]. However, an interferometric laser is prerequisite in this meth-
od. The laser needs complex optical setup and it is very sensitive to
the vibration. In addition, the specimen should be prepared by
density diffraction gratings and these processes are complex and
costly. These drawbacks highly limited their practical application,
thus new full-field technique should be introduced for testing
the 3D C/C composites.
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Recently, full-field measurement digital image correlation (DIC)
technique has attracted tremendous research interests owing to its
various advantages, such as white light illumination, no sensitivity
to the vibration, relative simplicity of the sample preparation and
sufficient accuracy of the measurements. It is becoming the main
full-field technique in many fields of solid mechanics, include
determination of stress–strain response [23–26], observation frac-
ture and crack grow [27–30], stress intensity [28,31,32], investiga-
tion high temperature [33–35] and high strain [36] mechanical
properties, and residual stress [37,38]. Due to its excellent effec-
tiveness and convenience, DIC technique has been increasingly ap-
plied to measure the displacements and strains of the 2D and 3D
architecture composite materials. During the past decades, the
DIC method has been applied to study the mechanical properties
of the twill-weave composite [39,40], carbon–epoxy triaxial–
braided [41], and 3D woven C/SiC composite [42]. The correct
determination of mesoscopic deformation of many heterogeneous
composite materials can be successfully achieved by using this
method. However, the influence of materials structure heterogene-
ity on the macroscopic average shear strain has not been carefully
studied by using the DIC technique. More work should be done to
accurately measure the shear modulus of 3D composites and sys-
tematically investigate their structural dependent mechanical
properties.

In this work, DIC technique was used as a full-field measure-
ment to analyze the shear test of the 3D orthogonal woven C/C
composites. Both the in-plane and the through-the-thickness spec-
imens were tested. Different strain regions within one unit cell and
the macroscopic strain distribution on test section were analyzed.
The relationship between the shear region and the macroscopic
average strain was discussed. Finally, the accuracy of conventional
strain-gauge rosette measurement was also studied.
2. Materials and experiments

2.1. Material and specimens

3D orthogonal woven carbon/carbon composite is studied in
this work and its architecture is shown in Fig. 1. Define the fiber
bundles in direction 1, 2 and 3 as 1-yarns, 2-yarns and 3-yarns,
respectively. The fiber bundles in three material directions are
mutually orthogonal. It is fabricated by Liquid Phase Infiltration
process and the fiber bundles are carbon fiber T300. Firstly, the
1-yarns and 2-yarns are orthogonally laid one-by-one ply. Then,
the 3-yarns fill the 1- and 2- yarns plane in through-the-thickness
direction. At last, the 3D orthogonal architectures are filled by the
pitch and carbonized in high-temperature. The unit cell dimension
in-plane is approximately 2.4 mm and ply thickness is about
0.25 mm. In order to characterize the strain distribution within
one unit structure cell, the unit cell was divided by three regions,
Fig. 1. Architecture model of 3D woven C/C composite. (For interpretation of the refere
article.)
as shown in Fig. 1, region-1 is made up of two direction fiber bun-
dles (1-yarns and 2-yarns), region-2 is made up of one direction fi-
ber bundles (1-yarns or 2-yarns) and matrix, and region-3 consists
of one direction fiber bundles (3-yarns) only.

The Iosipescu shear test is applied following the ASTM D 5379
norm. As shown in Fig. 2, the specimen is 76 mm long and
20 mm wide with two V-notches on the opposite ends of the ver-
tical center line. The test section length between two notches is
12 mm, the depth of the notches is 4 mm, the notch angle is 90�,
and the notches are rounded at the tips with a radius R = 1.5 mm.
The specimens are cut from both plane 1-2 and plane 1-3(or 2-3).
2.2. Full field measurement technique

DIC is an optical, full field displacement measurement tech-
nique. It can obtain the full field relative displacements from two
digital images which have embodied the deformational informa-
tion of the specimen. Fig. 3 shows the basic principle of DIC. The
reference image I1 records the object surface feature before defor-
mation, and I2 records the one after deformation. For example, a
point p (position vector r) and its adjacent area S1 (called subim-
age) is in the I1. After deformation, they change to the point p0 (po-
sition vector r0) and subimage S2 in the I2. Here, the DIC method is
used to detect the location of p0 reliably and accurately. If the posi-
tion r0 in the deformed image is determined, the displacement vec-
tor d can be determined: d = r0 � r. If the full field displacements of
the surface are obtained, the deformation would be achieved.

