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Abstract  

         This paper presents an approach to predict the 
delamination of braided composite T-piece specimen 
using cohesive models. As part of an investigation 
on simulation of delamination in T-piece specimens, 
cohesive elements from ABAQUS were employed in 
forming a cohesive model to study the progressive 
delamination. Predictions given by the model of 
single delamination together with experimental 
results are presented. These results suggest that 
prediction of progressive delamination using 
cohesive models is feasible. Finally this paper 
proposes future work for precise prediction of 
delamination of braided composite T-piece 
specimens. 
 
 

1. Brief introduction to experimental work 
The T-piece specimen investigated in this 

publication is a carbon fibre based braided 
composite specimen, which consists of laminate 
blade, laminate radius, laminate base and uniform 
unidirectional deltoid also called gap filler. 

Experimental test work at quasi-static strain 
rates was investigated [1]. This showed the main 
failure mode to be delamination. Figure 1 shows the 
local delamination pattern in the area of deltoid of 
one failed specimen. The failure mode is multiple 
delaminations progressing from the point of 
inititation. The dominant delamination is along the 
interface between the deltoid and braid ply in the 
radius area. This starts at the location of higher 
interlaminar stresses which is in the upper half of the 
curved interface in the radius region as indicated in 
Figures 1 and 4. This location is recognised as the 
initial failure point. From this location delamination 
not only grows down along the curved interface but 

also grows up to the end of laminate blade. It should 
be noted that the test failure loads given refer to 
initial failure loads and ultimate failure loads [1]. 
These values relate to the point of initiation and the 
point of maximum load, once delamination has 
propagated significantly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. 1 Failure modes of T-piece specimen 
 
Delamination crossing through deltoid can also 

be seen in Figure 1. This is mostly considered to be 
due to thermal effects from curing process.    

This paper presents the numerical simulation of 
progressive delamination, the main failure mode of 
the T-piece specimens, using cohesive models. This 
modelling work focuses on the simulation of a single 
dominant delamination between the deltoid and 
braid ply in the radius area, which develops down to 
the base from the initial failure point. This work 
aims to determine the failure load at this single 
delamination by simulation.     

Initial failure point 

Lower cracking 

Upper cracking 

Initial thermal 
shrinkage crack 
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2. Geometry, materials properties and loading 
Figure 2 shows the 2D finite element model 

with the definition of geometry of T-piece 
specimens, boundary conditions.  
 

Outer clamp 
52mm 

1 and 2kN force applied over 
clamp length for T-pull 
analysis 

Normal restraints over full 
clamp length for T-pull 
analysis 

Normal restraints over 4 mm clamp 
length on upper and lower surfaces 

Wide clamps - 76 mm 

 
 

Fig. 2  A 2D finite element model 
 

         Figure 3 shows the deflected shape of the T-
Piece specimen under the pulling force which 
defines the loading case considered in this study. 

 
 

 
Fig. 3 T-Piece under pulling force 

 
         The width of specimen is 20mm, the thickness 
of the upper arm is 4.4mm and the total thickness of 
the base is 6.87mm. The material is a braided carbon 
fibre composite. A schematic configuration of the 
laminates can be seen in Figure 2 with details of lay-
up. Material properties of each layer are given in 
Table 1.  
         It should be noted that so far there are no 
reported fundamental fracture tests for such material. 
The fracture energy and interlaminar material 
strength given in Table 2 are trial ones based on 
literature for other composites [4-7]. This affects the 

accuracy of comparison between modelling 
prediction and test results since only approximate 
values were assumed. For this reason the 
investigation of effects of varying fracture energy by 
± 50% and varying interlaminar material strength by 
±50% on prediction are given in this paper.  
 

