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Fracture analysis and geometrical parameter
optimization of bolted composite joints

Abstract

Composite materials are commonly used in structures that demand a high level of
mechanical performance. Due to high strength and safety requirements, these applications
require joining composites either to composites or to metals. Composite joints create highly
localized stress concentration around the joints that cause failure in the substrates. The
fracture toughness is the critical aspect that influence on the failure of the substrates. In this
work, fracture toughness is determined for a center crack developed on the surface of the
substrate of the composite joints. In FEM analysis, Stress intensity factor (K) and J integral
are used to find out the fracture toughness value. The influence of various parameters such
as fiber orientation angle, crack length, applied load and bolt hole diameter on fracture
toughness is determined with the use of LEFM in finite element analysis. Stress intensity
factor and J integral are validated with the theoretical data available. Geometrical parameters
which affect fracture toughness are optimized by using Taguchi analysis and design of
experiments. The result shows that the crack length is the most significant parameter which
affects the fracture toughness substantially. Elasto plastic region (dog bone shape) near the
crack tip is also analyzed in this work.
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orientation angle

Materials and methods

Optimal lap geometry was considered for the analysis of fracture
behavior in bolted composite joints. The test specimen comprising
of composite laminated upper plate, aluminums lower plate and a
protruding headed bolt.! An unidirectional fibered composite layers
was considered for easier theoretical analysis. Based on nonlinear
stress analysis, the selection of varying orientation especially for plies
were performed. The system taken for analysis is depicted in figure
and their corresponding dimensions represented in Table 1. A input

Table | Dimensions of the composite plate (mm)

file was initially created through ANSYS code for the creation of 3D
model as specified before for simulation purpose.? Meshing was done
before analyzing the 3D model. The 8-noded SOLID46 3-D ANSYS
element was considered for modeling of required 3D model which is
constrained in all directions. Basic 2D sketch of 3D object is depicted
in Figure 1. With the usage of SOLID45 3-D ANSYS element, the
modelling of composite plate and bolt was done. The contact between
the surfaces in the required model were established through 3-D
CONTAC49 ANSYS element. The properties of composite material
in various directions are tabulated in Table 2.
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Figure | Geometry of the bolted single-lap joint.

Nonlinear stress analysis and
orientation

selection of layer

Nonlinear stress analysis was performed for the load of 12kN.
One end of the Aluminum joint is fixed and the load is applied on
the free end of the composite beam. Secondary bending of the joint
was prevented by applying lateral support i.e. zero displacement in
the z-direction in the model. Mesh model of the joints is developed
through ANSYS 12 and shown in the figure Stress and strains are
calculated for different fiber orientation angles as given in the figure.
90° orientation fibers are aligned in the direction of applied load.
It shows that the strength of the fiber is very high in the loading
direction i.e. 90° fiber orientation® the value of stress varies for
different fiber orientations. For the [90/0/-45/45] °S8 configuration,
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Fracture analysis and geometrical parameter optimization of bolted composite joints

the value of stress is minimum. The bridging occur only in the fibers
arranged other than 0 degree orientation, while other than 0 degree
orientation bridging occurs and seemed to be rough in nature.* The
unpredictable shifting of crack is mainly noticed in (90/45//45/90)
specimen. Easier crack shifting mechanisms can be facilitated through
alternating 45 and 90 degree oriented composite plies. For opposite
oriented alternate 45 degree plies, shifting of crack mechanisms can
be much more difficult.’ The plot against max and Von mises stress
Vs layer orientation represented in Figure 2. The effect of applied
load on layer orientation indicated in Table. 3. 90° orientation fibers
are aligned in the direction of applied load. Generally the strength
is maximum in the direction of applied load. So the 90° orientation
produces minimum stress and it is best suited for the analysis.® From
the nonlinear stress analysis, the layer orientation which has minimum
stress is [90/0/-45/45] °S8 with the stress value of 352.229MPa and is
taken for the crack analysis of the composite joints. The stacking of
various layers with selected layer orientation is shown in the Figure
3. The high stress region is shown as Mx in the figure and the crack is
introduced in that region.
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Figure 3 Layer stacking sequence.

Table 3 Effect of layer orientation on the applied load

S.No Layer orientation Maximum stress (MPa)
| [0/15/15/0] S8 567.486

2 [0/30/30/0]° S8 640.23

3 [0/45/45/0] S8 664.083

4 [0/60/60/0] S8 659.144

5 [0/75/75/0] S8 627.828

6 [0/90/90/0]° S8 643912

7 [90/0/-45/45]° S8 352229

8 [-45/45/-45/45]° S8 378.777

Crack analysis of bolted joints

Crack of 10mm length is induced in the high stress region shown
in the figure of the selected orientation of the bolted joints. Nonlinear
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stress analysis report is portrayed in Figure 4. Because of the symmetry
of the joint, only quadrant of the joint is considered for the analysis as
shown in figure. Fracture toughness can be determined by J integral
approach in ANSYS. Because of symmetry, a one-quarter model is
used for calculating fracture parameters. Hence occurred crack model,
J-integral calculation and stress intensity calculation using calculated
J-integral. The crack propagation and the plastic zone near the crack
tip are shown in Figure 5.

Figure 4 Nonlinear stress analysis.
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Figure 5 Crack propagation through the material.

