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Abstract: In order to achieve a better understanding of failure behavior of cruciform specimen under different biaxial

loading conditions, a three-dimensional finite element model is established with solid and interface elements. Maxi-

mum stress criterion, two Hashin-type criteria and the new proposed criteria are used to predict the strength of

plain woven textile composites when biaxial loading ratio equals 1. Compared with experimental data, only the new

proposed criteria can reach reasonable results. The applicability of the new proposed criteria is also verified by pre-

dicting the tensile and compressive strength of cruciform specimen under different biaxial loading ratios. Moreover,

the introduction of interface element makes it more intuitive to recognize delamination failure. The shape of the

predicted delamination failure region in the interface layer is similar to that of the failure region in neighboring enti-

ty layers, but the area of delamination failure region is a little larger.
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0 Introduction

Because of their outstanding mechanical
properties, composite materials are widely used in
aviation, aerospace, automotive and medicine
field. The static strength and fatigue properties of
composites under uniaxial loading are widely
studied?, while few experiments and finite ele-
ment analysis have been conducted to investigate
the behavior of composites under complex load-
ing, like biaxial loading.

To generate a strength envelope in g -0,
stress space, applying in-plane biaxial loads to
cruciform specimen will be the most appropriate

method™”.

demonstrated that it is almost impossible to elim-

Nevertheless, all researches have

inate the stress concentration in the outer fillet
corner between two perpendicular arms. Serna et
al. 1% tested a chopped glass-reinforced compos-
ite from the experimental and numerical point of
view, and the results showed that the crack ema-

nates from the outer fillet corner between two
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perpendicular arms. In order to increase the like-
lihood of failure in the biaxially loaded test zone,
it is necessary to reduce the thickness of the biaxi-
ally loaded test zone and optimize the corner ge-
ometry at the intersection between two perpendic-
ular arms™%,

For cruciform specimen made of plain woven

I studied the influence

textile composites, Qian*’
of various geometrical parameters by numerical
simulation. Cruciform specimens with the opti-
mal geometrical parameters were manufactured
and tested under different biaxial loading condi-
tions. Lin et al. "' also studied the failure behav-
ior of composite laminates for various layups and
biaxial loading conditions by numerical investiga-
tion.

Under biaxial loading, the distribution and
repartition of stress is not constant over the speci-
men. Therefore, strain field monitoring tech-
niques are needed, such as strain gages or strain

[6,7,11]
’

rosettes high-speed stereo digital image

correlation''®, infrared thermography?**!, air-
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]

coupled guided waves''*!, and digital image corre-

[3.14]

lation , etc.

Based on the strain field obtained experimen-

%) compared three-di-

tally, Lamkanfi et al.''™
mensional finite element model with two-dimen-
sional model. The results showed that strain dis-
tribution could only be modeled accurately by
three-dimensional model. Delamination failure is
one kind of damage forms between two layers.

dl7 ¥ and fracture-mechan-

Different stress-base
ics-based!*"?*! failure criteria have been proposed.
In Ref. [21], solid-shell interface element SOL-
SH190 was adopted to simulate the interface layer
of laminated composites under impact load, the
numerical results were in good agreement with
experimental data.

The present paper focuses on characterizing
the failure behavior of cruciform specimen under
different biaxial loading conditions. First, refer-
ring to the cruciform specimen used in Ref. [6], a
parametric three-dimensional finite element model
is established in ANSYS platform, solid entity
part and interface layer are both included in the fi-
nite element model. Subsequently, maximum
stress criterion, criteria from Refs. [22—237], and
the new proposed criteria are used to predict the
strength of plain woven textile composites when
biaxial loading ratio equals 1. The predicted re-
sults by different failure criteria are compared
with experimental data. Then, the applicability
of the new criteria is examined under different bi-
axial loading conditions. Finally, the progressive
damage process of entity and interface layers of

plain woven textile composites is analyzed in de-

tail when biaxial loading ratio equals 1.

1 Experiment

For cruciform specimen made of plain woven
textile composites, Qian'® optimized the geomet-
rical parameters of cruciform specimen by numer-
ical simulation (Fig. 1). The values of the opti-
mized dimension parameters are listed in Table 1.

