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A B S T R A C T

In this study, the digital image correlation technique and strain gauges were applied to the in-plane tensile tests
of a 2.5D woven ceramic matrix composite for the purpose of characterizing deformation and strain distribution
features. The test results indicate a strong influence of the weave architecture on the strain distribution of the
material. Mesoscale finite element models were established based on the weave architecture of the material. The
experimental and simulation results show that: the strain distributions are periodic and fluctuating; the max-
imum strain fluctuation on the surface is about 30%, but the deviation of average strain decreases rapidly with
the calculated area increase. The strain measurement methods were proposed to obtain the accurate average
strain: the size of measurement/calculated area should be twice larger than the unit cell size; much more ac-
curate result could be obtained when the area size is an integer multiple of the unit cell size.

1. Introduction

Fiber-reinforced ceramic matrix composites (CMCs) have been
widely used as structural components in aerospace, civil and auto-
mobile industry due to their outstanding physical, mechanical and
thermal properties. Design and optimization processes become very
important due to material anisotropy in fiber-reinforced CMCs, and
requiring more complex analysis. These materials provide the design
engineer with a relatively large design space because the stiffness and
strength of the composites can be adjusted by changing reinforcement
morphology, yarn structure and volume fraction to meet the specifi-
cations for particular application [1–4].
Recently, 2.5D woven composites have attracted many attentions

due to their excellent mechanical properties in both in-plane and out-of-
plane directions. Lots of work has been done to predict the properties
[5–7], investigate the damage evolution and failure mechanisms
[8–10]. The angle-interlock architecture improves the delamination
resistance of 2.5D woven composites, but this would exacerbate the
stress/strain concentration and non-uniform distribution in the mate-
rial. An in-depth understanding of the strain distribution is essential to
facilitate the development of material and structure with higher load
capacity.
Digital image correlation (DIC) has been proved to be a useful tool

for studying the strain distribution of composites, due to its ability to

measure displacements and strains on the surface of a deforming spe-
cimen in a non-contact way, as well as the full-field measurement
capability. In Pan’s research [11], significant stress concentration
phenomenon was observed on the surface of a 2.5D woven composite,
and damage often initiates at the local region where strain is relatively
large. The complex weave architecture leads to the non-uniform stress
and strain distribution of composites under external loads, and results
in the different deformation distributions on the surface and interior of
the materials [12–15]. The macroscopic strain strongly depends on the
materials structure heterogeneity [12]. Because of bending and
straightening of wavy tow segments, strain concentrations at tow
crossovers lead to the formation of macroscopic cracks [13,14,16].
During the experiment process, the surface strain is widely used since it
is convenient to be obtained. The surface strains of woven composites
are periodic and fluctuating, which depend on the weave architecture
of the material. Therefore, studying the surface /strain distribution
characteristics of the material is of great significance to guide obtaining
accurate surface strain.
The heterogeneous strain distribution on the surface of composite

can be observed via DIC technique during experimental testing, while
the internal strains of material are difficult to obtain. Archer [17]
proposed a methodology to accurately embed EFPI (Extrinsic Fabry-
Perot Interferometer) fiber optic sensors within the resin channels of
woven composites to monitor strain during tensile tests on a woven
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composite. Digital Volume Correlation (DVC) is an innovative approach
for measuring displacement and strain field of a volume from image
slices acquired via an X-Ray or CT scanner. Some work has been done to
investigate mechanical properties, damage and fracture evolution of
material with DVC technique [18–20]. For such studies to be successful,
it is important to consider the experimental constraints of increasing X-
ray absorption with sample dimension and density, which limits the
maximum dimensions and increases time to record tomographs. Also, it
is necessary that the microstructure contains sufficient ‘speckle’ that
can be discerned at the experiment’s resolution [21]. Besides, validated
with the strain field measured by the DIC method, mesoscale finite
element (FE) modelling of woven composites can be a powerful tool for
studying the strain/stress fields inside the material. This method (FE
modeling combined with DIC method) has been used to study various
composites, including carbon/epoxy woven composite [22], C/SiC
woven composite [23,24], eight harness-satin SiC/SiCN composite
[13], twill-weave carbon-fiber-reinforced-plastic composite [25],
carbon-epoxy triaxial-braided and glass-poly-propylene twill-woven
composite [15]. However, the related work mainly focuses on the 2D
woven composites, while the study of 2.5D woven composites is limited
yet.
The present paper focus on the non-uniform strain/stress distribu-