Generally, in order to match subimages uniquely and accu-
rately, the object surface must have random speckle pattern which
deforms together with the object. The speckle pattern can be nat-
ural feature of object or artificial feature. In this study, the surfaces
of specimens are prepared by spraying the black and white paints.
The DIC algorithm routine is used to find the true position p0 which
make the correlation function minimum. Then, the displacements
fields d can be obtained. More details of DIC method can be found
in Refs. [43–47]. The average accuracy of displacement values in
present DIC algorithm is about 0.01 pixel.

After displacements fields d are estimated, in-plane strain fields
can be calculated by numerical difference method. In order to in-
crease strain spatial resolution, small subimage and step size
should be taken. However, when the subimage is too small, the er-
ror of estimated displacements will be large. Thus an optimal sub-
image size is needed. If the step size is too small, the strain error
made by numerical differentiating process will be very huge even
noise of displacement field is small. In order to eliminate this error,
a data smoothing technique is requested. A local quadratic fitting
smoothing method is used to smooth the displacements field and
obtain the more accurate strain fields. In this study, the subimage
size is taken 37 � 37 (�41 � 41) pixels, the step size is 5 � 5 pixels.
The smoothing window is 9 � 9.
nces to color in this figure legend, the reader is referred to the web version of this



Fig. 2. Iosipescu shear test specimen (dimensions in mm).

Fig. 3. Schematic showing the principle of DIC. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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2.3. Experiments details

The Iosipescu shear test is widely used to test shear properties
of woven composites [48–53]. During the experiment, two coun-
teracting force couples are applied to a specimen and a state of
constant shear force is induced in the mid-plane of the specimen.
Induced moments cancel each other out at the midsection thereby
producing a state of pure shear in the region between the two
notches [54]. The test fixture (Fig. 4) is fabricated in-house machin-
ery plant according the modified Wyoming version. Fig. 4 shows
the shear test setup, the fixture mounted in the material test ma-
chine MTS 809 and the optical system is also setup. The quasi-sta-
tic load speed is 0.05 mm/min and the images sampling rate is 30
Fig. 4. Optical Iosipescu shear test system setup. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
pictures per min. It is reported that the strains on the front of spec-
imens are difficult to coincide with values on the back due to the
undesirable twist and average of two surface values is needed
[55,56]. To eliminate these differences between the two surfaces,
two optical setups are established both from the front and back
of the shear texture (Fig. 4). Two CCD captured the images from
both surfaces of specimen simultaneously during the whole load-
ing process and the two sequences of the images are continuously
read into the one computer. The resolution of the CCD camera is
1280 � 960 pixels and the specimen is illuminated by the white
light source. Telecentric lens used here are expected to overcome
disadvantages of the traditional lens. For traditional lens, two as-
pects will introduce a relatively high strain error, one is the lens
magnification variation due to the small out-of-plane displacement
of specimen, and the other is the lens distortion [57]. By using the
telecentric lens, these two problems can be solved perfectly.
3. Results and discussion