According to Fig. 1 and Table 1, 32 cruciform

specimens were manufacrured with plain woven

textile composites.
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Fig. 1 Shape of cruciform specimen'®

Table 1 Values of dimension parameters in Fig. 1

L/mm W.,/mm W,/mm L,/mm R,/mm W,/mm

300 50 50 70 12 46
W./mm R,/mm R./mm ¢,/mm ¢/mm §/(°)
36 13 8 4.5 1.5 8

The tensile and compressive biaxial strength
of cruciform specimens under four different biaxi-
al loading ratios were tested, that is four tests for
each biaxial loading condition. These cruciform
specimens were biaxially loaded in its plane using
SDS100. With four independent servo-hydraulic
actuators and an appropriate control unit, SDS100
can keep the centre of the specimen at the same
position during the loading process. Fig. 2 pres-
ents tensile failure form of cruciform specimen
when biaxial loading ratio equals 1. The average
values of tensile and compressive strength of cru-

ciform specimens under different biaxial loading

ratios are listed in Table 2.

Fig.2 Tensile failure form of cruciform specimen when

biaxial loading ratio equals 1%
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Table 2 Biaxial strength of cruciform specimens™

Tensile Compressive

Biaxial strength/kN strength/kN

loading ratio Welt Warp Weft Warp

direction direction direction direction

1/1 19. 95 19.99 14.28 14.25
1/2 20. 96 10. 47 14. 87 7.45
1/3 21.72 7.24 15.92 5.35
1/4 22.42 5.61 16. 28 4.07

2  Progressive Damage Model

A typical progressive damage model compri-

ses three parts: Stress analysis, failure criteria

and material property degradation rules. The pro-
gressive damage model of cruciform specimen un-
der biaxial loading condition is developed by AN-
SYS parametric design language ( APDL), the
flow chart is plotted in Fig. 3.

Mechanical properties of composite materials
are the basis of numerical simulation. The me-
chanical properties of plain woven textile compos-
ites and matrix in Tables 3, 4 are obtained from
Ref.[6] and Ref.[247]. In Ref. [ 6], the material
of strengthening plates are the same with experi-

mental material.

| Reading dimension parameters |

| Establishing a 3D finite element model I

I Applying constraints and biaxial load l

Stress analysis
. . N N T . .
Failure in interface part Failure in entity part
Reducing material properties of Reducing material properties of
failure elements in interface layers p= Pi] failure elements in entity layers

Fig.3 Flow chart of predicting biaxial strength of cruciform specimen

Table 3 Mechanical properties of glass fiber-reinforced plain woven textile composites®

X, /MPa  X,./MPa E,/GPa X, /MPa

X,./MPa

E,/GPa Si»/MPa G, /GPa Va1

385.42 279. 36 21.5 385.42

279. 36 21.5 68. 45 3.42 0.11

Table 4 Mechanical properties of matrix**!

X:,/MPa Xs./MPa E;/GPa V21 Si2w/MPa Gz, /GPa

112 214 3.5 0.35 89.6 1.3

2.1 Stress analysis— finite element model

Referring to Fig. 1 and Table 1, a finite ele-
ment model of cruciform specimen is established
in ANSYS platform (Fig. 4). The finite element
model is composed of 18 solid layers and 17 inter-
face layers. Element SOLID45 is used to mesh

the entity part of the cruciform specimen, and el-

ement SOLSH190 is used to simulate the inter-
face between two layers.