tions induced by weave architecture of a 2.5D woven CMCs. On-axis
tensile experiments along the warp and weft directions were conducted,
and 2D DIC technique and strain gauges were used to measure surface
strain. Mesoscale finite element model of the composite was established
based on the precise descriptions of the weave architecture. Local co-
ordinate systems were assigned on each warp yarn node such that the
local coordinate system is always parallel to the local fiber axis, which
would shed light on the influence of weave architecture on the local
strain fields and contribute to understand stress/strain characteristics of
the 2.5D woven composite. FE model was assessed by comparisons of
the strain fields measured with DIC method. Through the analysis of
experimental and FE simulation results, the deformation and strain
distribution characteristics of the 2.5D woven composite were in-
vestigated. Finally, the methods to obtain accurate average strain were
proposed, which would be helpful during the experiment process.

2. Materials and experiments

2.1. Processing of the SiO2f/SiO2 composite

Continuous SiO2 fiber (Feilihua Quartz Glass Corp., China) preforms
and silica sol were used to fabricate the 2.5D woven SiO2f/SiO2 com-
posite. The SiO2 fiber has a density of 2.2 g/cm3 and a tensile strength
of 1.7 GPa, and the diameter is 6∼7 μm. Prior to the manufacture of the
composite, the fibers were woven into 2.5D fabric preform with a vo-
lume fraction of 41%.
The 2.5D woven composite (SiO2f/SiO2) were fabricated by sol-gel

method, and silica fiber and silica sol were used as the raw materials
[26]. First, the silica fiber fabric was placed in a cracking furnace and
heat-treated in a nitrogen atmosphere. The heat-treated silica fiber
fabric was then placed in silicone gel under vacuum to be fully in-
filtrated and dried by heating to form a gel. Finally, the material was
placed in a muffle furnace, sintered at 800℃, and converted into
ceramic. The above infiltration/sintering processes were cycled 4 times
to obtain the final SiO2f/SiO2 composite. The density of the original
composite produced by the above method was about 1.7 g/cm3. The
porosity of matrix was 20%∼25%, and the specific surface area was up
to 1000m2/g. The volume fractions of warp and weft yarns are 30.13%
and 12.85% respectively.
The tensile specimens of the 2.5D woven SiO2f/SiO2 composite were

cut from a large SiO2f/SiO2 composite sheet with the warp yarn and
weft yarn aligned to the loading direction, respectively. The

dimensional size was 10mm×100mm×2.2mm
(width× length× thickness). The local architecture of the specimen is
presented in Fig. 1.

2.2. Experimental setup and procedure

The in-plane tension tests including warp and weft directions were
carried out by an electronic universal testing machine INSTRON 5966
with a force range of ± 10kN. The machine has sufficient control pre-
cisions of force within 0.5% and displacement within 0.1%. The dis-
placement loading rates of tension tests were 0.6 mm/min.
In order to study the influence of weave architecture on strain dis-

tributions and deformation characteristics of the 2.5D woven compo-
site, displacement and strain fields on the specimen surface were
measured with the 2D DIC method and strain gauges. Prior to the ex-
periments, one side of the specimen was sprayed with speckle and the
other side was attached with a strain gauge. To ensure the strain gauge
adheres well to the material, a thin layer of epoxy resin was applied on
the surface before the strain gauge was attached with 502 glue. The
modulus of epoxy resin (∼1GPa) is much lower than those of the fiber
and matrix, and the thickness is also much thinner than the specimen.
Therefore, the influence of glue on the strain/stress behavior can be
ignored. Besides, the strain can be transferred to strain gauge effec-
tively. The imaging system was then placed in front of the specimen
with the optical axis of the camera perpendicular to the speckle surface,
as shown in Fig. 2.
The images were recorded with industrial telephoto lens with a

focal length of 75mm and a CCD camera with a resolution of
2592×1944 pixel, and the recording frequency was 1 Hz. The software
used for DIC calculation and analysis of speckle images before and after
deformation was Vic-2D 2009(Correlated Solutions, Inc. U.S.A). The
subset and step sizes used in the calculation were 29 pixels and 5 pixels.