Table 1  Materials properties 

  
E11             

(GPa) 
E22             

(GPa) 
E33             

(GPa) 
G12             

(GPa) 
G13             

(GPa) 
G23             

(GPa) 
νννν12 νννν13 νννν23 

Outer 
Braided 
Wrap 

59.7 60.1 9.7 21.95 4.7 4.7 0.279 0.28 0.28 

Braided 
UD layer 

160 9.7 9.7 5.9 5.9 4.7 0.33 0.33 0.28 

[0°] layer 152 9.7 9.7 5.9 5.9 4.7 0.33 0.33 0.28 

[90°] 
layer and 
Deltoid 

9.7 152.0 9.7 5.9 4.7 5.9 0.021 0.28 0.33 

Platform 
Braids 

65.8 46.1 9.7 25.8 4.7 4.7 0.421 0.28 0.28 

 
 

Table 2  Materials properties 
σσσσ33c 

(MPa) 

σσσσ13c 

(MPa) 

σσσσ23c 

(MPa) 

GIc 

J/m2 

GIIc 

J/m2 

GIIIc 

J/m2 

45 35 35 300 1000 1000 

 

3. Modelling Delamination 
A half plane strain model has been set up due 

to its symmetric features, as shown in Figure 4. It 
should be noted that the initial failure point indicated 
in Figure 4 was determined by considering failed 
test samples shown in Figure 1 and interlaminar 
stresses supplied by a static stress analysis [2, 3]. 

The potential crack path shown in Figure 5 was 
determined from experimental observations referred 
to Figure 1, which is the most dominant 
delamination. Figure 5 also shows a local mesh of 
radius and deltoid regions. The interface between the 
laminate radius and deltoid is the potential cracking 
path.  



 

3  

Prediction of Delamination in Braided Composite T-Piece Specimens

N 

Symmetric 
condition 

Potential crack 

Initial failure 
point 

Basic plane strain elements CPE4 and 2-D 
cohesive elements COH2D4 from ABAQUS were 
employed in this investigation [10]. Plane strain 
elements 

 
 
 
 
 

 
 
 
 

 
 
 
 
 
 

 

 
Fig. 4  Half 2D model definition 

 
 

 
 

Initial failure 
point 

Potential cracking interface 

 
 
Fig. 5 The mesh around cracking interface 

 
were used for the plies and the deltoid of T-piece. 
Cohesive elements were applied along the potential 
cracking interface. The critical crack length am is 

about 0.36mm calculated from the linear fracture 
mechanics based formula as Eq. 1.  

 

πσψ 22
c

c
m

EG
a =                   (1) 

 
where, fracture energy Gc is taken as GIc, material 
property E is taken as E33 of UD ply and 
interlaminar strength σc is taken as σ33c. ψ is 
cracking shape parameter [8] and was usually given 
1.12 in this model. The actual modelled crack length 
should be less than this value, and 0.125mm was 
therefore used as element length along potential 
crack path in this model, which determines the 
length of each cohesive element and hence ensures 
that modelling of the crack can be captured below its 
critical length. It should be noted however that no 
pre-crack was inserted. This analysis has been run 
using ABAQUS/standard code with displacement 
control. From the initial failure point delamination 
developed down to the bottom of deltoid. This 
process occurs relatively quickly.  
         It should be noted that a sliding restraint at the 
clamp position was applied in this model to consider 
any possible slight moving at clamp position. And 
this affects prediction from nonlinear iteration.   

4. Formulations of cohesive elements in ABAQUS 
Cohesive elements can simulate several types 

of behaviours such as adhesion bonding failure or 
delamination. They can play the role of interface 
decohesion elements that model progressive failure 
at interfaces when the interface load carrying 
capability is lost.  

Application of cohesive elements in this 
simulation of delamination is the key issue. Firstly, 
the relative displacement at damage initiation εc 
needs to be defined, which can be determined by Eq. 
2. 

k
c

c

σε =
 

   
(2) 

where, σc and k is interlaminar strength and initial 
stiffness respectively for each single crack mode. 
The damage initiation can be accounted by the 
quadratic formula of Eq. 3. 
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The linear softening damage law as shown in 
Figure 6 [4, 6, 7, 10] was employed in this model.  

 
 
 
 
 
 
 
 

 
 

 
 
Fig. 6 Linear softening damage law 

 
This linear softening law was used together with the 
mixed mode fracture energy criteria based on 
Benzeggagh-Kenane (BK) [11] law (Eq. 4) or the 
power law (Eq.5).  
 