According to Ref. [ 6], the cruciform speci-
men is with a central region of reduced thickness.
The 1st—6th, the 12th-—17th interface layers and
the 1st—=6th, the 13th—18th solid layers com-
pose strengthening plates. The central zone of
strengthening plates is subtracted according to
Fig. 1. The biaxially loaded test zone in the finite
element model is outlined in red on the right side

of Fig. 4.
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Fig. 4 Finite element model of cruciform

specimen

2.2 Failure criteria

fiber

tensile failure in weft and warp direction, fiber

For plain woven textile composites,

compressive failure in weft and warp directions,
shear failure and delamination failure will occur
during the load process. In order to predict all
failure modes and biaxial strength, maximum
stress criterion, criteria from Ref. [22] and Ref.
[ 23] (Hashin-type criteria), and the new pro-
posed criteria (Egs. (1—8)) are used to predict

the biaxial strength of plain woven textile com-

posites.
2.2.1 Failure of entity layer
Fiber tensile failure in weft direction (g,; >0)
2 2
2 2‘?«2 + iﬂsfilz
(COS G“ ) (GH ) Jfa]'r 2112 +
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Fiber tensile failure in warp direction (g5, >
0)
2 2
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Fiber compressive failure in weft direction
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Fiber compressive failure in warp direction
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Shear failure in warp direction
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In Egs. (1)—(6), ¢, (i,j=1,2,3) are the stress
components, Xt, X¢, Y, Y the tensile and the
compressive strength of composites in the weft
and the warp directions, respectively; S;. G; (7,
j=1,2,3) the shear strength and the modulus of
composites in corresponding directions; a, is the
material nonlinear factor; and ajt» aics azrs aszcs
aiss ass are the shear contribution factors in each
failure mode.
2.2.2 Failure of interface layer

Most stress-based delamination failure crite-
ria™"?7 determine whether delamination is initia-
ted according to the stress field and strength in
layer. This is not very precise. For instance, all
the 21 plies of composite plates have delamination
failure in Ref. [17] (Fig. 5), but there are only 20

interfaces actually, i. e. , the number of delamina-

ted layers is not equal to the number of inter-
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faces. Therefore, the introduction of interface

layer in numerical simulation is necessary.

Delaminated elements
/

Fig.5 Predicted delamination after impact!!”

In reality, tensile stress and compressive
stress can both cause delamination failure. Since
the material properties of interface layer are set
the same with matrix, the new proposed delami-
nation criteria for tensile stress and compressive
stress are formulated as Eq. (7) and Eq. (8), re-
spectively.

With the introduction of interface layer, the
delamination failure criterion of maximum stress
criterion and criteria from Refs. [22,23] are mod-
ified to the delamination failure criterion devel-
oped in this paper (Egs. (7,8)), while fiber fail-
ure criterion and shear failure criterion remain un-
changed as the original.

Tensile delamination failure (g1, + 02 + o35 >
0)

(Gn +§fM+ 033 ) ?

T?z ‘[?3 T%a
+ ottt =1

fom Gm Shm
P
Compressive delamination failure (g, + a2, 1+
033<0)

(611 + 02 + o033
Xem

2 2 2. 2
)+212+1.3+23>1

12m %Bm Sglﬁn -

(8)
where X1y, Xcu are the tensile and the compres-
sive strength of matrix, S;, (i,j=1,2,3) the

shear strength of matrix.
2.3 Material property degradation rules

In order to evaluate the applicability of dif-
ferent failure criteria for plain woven textile com-
posites, only one kind of material property degra-
dation rules is adopted. The reduction factors of
failure in entity part of composites are the same
as Ref.[22]. In Ref.[22], delamination failure is
predicted by the stress field and strength in layer,

1. e. , interface element is not included. There-

fore, the material property degradation rule cor-
responding to delamination failure is not suitable
for this paper. The reduction factor of failure in
interface layer of composites is stipulated as fol-
lows.

(1) Fiber tensile failure in weft direction:
E., G,, G5, viss vi3 are degraded to 0. 16 of
their initial values;

(2) Fiber compressive failure in weft direc-
tion: E;, Gi» Giy, viz» vy are degraded to 0. 32
of their initial values;

(3) Fiber tensile failure in warp direction;
E;. G, Gy viys vy are degraded to 0. 16 of
their initial values;

(4) Fiber compressive failure in warp direc-
tion: Ey, Gias Gasy vig» vss are degraded to 0. 32
of their initial values;

(5) Shear failure in weft and warp direction:
Gy, and v, are degraded to 1 X10 ° of their initial
values;

(6) Interface failure: All material properties

are degraded to 1 X107 ° of their initial values.