3. Finite element modeling of the 2.5D woven composite

3.1. Geometrical model

The mechanical properties of woven composites are primarily de-
pendent on the architecture of fiber preform. Therefore, an accurate
description of the weave architecture is necessary and essential to ob-
tain the accurate simulation results. The traditional representative vo-
lume cell (RVC) of 2.5D woven composites (Fig. 3) was not adopted in
this paper. Since the layer of yarn is pretty few and the RVC could
repeat only twice in Y direction, and the weave architecture of top and
bottom surfaces are quite different with RVC. Therefore, the mechanical
behaviors of 2.5D woven composites could not be obtained accurately
through the analysis of the RVC, especially for the surface stress/strain
distributions. The architecture of the 2.5D woven composite is shown in
Fig. 4. It consists of a multi-layer woven warp yarns and a set of straight
weft yarns, and adjacent weft yarns are interwoven by warp yarns. Liu
[27] proposed a three-unit-cell model which introduced a new type of
cell (transitional cell) into traditional method of cell partition in the
elastic prediction of 2.5D composites, the three-unit-cell model divided
2.5D composites into surface cell, transitional cell and body cell. The
result shows the difference between transitional cell and body cell
cannot be ignored, which directly confirm the necessity of the cell-
partition method in elastic prediction. Therefore, accurate modeling of
the architecture, especially the modeling of surfaces, is essential for
investigating the mechanical behavior and strain distributions of 2.5D
woven composites.
The specimens were observed with trinocular reflection digital

metallurgical microscope (TRDMM) to determine the cross-sectional
shape and size of the warp and weft yarns. Due to the deformation of
the yarns during the fabrication process, the cross-sectional shapes are
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irregular. But the cross-section of weft yarn is close to an ellipse and
warp yarn cross-section close to a racetrack shape. The axis of the weft
yarn is assumed to be straight, and the center line of the warp yarn
consists of two parts: the arc in the interlocking area and straight line in
the rest (as shown in Fig. 5). The FE model was established based on the
wearing parameters (Table 1), which were measured with TRDMM. The
rest parameters can be calculated as Eq. 1 and Eq. 2.

=e d c (1)

= L
R

arctan
(2)

where Lx, Ly and Lz represent the length, thickness and width of the
unit cell, a and b are the width and thickness of weft yarns, while d and
e are the width and thickness of warp yarns. R is the arc radius of warp
yarn curve, L is the projection length of the curve arc along the X di-
rection. And is the dip angle of the straight segment of the warp yarn.
With the geometrical parameters determined, the unit cell model can be
established precisely.

3.2. Boundary condition and material properties

3D FE models of the specimen were constructed to study the tension
behavior of the 2.5D woven composite, using commercially available
software ABAQUS 6.14. The element type were C3D8R (tows) and
C3D4 (matrix).
Since the cross section of the specimen contains only a few re-

presentative volume units, the periodic boundary conditions are not

Fig. 1. 2.5D woven SiO2f/SiO2 composite (warp direction and weft direction).

Fig. 2. Experiment schematic and strain measurement methods.

Fig. 3. Traditional representative volume cell of 2.5D woven composites
without matrix domains.
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applicable to the FE model in the Y and Z directions. The established FE
models have the same cross sections as the test specimens, see Figs. 1
and 6 (the tow mesh and matrix mesh are shown separately, to illustrate
the meshed weave architecture of the tows in the FE model). The per-
iodic boundary conditions are applied in X direction (loading/vertical
direction), while free boundary conditions are employed in the Y and Z
directions (transverse directions).
The interfaces between the fiber tows and the matrix are not con-

sidered and simulated. Therefore, no contact criterion is adopted here;
and on the surface of the tows and the matrix, the tow elements and the

matrix elements share the same nodes (see Fig. 7).
The micro-RVE (shown in Fig. 8) with periodic boundary conditions

was used to back out the elastic properties of fiber yarn at meso-scale.
The length and width of the RVE are set as unit value, therefore the
height is 3 . Based on the fiber volume fraction (0.41) which was
observed from the fiber yarn cross section with SEM, the fiber diameter
is set as 0.672. The elastic properties used in micro-RVE model are
listed in Table 2. The predicted values of elastic properties of fiber yarn
are listed in Table 3. And the properties of SiO2 matrix at meso-scale are
given in Table 4.

3.3. Local coordinate systems of warp yarn

In fiber-reinforced CMCs, the crimp of the warp yarn causes the
local fiber axis to rotate relative to the global coordinate system along
the length of the yarn, which results in a change of effective modulus in
the global direction. Besides, the warp yarns are transversely isotropic
material, it is necessary to assign a local coordinate system to each yarn
node so that the local fiber axis is always parallel to the local 1 direction
of the yarn length. However, creating local coordinate systems and
assigning the local coordinate system to each element in the geome-
trical model can be complicated. To simplify the modeling process, the
global coordinate system is assigned to the warp yarn model, and then
is rotated to obtain the local coordinate system at each warp yarn node
in ABAQUS user material subroutine.
For a given warp yarn node, there is a rotation of along the Z axis

between the local coordinate system and the global coordinate system,
as shown in Fig. 9.
The cosine values of the angles between the global coordinate and

local coordinate compose an orthogonal matrix. And the relationship of
stress/strain tensor between global and local coordinates could be
written as:

= A A[ ] [ ][ ][ ]l g
1 (3)

= A A[ ] [ ][ ][ ]l g
1 (4)

=A
a a a
a a a
a a a

[ ]
11 12 13
21 22 32
31 32 33 (5)

where A[ ] is the orthogonal matrix, [ ]l , [ ]l , [ ]g and [ ]g represent the
stress/strain tensor in the local and global coordinates, respectively. aij
(i,j = 1,2,3) is the cosine of the angle between global axis i and local

Fig. 4. Weave architecture of 2.5D woven composites without matrix domains.

Fig. 5. Illustration of the parameters in the 2.5D woven composite.

Table 1
Weaving parameters in 2.5D woven composite (mm).

Lx Ly Lz a b c d R L

6.82 2.30 2.12 1.3 0.182 0.8 0.98 3.05 0.9527

Fig. 6. Meshed model of the FE model at meso-scale.
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axis j, =a cos x x( , )ij i j
' .

Expanding the Eq.3 and Eq.4 into vector form,

= M[ ]g l (6)

= M[ ]g l (7)

=
+ + +
+ + +
+ + +

M

a a a
a a a
a a a

a a a a a a
a a a a a a
a a a a a a

a a a a a a
a a a a a a
a a a a a a

a a a a a a a a a a a a
a a a a a a a a a a a a
a a a a a a a a a a a a

[ ]

2 2 2
2 2 2
2 2 2

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

112 122 132

212 222 232

312 322 332

12 13 11 13 11 12
22 23 21 23 21 22
32 33 31 33 31 32

21 31 22 32 23 33
31 11 32 12 33 13
11 21 12 22 13 23

22 33 32 23 23 31 33 21 21 32 31 22

32 13 12 33 33 11 13 31 31 12 11 32

12 23 22 13 13 21 23 11 11 22 21 12

(8)

where M[ ] is the transformation matrix from the global coordinate
system to the local coordinate system. And the global stiffness matrix

C[ ]g of each node can be calculate with local stiffness matrix C[ ]l and
transformation matrix M[ ] :

=C M C M[ ] [ ] [ ] [ ]g l
1 (9)

For the FE model established in this paper, a global coordinate
system was assigned to the model, and the coordinate rotation pro-
cesses of yarns were conducted in ABAQUS umat. The yarns were di-
vided into three groups: weft yarns (gray parts in Fig. 3), the first (blue

Fig. 7. Shared nodes of the tow elements and the matrix elements on the interface.

Fig. 8. Geometrical and mesh model of micro-RVE.

Table 2
Material properties of constituents at micro-scale.

Young’s Modulus Poisson’s ratio

fiber 75GPa [28] 0.25 [28]
matrix 35GPa [29] 0.16 [30]
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parts in Fig. 3) and the second (red parts in Fig. 3) set of warp yarns. For
the weft yarns, the local coordinate system can be rotated 90 ° along the
Y axis from the global coordinate system. For the first and second set of
warp yarns, the local coordinate system can be obtained by rotating the
global coordinate system along the Z axis, but with opposite direction.
Here, the sine and cosine value of the first set of warp yarns are cal-
culated as an example:

=

<

<

< +

+ <

=

X R X L

L RL X L L

X L R L L X L L

L R L L X L L

X L RL L X L

X L

sin

0
1
2

1
2

1
2

1
2

1
2

( )

cos 1 (sin ) 0

x

x x x

x x

x x x

x
2 (10)

With the sine and cosine of the rotation angle, aij (i,j= 1,2,3) can be
calculated easily. Then the transformation matrix M[ ] can be obtained.

3.4. Validation of mesh convergence

The quality of the mesh is important for the accuracy of the pre-
dicted results. The mesh choice was based on a mesh refinement ana-
lysis by comparing the normalized moduli (divided by the effective
moduli of the model with an element edge length of 0.02mm) of the
models. Here, the element edge lengths with 0.1mm, 0.05mm,
0.04mm, 0.025mm, and 0.02mm are chosen. The local diagrams of
the meshed models are shown in Fig. 10 with the change of the element
size clearly observed. It can be observed that changes between the
normalized moduli for the different meshes are limited (less than 3%, as
shown in Fig. 11). The trends and results made with these analyses are
not expected to change drastically with further mesh refinements, and
there is good agreement between the results. However, with the mesh
size decrease, the computing time increases significantly. Considering
both the accuracy of simulation result and the cost of computing, the
element size is set as 0.04mm.