3.1. Full field strain distribution and analysis

Fig. 5a shows the reference speckle image before applying the
shear loading. By comparing the deformed image and the reference
image, the shear strain can be obtained by DIC (Fig. 5b). As shown
in strain contour, the strain is nonuniform and they are periodically
distributed in the test region. The tested materials show a typical
periodic structure and the strains period agree well with the mate-
rial unit cell. The magnitude of strain depends on the material fiber
architecture. As shown in Fig. 6, the strain contour indicates that
the strain is the highest in the region-1, smaller in the region-2,
and smallest in the region-3. The strain ratio of region-1, -2 and -
3 can reach to 1:1.6:4. This conclusion is summarized from Fig. 5
and Fig. 10, where the region-2,-3 and region-1,-2 are on the same
stress condition. As shown in Fig. 1, region-3 consisted through-
the-thickness fiber bundles (3-yarns) only. When the shear is
loaded in-plane, the shear resistance is the weakest, thus the rela-
tive strain is the largest. Region-1 is made up of two direction fiber
bundles (1-yarns and 2-yarns), its in-plane shear resistance is the
strongest, and thus its strain is the smallest. The region-2 is made
up of one direction fiber bundles and matrix, which makes it in the
middle of the region-1 and -3. In order to explain the relationship
between the fluctuant shear strain and the material architecture,
the fiber bundles architecture after loading is shown in Fig. 5c.
Although extensive damage is visible, the different regions are still
easy to be distinguished out. It should be noted that the DIC meth-
od is difficult to give accurate values after the occurring of visible
fracture. Thus, DIC measurements are interrupted before signifi-
cant damage occurred.

The normalization shear strain along the notches in Fig. 7 illus-
trates the strain non-uniformity evolution when the shear loading
increases. With increasing of the stress, the local strain increases
accordingly. However, the highest and lowest strain locations are
almost kept the same. The strain distribution is unchangeable
and the strain ratios on different region of the unit cell are invari-
ant. It can be observed that the bias between local strain and aver-
age strain may be 50%. From this result one can conclude that test
zone, on which the average strain defined as specimen macro-
scopic strain is used to determine the shear modulus, must be large
enough so as the average strain can damp the oscillation caused by
the local large and low strain. Fig. 8 shows the average strain at dif-
ferent distance along the two notches. It is found that the ampli-
tude of the oscillation is damping while the distance increases. It
should be noted that the local larger strain can be offset by the lo-
cal lower strain on one strain period, thus the average strain on the
distance at half period unit cell length may have a largest bias.



Fig. 5. In-plane specimen 1#: (a) initial image (reference image); (b) shear strain contour (1000 le) at 12.3 MPa and (c) fiber bundles architecture. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Shear strain distribution on one unit cell (1000 le). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. Shear strain distribution along the notches at different loading. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. Average shear strain vary with distance from bottom to upper notches.

Fig. 9. Through-the-thickness specimen: (a) shear strain contour (1000 le) at
6.6 MPa and (b) fiber bundles architecture. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Based on this study, it may be a better choice that the specimen
dimensions vary with the unit cell length (UCL) scale. It should
make test section contain integer multiple of UCL.

Fig. 9a shows the strain distribution of through-the-thickness
specimen. The strain is relatively uniform on direction of the
notches, but it is not uniform on the longitude direction. The rea-
son is that the meso-scale (0.25 mm) in through-the-thickness
direction is much smaller than that in longitude direction
(2.4 mm). Thus, the non-uniform strain in through-the-thickness
direction cannot be observed because it is beyond the limitation
of special resolution of DIC. In comparison to fiber architecture
(Fig. 9b) the relative lower strain appeared on 3-yarns, which is dif-
ferent to the in-plane testing results. The degree of the non-uni-
form is also not as extreme as in-plane.
3.2. Macroscopic strain depending on material architecture

As discussed in Section 3.1, the strain on the region-1 is greatly
larger than other regions, so the macroscopic strain will depend on