 
            (4)                      

         
 

 
 

Where, Gc is the total mixed-mode fracture 
energy, GI is the normal strain energy release 
rate, GII and GIII are shear strain energy release 
rates in two directions respectively, 
GS=GII+GIII. c

IG is the normal fracture energy, 
c
IIG  is shear fracture energy, the total strain 

energy release rate GT=GI+GS. Equation (4) is 
suitable to the case when c

IIG  = c
IIIG , the mode 

III fracture energy.  
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The cohesive elements with zero-thickness are 

usually chosen for simulation of interfacial 
delamination in composites. These elements require 
the coordinates of the node pairs on the cracking 
path to be checked when it is a curved interface. All 
nominally coincident nodes with a small difference 
in position (10-5) in the T-piece fillet have to be 
corrected to be exactly coincident.  

The viscosity parameter is required to be 
defined for solving nonlinear equations with 

viscosity features. As this slightly affects the CPU 
time instead of results, values from 10-3 to 10-5 were 
recommended and an optimum value of 10-4 was 
chosen in this model. Note that it would be difficult 
to achieve the nonlinear iteration convergence 
without this parameter.  

5. Results using the energy criteria power law 
and BK law 

All predictions in this section were obtained 
using the linear softening damage law plus BK 
energy criteria where α=1 or 2, and power law 
where α=1 or 2. The local deformation after 
delamination is shown in Figure 7, which shows the 
delamination is mixed mode I and mode II cracking. 

 
 

Delaminated interface 

 
 

Fig. 7 Deformation after delamination 
 

Figure 8 gives predicted failure loads together 
with experimental results, where it can be seen that 
there is an overall good agreement between 
prediction and the tested ultimate failure results.  

  Figure 9 shows the effects of different energy 
criteria laws on the prediction. When using BK(2), 
predicted failure load reduced by 16% compared to 
BK(1), which is very close to the maximum ultimate 
test failure load. When using power law, the 
predicted failure load from the case α=1 is 8% lower 
than that from the case α=2, which is also very close 
to the maximum ultimate test failure load. It should 
be noted that all these investigations used the 
fracture properties and interlaminar material 
strengths given in Table 2. 

Assuming materials data in Table 2 as the most 
representative fracture properties and interlaminar 
material strengths, the modelling prediction using 
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Single Delamination T-piece: Test vs ABAQUS Prediction using 
Cohesive Elements

(COH2D4, wide slide clamping) 

1.00

1.29
1.41

1.50

0.94 0.95

1.18
1.08

1.29 1.29
1.09

>1.55

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

Test - Ultimate Failure
Load (2kN)

ABAQUS Failure Load
including GIc Variation

(+/-50%)

ABAQUS Failure Load
including GIIc

Variation (+/-50%)

ABAQUS Failure Load
including GIc & GIIc
Variation (+/-50%)

D
el

am
in

at
io

n 
Lo

ad
s-

to
-M

ea
n 

E
xp

er
im

en
ta

l 
U

lti
m

at
e 

F
ai

lu
re

 L
oa

d 
R

at
io

 

Min
Mean
Max

Effecrts of energy criteria laws 

0

10

20

30

40

50

60

70

80

90

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Displacement u2 (mm)

Lo
ad

(N
/m

m
)

Pow er(2)
Pow er(1)
BK(2)
BK(1)

σσσσ33 Effect

0

10

20

30

40

50

60

70

80

90

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Displacement u2 (mm)

L
o

ad
 (N

/m
m

)

s33 = 45MPa

s33 = 22.5MPa

s33 = 67.5MPa

the linear softening damage law plus energy criteria 
power law (α=1) and BK law (α = 2) with 
approximated fracture energy data adequately agrees 
with the tested ultimate failure load. 

6. Investigation of effects of varying fracture 
properties on prediction 
        Because the fracture energies given in Table 2 
are trial ones, it should be necessary to investigate 
the effects of varying fracture energy on prediction. 
Figure 10 shows such effects by giving predicted-to-
mean test failure load ratios together with tested 
ultimate failure loads, where original materials given 
in Table 2 is considered to produce the mean 
prediction, increasing and decreasing by 50% 
fracture energy are referred to produce the maximum 
and minimum prediction respectively. Both GIc and 
GIIc affect the prediction in this mixed mode 
delamination, with GIIc having a slightly greater 
effect than GIc.         
 