4. Results and discussion

4.1. Experimental investigation

4.1.1. Strain distribution
The full-field strain distributions of the specimen surface were ex-

tracted with the recorded images during the experiments. Fig. 12 shows
the full-field vertical and transverse strain contours under warp direc-
tion tensile stress of 20MPa, 40MPa, 60MPa, 80MPa and 100MPa,
respectively. Fig. 13 shows the full-field vertical and transverse strain
contours under weft direction tensile stress of 10MPa, 20MPa, 30MPa,
40MPa and 50MPa, respectively. It can be seen from Figs. 12 and 13
that the strain distributions on the surface of the 2.5D woven composite
exhibit periodic variability, which are related to the weave architecture
of warp and weft yarns.
As shown in Fig. 12(a), the vertical strains on the surface of matrix

are larger than the vertical strains on the surface of warp yarns. The
warp yarns are curved and have a stretch tendency under warp direc-
tion tensile loads. Therefore, the spacing between the weft yarns gets
larger. Besides, the modulus of matrix is lower than the modulus of
yarns. These result in a larger vertical strain in the matrix.
Due to the larger strain and lower strength of the matrix, micro-

cracks initiate and propagate along the matrix on the specimen surface.
The matrix cracks also indicate micro-damage of the yarns in the ma-
terial. The load capacity of damaged yarns decrease and more load is
transferred to the adjacent matrix, leading to the stress and strain of the
matrix increasing and the initiation of cracks. The micro-cracks initiate
in different matrix regions when the applied load reaches about 70% of
the tensile strength. Then these cracks propagate and form a main
crack, and the brittle fracture of the specimen occurs.

4.1.2. Macroscopic mechanical behavior
Figs. 12 and 13 show the strain evolution process of the 2.5D woven

SiO2f/SiO2 composite under in-plane warp/weft direction tensile load-
ings, respectively. Micro-cracks on the specimen surface initiated at the
stress of 80MPa (warp direction loading) and at 40MPa (weft direction
loading). With the applied load increase, small cracks propagate and
form a main crack. When the stress on the crack cross section reaches
the tensile strength, the fiber fracture and pull-out occur. The material
exhibits brittle mechanical behavior. No evident surface crack was
found at the stress lower than 80% of the strength, and the fiber frac-
ture occurred suddenly at the tensile strength, resulting in the load
decrease to zero immediately, as shown in Fig. 14.
The average transverse strains and vertical strains of the 2.5D

woven SiO2f/SiO2 composite are calculated with DIC method. Fig. 15
shows the stress-strain (transverse strain x and vertical strain y) re-
sponses of the material under in-plane tension load. It can be seen from
Fig. 15 that the vertical stress-strain response exhibits linear char-
acteristic, while the transverse response shows a non-linear character-
istic with the applied load increase. The failure strain is around 0.7% in
both warp and weft direction tension experiments. However, the elastic
modulus (14.3 GPa) and tensile strength (100MPa) in warp direction
are much higher than those in weft direction (elastic modulus: 7.6 GPa;
tensile strength: 50MPa). The volume fractions of warp and weft yarns
are 30.13% and 12.85% respectively. So we could infer that the warp
yarn has lower mechanical properties in the loading direction due to
the crimp characteristic. However, the warp yarn enhances the me-
chanical properties in out-of-plane direction, and has a significant in-
fluence on the strain/stress distribution inside the material, which

Table 3
Predicted properties of fiber yarn.

Vertical Modulus (GPa) Transverse Modulus (GPa) Vertical Shear Modulus(GPa) Transverse Shear Modulus(GPa)

Fiber yarn 51.36 46.60 18.89 18.53

Table 4
Material properties of SiO2 matrix at meso-scale.

Young’s Modulus Poisson’s ratio

SiO2 matrix 6 GPa 0.25

Fig. 9. Crimp of warp yarn and local coordinates.