Fig. 10. In-plane specimen 2#: (a) shear strain contour (1000 le) at 12.9 MPa and
(b) fiber bundles architecture. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 12. Schematic diagram of calculation shear strain. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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where the position of specimen notch is cut from the material. In
order to illustrate that the macroscopic strain is highly dependent
on the fiber architectures, two extreme case specimens are tested.
One is the 3-yarns on the line between the two notches (specimen
1#, as shown in Fig. 5c) and the other is the 2-yarns on the line
(specimen 2#, as shown in Fig. 10b). The former result is shown
in Fig. 5b and the latter result is shown in Fig. 10a. Comparing
the two results, it can be observed that the macroscopic strain be-
tween the notches of specimen 2# is much lower than that of spec-
imen 1#. Thus the modulus of the specimen 2# must be higher
than that of specimen 1#. Therefore, it is important to select a
proper zone A (Fig. 12) to define the macroscopic strain, the aim
of which is to meet a shear response representing the real shear
deformation of materials. Ideally, the zone A should contain more
unit cells, but the shear stress state will change if the width of zone
A is too large. Considering the non-uniformity of the shear strain
on the meso-field, one UCL should be contained in zone A at least.
These results indicate that the specimen section should extend
accordingly to the UCL scale. If the UCL is large, the specimen test
section should also be large so as to guarantee the pure shear stress
state on the scope of one UCL.
3.3. Strain-gauge rosette measurement simulation

Since the mesoscopic strain is extremely non-uniform, the
conventional strain-gauge rosette measurement is not proper to
Fig. 11. Strain-gauge rosette results with different position and size. (For interpretatio
version of this article.)
inaccurately determine macroscopic strain. In this section, quantita-
tive analysis is applied to illustrate how the gauge size and location
affect the macro-field strain by using numerical simulation. The
method is based on the foundation of strain rosette, in which the
shear strain c can be expressed by c = e�45� � e+45�, where e+45� and
e�45� is the normal strains in ±45� directions with respect to x axis.
The gauge strain e+45� and e�45� can be calculated by the gauge rela-
tive displacement dividing the gauge length. The relative displace-
ment can be calculated by projecting displacements (obtained by
DIC method) on the ±45� directions with respect to x axis. The width
of the gauge is a quarter of the length in simulation. The result is
shown in Fig. 11, the x axis is the position of gauge center on the line
between the notches, and the y axis is the strain-gauge result. The re-
sult confirmed that different position can make a large error and the
measured value depend not only on the strain-gauge position but
also the strain-gauge size. The bias at different position is sensitive
to the gauge size. It can also be noted that the bias did not monoto-
nously decrease with increasing of the gauge size. As shown in
Fig. 11, the strain bias amplitude with gauge size 6/8UCL is larger
than that gauge size 4/8UCL. The two extreme positions (largest
strain and lowest strain) are shown in Fig. 11, where position-A rep-
resent the two gauge is on the 3-yarns and the position-B represent
the center of gauge is on the 3-yarns.
3.4. Stress–strain response

The macroscopic shear stress–strain response is discussed in
this section. The stress is defined by the load divided the cross-sec-
tion, s ¼ P

wt, where s is the average shear stress, P is the applied
load, w is the distance between the notches and t is the specimen
thickness. There are two methods to determine the macroscopic
n of the references to color in this figure legend, the reader is referred to the web



Fig. 13. Shear stress–strain curves: (a) through-the-thickness and (b) in-plane. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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shear strain (Fig. 12). One is the average shear strain along the line
l, cavgl ¼ 1

l

R
l cdl, where c is the shear strain field determined by DIC

method and the l = 9.6 mm (=4UCL). The other method is the aver-
age shear strain on the area A, cavgA ¼ 1

A

R
A cdA, where the width of

A equal 1.2 mm and 2.4 mm, representing half and one UCL.
Fig. 13 shows typical stress–strain curves, which indicates that

both in-plane and through-the-thickness shear response are nonlin-
ear. In addition, the stiffness and the strength of through-the-thick-
ness specimens are much lower than that in the in-plan specimens.
The though-the-thickness stress–strain curve is not strongly influ-
enced by the two different strain average methods due to the rela-
tive uniform strain distribution on the specimen (as shown in
Fig. 9a). However, for the in-plane specimens, this influence is great
due to the dependence between macroscopic strain and the material
architecture (as presented in Section 3.2). Fig. 13b shows the two
typical specimens stress strain curves. Two extreme case specimens
are tested. Curves 2# are the case of the 2-yarns on the notches line
and curves 3# is the other extreme case of 3-yarns on the notches
line. The response curves indicate that although material architec-
ture affects the notches strain greatly, they can still converge to a
stable state at one UCL width zone.