3 Results and Discussion

By using the progressive damage model, the
whole process of damage propagation and failure
strength of glass fiber-reinforced plain woven tex-
tile composites under different biaxial loading ra-

tios are studied.
3.1 Comparison of failure criteria

Maximum stress criterion, criteria from Ref.
[22], criteria from Ref. [ 23] and the new pro-
posed criteria are used to predict the strength of
plain woven textile composites when biaxial load-
ing ratio equals 1.

In maximum stress criterion, fiber failure oc-
curs if the principal stress is greater than the cor-
responding strength in each material principal di-
rection. In criteria from Refs. [22,237], fiber fail-
ure occurs when a determined quadratic inequality
of stress components is satisfied. The criteria
used in Ref. [ 22 ] take three-dimensional stress

tensor into consideration. While criteria used in
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Ref. [ 23] take two-dimensional stress tensor into
account. However, all the shear contribution fac-
tors in these two criteria are equal to 1.

From Table 5, it is observed that maximum
stress criterion overestimates the biaxial strength
of cruciform specimen. Criteria from Refs. [ 22,
23] underestimate the biaxial strength. Using the
new proposed criteria, the relative errors between
the predicted results and the experimental ones
are within 5%.

Since the material of each layer is plain wov-
en textile composites, the damage of each layer in
the biaxially loaded test zone is almost the same.
So only the first entity ply is given in Fig. 6. The
red and the blue elements denote that fiber tensile
failure occurs in weft and warp directions, respec-
tively. The orange element denotes that fiber ten-

sile failure occurs in weft and warp directions

damage analysis, when fiber tensile/compressive
failure elements divide the cruciform specimen in-
to two parts, the corresponding strength is stipu-
lated as the final failure strength.

From Fig. 6, it is clear that when using the
criteria from Ref. [ 23], final failure occurs out-
side the biaxially loaded test zone, and there is no
any damage in the central region. When using the
criteria from Ref. [22], fiber failure in weft or/
and warp directions occurs in the biaxially loaded
test zone, but the very central region is undam-
aged. From Figs. 6(b,e), the failure modes pre-
dicted by maximum stress criterion and the crite-
ria proposed in this paper are consistent with the
fracture path of the specimen (Fig. 2). Combined
with the predicted tensile failure strength, the
new criteria is the only one which predicts the bi-

axial strength of plain woven textile composites

simultaneously. In the process of progressive reasonably.
Table 5 Comparison of failure criteria (biaxial loading ratio equals 1)
Criteria Weft direction Warp direction

Failure strength/kN Error/ % Failure strength/kN Error/ %

Experimental valuel® 19.95 19.99
Maximum stress criterion 24.612 50 23. 37 24.612 50 23.12
Criteria from Ref. [22] 12.306 25 —38.31 12.306 25 —38. 44
Criteria from Ref. [23] 14,543 75 —27.10 14.543 75 —27.24
The new criteria 19.018 75 —4.67 19.018 75 —4.86

Tensile delamina- Compressive delamina- Shear failure in
weft direction

tion failure tion failure

Fiber compressive Fiber tensile
failure in weft

direction

failure in warp
direction

Fiber compre:
failure in warp
direction

Shear failure in
warp direction

Fiber tensile failure
in weft direction

Fiber tensile
failure in weft
and warp directions

Fiber compressive
failure in weft and
warp directions

Fig. 6 Final failure of cruciform specimens
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3.2 Verification for different biaxial loading

ratios
In order to verify the applicability of the new
proposed criteria, the biaxial tensile and compres-

sive strength of plain woven textile composites

under different biaxial loading ratios are predic-
ted. The comparison of predicted results and ex-
perimental ones are shown in Table 6. It can be
seen that the relative errors of the predicted

strength are within 10%.