X. Teng, et al. Journal of the European Ceramic Society 40 (2020) 36–48

41



would be described later.
The transverse stress-strain responses exhibit non-linear behavior

and differ a lot under warp/weft direction loadings, see Fig. 15. The
crimp deformation of yarns is the major reason for the transverse re-
sponses nonlinearity. Under warp direction tensile loading, the weft
yarn in transverse direction becomes curved from straight, resulting in
a larger negative strain and the nonlinearity. While under weft direc-
tion tensile loading, the weft yarn in loading direction is straight, and
the strain in weft yarn has little influence on the curviness of warp yarn
in transverse direction, thus the transverse strain is much lower. The
transverse response nonlinearity causes the Poisson’s ratio of the ma-
terial to be not a constant during the loading process. The Poisson’ ratio
exhibits an increasing tendency with the applied tensile stress increase,
which varies from 0.05∼0.2 and 0.03∼0.14 under warp/weft direction
tensile loading, respectively.

4.1.3. Strain extracted with different methods
Fig. 16 shows the vertical strain extracted by DIC method and strain

gauge, respectively. The size of the strain gauge is 2mm×4mm. In the
case of warp direction loading, the strain gauge covers about a half of
unit cell surface. However, the strain gauge has a strain value of ap-
proximately 90% of the value calculated by DIC method. Due to the sol-
gel method, the matrix filling of the specimen surface is insufficient,
and the fiber bundle protrudes from the specimen surface. Therefore,
the strain gauge is only attached to the fiber bundles. According to the
analysis earlier, the matrix has a larger strain than fiber bundle on the
specimen surface. Besides, the size and position of the strain gauge have
a significant influence on the measured result (The strain distribution
on the unit cell surface fluctuates with the strain gauge size and posi-
tion, this will be elaborated in section 4.2.2). Hence the strain value
measured by the strain gauge has some deviation compared with actual
average strain. The DIC method could capture the displacement in-
formation of both fiber bundles and matrix, and cover the entire surface
of the specimen. Therefore, the strain extracted by DIC method is closer
to actual average strain.
In the case of weft direction loading, the vertical strain exhibits a

linear behavior with the load increase. However, the strain value ex-
tracted by strain gauge is about 84% of the value calculated by DIC
technique. One reason is that, the size of strain gauge is not large en-
ough to cover sufficient area of specimen surface. The width of strain
gauge is 2mm while the length of unit cell in warp direction is
6.82mm, so the measured strain has a large deviation (discussed in
section 4.2.2). Besides, as mentioned earlier, the matrix filling of the
specimen surface is insufficient, thus the strain gauge is only attached
to the fiber bundles. Therefore, when measuring the strain of woven
composites, DIC method is recommended as the top priority due to its
accuracy and full-field measurement capability.

Fig. 10. Meshed models with different element size.

Fig. 11. Normalized moduli and computing time as a function of element
number.
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Fig. 12. Evolutions of full-field strains at warp direction tensile stress of 20MPa, 40MPa, 60MPa, 80MPa and 100MPa: (a) vertical strain; (b) transverse strain.

Fig. 13. Evolutions of full-field strains at weft direction tensile stress of 10MPa, 20MPa, 30MPa, 40MPa and 50MPa: (a) vertical strain; (b) transverse strain.

Fig. 14. In-plane tension load-displacement responses of the 2.5D woven SiO2f/SiO2 composite (warp/weft direction).
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Fig. 15. In-plane tension stress-strain curve of the 2.5D woven SiO2f/SiO2 composite (warp/weft direction).

Fig. 16. Vertical strain extracted by DIC method and strain gauge.

Fig. 17. Surface strain distributions upon warp direction tensile loading (vertical/transverse strain, unit: mm/mm).

Fig. 18. Strain distributions upon warp direction tensile loading (vertical/transverse strain, unit: mm/mm).
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4.2. Numerical investigation

4.2.1. Stress/strain distribution
Fig. 17 shows the vertical and transverse strain distributions of the

2.5D woven composite with a 0.6% tensile strain in warp direction. The
strain of the matrix is obviously affected by the crimp of the fiber yarns.
In the green region on the surface, the strain is small due to the thin
thickness of matrix, and the fiber yarns are adjacent to the surface.
While in the matrix-rich region, the fiber yarns extend downward, re-
sulting in large strain on the matrix surface. The vertical strain shows a
zig-zag shape that connects the matrix-rich regions to each other, which
is consistent with the strain distribution measured by DIC method in
Fig. 12, and the micro-cracks initiate and propagate along the zig-zag
path.
Fig. 18 shows the vertical and transverse strain distribution of the

established model. The strain values vary greatly in different regions.