Define chord modulus as shear modulus. The strain range is
from 500 to 4500 le for through-the-thickness curves. The average
through-the-thickness shear modulus under different macroscopic
strain are G_L = 1.58 ± 0.07 GPa, G_A_0.5 = 1.56 ± 0.11 GPa, G_A_1
= 1.51 ± 0.09 GPa, where G_L is shear modulus on the line l,
G_A_0.5 and G_A_1 are shear modulus on zone A with half and
one UCL width. The results indicate that the influence of meso-
structure on the macroscopic strain is not high.

The strain range is from 500 to 3000 le for in-plane curves and
the moduli are listed in Table 1. Three kinds of moduli are pre-
sented according to what macroscopic strain is defined. The results
show that the shear modulus defined on line l has a great scatter
Table 1
Shear modulus with different macroscopic average strain (GPa).

Specimen Line l Zone A Strain-
gauge = 0.5UCL

Strain-
gauge = UCL

0.5UCL UCL Position
A

Position
B

Position
A

Position
B

1# 3.55 3.69 4.07 3.68 3.57 4.05 4.01
2# 4.10 4.07 3.59 3.97 3.90 3.48 3.58
3# 2.87 3.24 3.75 3.35 3.03 3.57 3.60
4# 3.31 3.57 4.15 3.48 3.45 3.99 3.97
5# 2.91 3.13 3.67 3.11 2.94 3.59 3.55
Average 3.35 3.54 3.85 3.52 3.38 3.74 3.74
Standard

deviation
0.51 0.37 0.25 0.33 0.40 0.26 0.23
due to the macroscopic strain is sensitive to the material architec-
ture. With the zone extending, the standard deviation can decrease
from 0.51 to 0.25 GPa. As discussed in Sections 3.1 and 3.2, the
strain within a unit cell is highly non-uniform and the macroscopic
strain strongly depends on the position of the specimen notches.
Based on these results, the width of selection zone A is requested
one UCL. However, with the width extending, the shear stress
may exceed the region of uniform stress and also result in inaccu-
rate reading. In this case, the measurement modulus on zone A
may larger than the real modulus, as listed in Table 1, the average
modulus increase 3.35–3.85 GPa. The moduli measured by strain-
gauge are also listed for comparing. Although the mesoscopic
strain is highly non-uniform, the strain-gauge can still give rela-
tively acceptable results when the strain-gauge size is equal to
one UCL. But it should be cautious to use strain-gauge measure-
ment. One reason is that the strain-gauge strain is very sensitively
to gauge size and position, which is difficult to carry out in exper-
iments. The other is that it is generally needed correction factors
when using one point gauge strain as the macroscopic strain of
the specimen [58]. However, the correction factors may be difficult
to correctly obtain due to the strain distribution.
4. Conclusions

By using full-field DIC technique, the Iosipescu shear test is car-
ried out for 3D orthogonal woven C/C composites. The mesoscopic
strain non-uniformity is clearly observed. Based on present work,
several conclusions can be obtained.

(1) The strain is highly non-uniform within one unit cell for in-
plane specimens; the degree of strain non-uniformity is not
high for through-the-thickness specimens.

(2) The macroscopic strain in the test section strongly depends
on the materials structure heterogeneity. For accurate mea-
surement, representative strain average zone should contain
one UCL.

(3) If the scale of strain-gauge measurement is equal to one UCL,
the strain-gauge can still give relatively acceptable results.
However, it should be noted that observed strain measured
by the strain-gauge is very sensitive to gauge size and
position.
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