Fig. 8 Comparison between prediction and tests 
 

 
 
 

Fig. 9 Failure response with different energy criteria 
laws 

         An investigation of the effects of varying the 
interlaminar strength (normal strength σ33c and shear 
strength σ13c) by ±50% can be seen respectively in 
Figure 11 and Figure 12. Increase of interlaminar 
strength by 50% slightly changes the global model 
stiffness, but the increase in failure load is less than 
5%. In addition, a reduction of interlaminar strength 
by 50% also slightly changes the global model 
stiffness, and the apparent failure point (the drop 
down point in the load-displacement curve) is lost. 

 
 

Fig. 10 Predicted-to-mean test failure load ratios  

           for ABAQUS cohesive model with BK(a= 1) 

 

 

 

Fig. 11 Failure response with varied σ33, linear 
softening law + BK(α=1) 
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Fig. 12 Failure response with varied σ13, linear 

softening law + BK(α=1) 

 

7. Comments and Future work 
This paper investigated the failure prediction of 

T-piece specimens by simulating a single 
delamination. It shows generally the possibility of 
predicting failure loads using cohesive models.  

The modelling prediction using the linear 
softening damage law plus energy criteria power law 
(α=1) and Benzeggagh-Kenane law (α = 2), normal 
fracture properties and the sliding clamp condition 
adequately agrees to the tested ultimate failure load 
without any variations of the fracture energy data. It 
should however be noted that these were only 
approximated from literature values and were not 
measured for the current material. The effects of 
varying fracture energy and interlaminar strength 
on prediction therefore were given as reference.  

Referring to the deformed shape in Figure 7, 
the initial failure point was over restrained. This 
means delamination would quite possibly grow up to 
the end of laminate blade as well as down to the base. 
This can be investigated by creating a model with 
multiple delamination sites to study their effects on 
failure prediction.  

The following is suggested in future work in 
order to be able to achieve precise prediction: 
a. fracture tests to obtain GIc and GIIc. 
b. analysis with thermal effects on failure prediction. 
c. simulation of multiple delamination (crack grows 
down and grows up, and propagates across the 
deltoid from the initial failure point).  

 

8. Acknowledgements 

The authors would like to acknowledge the MoD for 
their support of this programme. The authors would 
also like to acknowledge the MoD, Rolls-Royce and 
QinetiQ for their permission to publish. 

References 
[1] M. Grassi and C. Meeks, Structural evaluation of 

composite vane root T-specimens: HCF interim test 
summary, QinetiQ report, December 2004. 

[2] A J Bishop, a report of 2D modelling: T-Pull 
Analysis of Composite T-piece, Rolls-Royce, June 
2004. 

[3] Jiye Chen, Stephen Hallett and Michael Wisnom, 
presentation of FEA stress analysis of T-piece 
specimens, University of Bristol, July 2005. 

[4] J.Chen and A. New “Application of decohesive 
model with mixed damage scale in fracture analysis 
of composite materials”, International Journal of 
Fatigue & Fracture of Engineering Materials & 
Structures, 24(11), p761-769, 2001.   

[5] Cui W, Wisnom MR. A combined stress-based and 
fracture-mechanics-based model for predicting 
delamination in composites. Composites 1993; 
24:467-474. 

[6] Chen J, Crisfield MA, Kinloch AJ, Busso EP, 
Matthews FL, Qiu Y. Predicting progressive 
delamination of composite material specimens via 
interface elements. Mechanics of Composite 
Materials and Structures 1999; 6:301-317. 

[7] Tvergaard V, Hutchinson JW. The relation between 
crack growth resistance and fracture progress 
parameters in elastic-plastic solids. Journal of the 
Mechanics and Physics of Solids 1992; 40(6): 1377-
1397. 

[8] P P Benham, R J Crawford and C G Armstrong, 
Mechanics of engineering materials. 

[9] E.P. Ravey, Investigation of composite damage 
tolerance and fracture assessment: delamination 
prediction in T-piece, Rolls-Royce, June 2006 

[10]ABAQUS User Manual, Hibbitt, Karlsson & 
Sorensen Inc., 1080 Main Street, Pawtucket, 
RI02860-4847, USA. 

[11]Benzeggagh,  M. L., and M. Kenane, “Measurement  
of Mixed-Mode Delamination Fracture Toughness of 
Unidirectional Glass/Epoxy Composites with Mixed-
Mode Bending Apparatus,” Composites Science and 
Technology, vol. 56, pp. 439–449, 1996 

 

 