The maximum strain occurs in the region between the two weft yarns,
between which there is no warp yarn passing through. This is the result
of the combined action of tension loading in X direction and warp
squeezing in Y direction. Matrix cracks are more likely to initiate in this
region and propagate to the surface of the specimen, and cause cracks
on the specimen surface. The possible crack propagation paths are
shown by the black arrows in Fig. 18.
The vertical stress distribution of the fiber bundles and matrix is

shown in Fig. 19. It can be seen that, the warp yarns carry the external
load while the weft yarns do not carry at all. This is because the external
load transfers to warp yarns directly, after which the load transfers to
matrix and then the weft yarns. Due to the weak load carrying capacity
of the matrix, the load transmitted to the weft yarns is also small. The
maximum vertical stress of warp yarns occurs at the arc area where the
warp yarn and weft yarn squeeze each other. For a single warp yarn, the
maximum stress appears on the inner side of the arc area, where the
warp yarn presses on the adjacent weft yarn. With the uniaxial tension
in warp direction, the warp yarns have a tendency to straighten (cur-
vature reduction), and the arc area produces an inward displacement
and presses on the adjacent weft yarn. The strain in this region is also
the maximum as illustrated above; therefore it is the most dangerous
area and should be considered during design and use. The transverse
stress is approximately one tenth of the vertical stress, and would not
cause major damage to the material.
The uniaxial tension in weft direction is simulated with a tensile

strain of 0.6% on the FE model. The surface strain distributions in both
vertical direction and transverse direction are shown in Fig. 20. The
periodic and non-uniform stress/strain distribution can be observed,
which attribute to the weave architecture of the composite. And similar
to the warp direction loading, the matrix adjacent to the yarns has a
larger strain; and the weft yarns carry the external load while the
vertical stress of matrix and warp yarns are much smaller (see Fig. 21).

4.2.2. Volatility of surface strain distribution
The vertical strain in different regions is calculated to have an in-

depth understanding of the strain distribution on the woven composite
surface. The unit cell surface is divided into twenty equal regions in the
warp direction (Fig. 22), and the average strain of each region is cal-
culated by extracting the strain values on the nodes attached to the
region and averaging these values. The average strain of each region is
plotted in Fig. 23(a). The vertical coordinate represents the vertical
strain of each region, and the horizontal coordinate indicates the center
position of each region. It can be seen from Fig. 23(a) that, the strain is
symmetrically distributed about the center of the unit cell, since the
weave architecture is antisymmetric. According to the finite element
method (FEM) simulation, the strain in the area near the fiber bundle
(X=0∼0.1, 0.9∼1) is 13% lower than the average value, and in the
matrix-rich region (X= 0.4∼0.5), the strain is 15% larger than the
average value. The vertical strains in different regions are also extracted
with DIC method (red line in Fig. 23(a), Fig. 23(b)). The strain dis-
tribution shows the same fluctuation characteristic as the simulation
result. The vertical strains in region 4, 5 and 6 are higher than the
average strain. But the maximum fluctuation reaches 30%, this is
caused by the deviation between the real specimen and the ideal FE
model.
Fig. 24 shows the average strain in accumulated regions. Although

the maximum strain deviation in a unit cell reaches 30% (DIC result),
the average strain approaches the average value with the increase of
accumulated regions. When the accumulated regions exceed 1/2 unit
cell surface, the maximum deviation is 4.3% (DIC result); when exceed
one unit cell surface, the maximum deviation is 2.3% (DIC result).
Therefore, when extracting the strain by strain gauge or DIC method,
the concerned area should contain at least one unit cell to eliminate the

Fig. 19. Vertical stress distribution upon warp direction tensile loading (MPa).

Fig. 20. Surface strain distributions upon weft direction tensile loading (ver-
tical/transverse strain, unit: mm/mm).

Fig. 21. Vertical stress distribution upon weft direction tensile loading (MPa).

Fig. 22. Schematic of region division of the unit cell surface in warp direction.
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effects of non-uniform distribution. And if the fluctuation of strain
distribution gets larger, more unit cell regions should be covered to
obtain accurate results.
In the weft direction, the surface of unit cell is divided into ten equal

regions as shown in Fig. 25. The average strain of each region is plotted
in Fig. 26(a). The vertical coordinate represents the average vertical
strain (weft direction) of each region, and the horizontal coordinate
represents the center position of each region. The strain fluctuates in a
unit cell region due to the weave architecture of yarns. According to the
DIC result (red line in Fig. 26(a)), the maximum strain is 30% larger
than the average value, and the minimum strain is 21% lower than the
average. However, the strain fluctuation of FEM simulation is much
lower than experiment. Fig. 26(b) shows the vertical strain of each
region extracted by DIC method. The vertical strains in region 2, 3 and
4 are higher than the average strain, which matches the simulation
results (Fig. 26 (a)). And the maximum fluctuation is about 30%.
The difference between the simulation results and test results is