Table 6 Comparison of biaxial failure strength

Weft direction

Warp direction

Experimental ~ Predicted Experimental  Predicted
Biaxial loading ratio Error/ % Error/ %
value/kN value/kN value/kN value/kN
1/1 19. 95 19.018 75 —4.67 19.99 19.018 75 —4. 86
) 1/2 21.72 22.375 00 6.75 10. 47 11. 187 50 6.85
Tensile strength
1/3 21.72 23.493 75 8. 17 7.24 7.831 25 8.175
1/4 22.42 22.375 00 —0. 20 5.61 5.593 75 0.29
1/1 14. 28 13.425 00 —5.99 14. 25 13.425 00 —5.79
Compressive 1/2 14. 87 15.662 50 5.33 7.45 7.831 25 5.12
strength 1/3 15.92 16. 781 25 5.41 5.35 5.593 75 4.56
1/4 16. 28 17.900 00 9.95 4.07 4.475 00 9.95

3.3 Progressive damage process

When biaxial loading ratio equals 1, the ini-
tial and final failure of the cruciform specimen un-
der biaxial tensile loading is shown in Fig. 7.

When F,=F,=17. 9 kN, tensile delamina-
tion failure occurs firstly in the inner fillet corners
of the 6th and 12th interface layers (Fig. 7(b)).
The 6th and 12th interface layers are the two lay-
ers which lie between the strengthening plates
and the test specimen.

As the load the

biaxial tensile increases,

Tensile delamina- Compressive delamina- Shear failure in

tion failure tion failure

Fiber compressive Fiber tensile
failure in weft failure in warp

direction direction

weft direction

Fiber compressive
failure in warp
direction

damage grows gradually. The final failure of cru-

when F, = F, =

y

ciform specimen occurs
19.018 75 kN. Due to the symmetry of the struc-
ture, only the 1st—9th entity layers and interface
layers are plotted in Fig. 7 (¢c). It can be seen
that, in each entity layer of the strengthening
plates, fiber tensile failure in weft and warp di-
rections (orange elements) occurs in the connec-
tion region between two perpendicular arms.

In the biaxially loaded test zone of the 7th—
9th entity layers, the orange elements present an

“ X”

This is because the original material me-

Shear failure in ~ Fiber tensile failure

warp direction in weft direction
Fiber tensile
failure in weft

and warp directions

Fiber compressive

failure in weft and
warp directions
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Fig. 7 Progressive damage process under biaxial tensile loading (¢, /6, =1)

chanical properties of each element in the finite
element model are the same with each other,
while the material mechanical properties of real
specimen are non-identical on account of defects.

The crack will occur and propagate in the weakest

region of the specimen. Therefore, in the finite

element model, the region of orange elements

gives the most probable area where the fracture

path of the specimen may occur. In the interface
layers, it can be seen that there are few compres-
sive delamination failure elements near the fillet
corners, but only tensile delamination failure oc-
curs in the biaxially loaded test zone. Besides,
the shape of delamination failure in each interface
layer is similar to that of failure region in neigh-

boring entity layer, but the area of delamination
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failure region is a little larger, which agrees well

with experimental results.

4 Conclusions

The damage evolution of cruciform specimen
is analyzed by progressive damage model, and the
biaxial strength of plain woven textile composites
is predicted. Some conclusions can be obtained as
follows:

(1) When biaxial loading ratio equals 1, the
maximum stress criterion overestimates the
strength of cruciform specimen, while the criteria
from Refs. [ 22,23 ] underestimate the strength.
When using the new proposed criteria in this pa-
per, the relative errors between the predicted re-
sults and the experimental ones are within 5%.
In addition, the new criteria give the most suit-
able fracture path for cruciform specimen.

(2) The new proposed criteria are verified by
predicting the biaxial tensile and compressive
strength of cruciform specimen under different bi-
axial loading ratios. The numerical results agree
well with experimental data.

(3) The introduction of interface element
makes it more intuitive to recognize delamination
failure. In the tensile process, delamination fail-
ure occurs firstly in the fillet corners of the inter-
face layers which lie between the strengthening
plates and the test specimen. With the load in-
creasing, delamination failure grows gradually.
The shape of delamination failure in each interface
layer is similar to that of failure region in neigh-
boring entity layer, but the area of delamination

failure region is a little larger.
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