mainly caused by the difference between the established FE model and
the test specimen. On the one hand, during the manufacture process of
the specimen, the fiber tows were squeezed in the thickness direction
and then deformed, especially the fiber tows on the surface of specimen
(orange area in Fig. 27). However, this deformation is not constructed
in the FE model; on the other hand, due to the weave architecture of the

fiber tows, the specimen surface is uneven (see Fig. 27). The regions
between the adjacent fiber tows are not completely filled with the
matrix, which influences the load transfer between the fiber tows,
especially for the load transfer between the warp tows during the weft
direction loading (blue area in Fig. 27). Therefore, the strain non-uni-
formity in test results is much more significant than that in simulation
results.
Fig. 28 shows the average strain in accumulated regions. Similar to

the result in warp direction, the average strain approaches the average
value with the increase of the accumulated regions. When the accu-
mulated regions exceed one unit cell surface, the maximum deviation is
3.5% (DIC result); when exceed two unit cell surfaces, the maximum
deviation is 1.8% (DIC result).
According to the above analysis, the fluctuation of the surface

Fig. 23. Vertical strain (strain in warp direction) distribution in different regions: (a) Comparison between FEM simulation and DIC result at an average vertical
strain of 0.003; (b) Vertical strain evolution process in different regions during the test, extracted with DIC method.

Fig. 24. Average vertical strain (strain in warp direction) in accumulated re-
gions.

Fig. 25. Schematic of region division of the unit cell surface in weft direction.
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strains are large (about 30%) in the experiments. Therefore, a larger
calculation region should be covered to obtain the accurate average
strain. To achieve this, the size of strain gauge should be greater than
twice the size of unit cell, and it would be better if the size of the strain
gauge is an integer multiple of the unit cell size in both warp and weft
directions. The same requirements should also be met when the strain is
extracted by the DIC method.

4.2.3. Effect of local coordinate system
The simulations of the model without considering local coordinate

systems were analyzed to study its effect on the vertical strain

distribution, as shown in Fig. 29. The vertical strain distributions have
the similar characteristics as those in section 4.2.1, but the distributions
are more even, especially in warp direction loading. This indicates that
the simulation results without considering the local coordinate systems
are less conservative and may cause serious damage to the material or
structure. Therefore, accurate local coordinate systems are essential and
necessary to obtain accurate results in design and analysis process.

5. Conclusions

In this paper, the in-plane on-axis tensile tests of a 2.5D fiber-re-
inforced woven SiO2f/SiO2 composite including warp and weft direc-
tions were conducted. Full-field deformation/strain distributions of the
specimen surfaces were obtained with DIC technique. The established
finite element models of the material contain the full thickness of the
material to simulate the strain distribution accurately. Besides, local
coordinate systems were assigned on each node of warp yarns by ro-
tating the global coordinate system, which simplifies the modeling
process as well as improves the accuracy of numerical simulation.
According to the experimental and numerical simulation results, some
valuable conclusions can be drawn as follows:
(1) The strain distributions of the 2.5D woven composite are related

with the weave architecture. The strain on the surface of the specimen
has a periodic distribution due to the weave architecture of fiber yarns.
(2) Upon on-axis loading conditions, the external load is carried by

the yarns along the loading direction, while the transverse yarns carry
much less load. This is due to that the stress of transverse yarns is
transferred by matrix, and the load capacity of matrix is much lower
compared with fiber yarns.
(3) The maximum strain fluctuation of the specimen surface is about

30% during the experiment process. With the calculated area increase,
the average strain deviation decreases rapidly.
(4) To obtain the accurate average strain of woven composite, the

size of strain gauge should be twice larger than the size of unit cell, and
much more accurate result could be obtained if the size of the strain
gauge is an integer multiple of the unit cell size in both warp and weft
directions. Same requirements should also be met when the strain is
extracted with DIC method.
(5) The local coordinate systems of warp yarns have an obvious

influence on the stress/strain distribution, especially in warp direction
loading. Assigning local coordinate systems are essential and necessary
to guarantee the accuracy and reliability of simulation results.

Fig. 26. Vertical strain (strain in weft direction) distribution in different regions: (a) Comparison between FEM simulation and DIC result at an average vertical strain
of 0.004; (b) Vertical strain evolution process in different regions during the test process, extracted with DIC method.

Fig. 27. Enlarged local diagram of the 2.5D woven composite.

Fig. 28. Average vertical strain (strain in weft direction) in accumulated re-
gions.
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