Effect of crack length on stress intensity factor and )
integral

Crack of Smm length is introduced in the top surface of the hole
which has the maximum von misses stress value.” The corresponding
value of the stress intensity factor and J integral is determined. The
crack length is varied from Smm to 15 gradually and the significant
effect on the stress intensity factor and J integral is represented as
plotted graphs in Figure 6. The effect of varying crack length on stress
intensity factor and j integral are validated with the theoretical data
calculated. The crack length of 6mm and 7mm has the ill conditions,
because of that there is a slight deviation in the stress intensity factor
and j integral at the two points. But at the crack length of 6.2 and
7.2mm the curve coincides with the theoretical value. The average
error percentage is calculated and is found to be 3.54% for stress
intensity factor and 5.92% for j integral.

Effect of applied load on stress intensity factor and }
integral

With the Crack of Smm length, the load is applied on the free
end of the composite plate. The load is varied from 8kN to 15kN.
The corresponding value of the stress intensity factor and J integral
is determined for different load values. The significant effect on the
stress intensity factor and J integral is represented as plotted graphs in

Citation: Gobinath VK, Manju SA, Santhosh §, et al. Fracture analysis and geometrical parameter optimization of bolted composite joints. Material Sci & Eng.

2020;4(6):169—174. DOI: 10.15406/mseij.2020.04.00 146


https://doi.org/10.15406/mseij.2020.04.00146

Fracture analysis and geometrical parameter optimization of bolted composite joints

Figure 7. The stress intensity factor and j integral varies very linearly
with the applied load. The values are validated with the theoretical
data available. The average error percentage is calculated and is found
to be 0.408% for stress intensity factor and 0.816% for j integral.

1000

7
.
£ 800 " 6 -
k= _a=t" 5
Z 600 a
£ <
£ 400 - heori =3
s —+—K Theoritical 5 —m— ) INT ANSYS
£ 200 —#—K ANSYS -
Zz 14 —#&—JINT Theoritical
0 0 -
5 6 7 & 9101112131415 5 6 7 8 9 10 11 12 13 14 15
Crack length(mm) Crack length (mm)

Figure 6 Effect of crack length on stress intensity factor and | integral.
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Figure 7 Effect of applied load on stress intensity factor and | integral.
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parameter optimization of

Taguchi experiment: design and analysis

In general, traditional experimental design were been complicated
hence there is need of adopting alternate analysis method for finding
best optimal results. For increased experimentation trials number of
process parameters might also be increased.®® The simple solution for
this problem is Taguchi method which creates orthogonal array design
especially for smaller number of experiments. It is used at most of the
cases regarding single objective function, and one output parameter
based experiments can be easily analyzed.”'® Also multi objective
function if converted into equivalent single objective function, then
those problems can also be analyzed through Taguchi method. Some
of the advantages of this method are reduced overall cost, minimal
experimental analysis, easier detection of optimal solution and
reducing experimental time.!'! Three major design in product and
process development are tolerance, parameter and system design. The
basic configuration which is obtained through application of basic
scientific principles through system design.'> The determination of
specified process parameter values through parameter design. The
best optimal tolerances of experimental process parameters can be
defined through tolerance design.'>' The individual weightage of
process parameters can be determined through overall effect of S/N
ratio. Various steps involved in Taguchi technique are depicted in
Figure 8.

Plan of experiments

Through the combined effect of experiment design theory and
quality loss function, Taguchi technique helps to develop the robust
process and product designs.>!?> An array comprising of 4 columns
and 16 rows which represents the significant levels and corresponding
number of tests as specified in Table 2. The major influencing parameter
for crack propagation is stress intensity factor (Ra). Five influential
parameters such as bolt hole diameter, applied load, edge to bolt hole
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diameter, width to bolt hole diameter and crack length at four levels
were considered for Taguchi analysis which were tabulated in Table 4
& Table 5. The effect of stress intensity factor responsible for failure
was determined through tabulated parameters and corresponding
values for obtaining the optimal value of parameter.'>!3

Selection of the Quality
Characteristic

Selection of Noise Factors and
Control Factors

Selection of Onthogonal Array

[

Analysis results; Determination of

Optimum Factor-Level
Combination

[

Predict Optimum Performance

and Confirm Experimental Design

Figure 8 Steps in Taguchi optimization.
Data analysis and results

Analysis of the S/N ratio

The desirable and undesirable value for the output characteristics
were known as signal and noise in Taguchi method. Mathematically
signal and noise were known as mean and standard deviation of
obtained experimental results.'>!® It is a measure of characteristic
quality of deviation from desired value. Depending on the required
results, S/N ratios were classified as lower is better (LB), nominal
is best (NB), or higher is better (HB). The smaller is better can be
confirmed through:

S/N=-10*Log,, (sum(Y**2)/n)

where n = number of trials, for instance n = 4 and y, is the i"
measured value in row. The measured Ra and S/N ratio values are
collectively tabulated in Table 6. The S/N response results and process
parameters were been indicated in Table 7. The optimized process
parameters were diagrammatically represented in Figure 9.

Main Effects Plot for SN ratios
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Figure 9 The effects of process parameters (S/N response table for stress
intensity factor).

Analysis of variance (Anova)

ANOVA was initially devised for the interpreting the results of
agricultural experiments. It is the statistical tool used for the detection
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of any variations in average performances of test specimen selected
among the similar population.”ANOVA helps in formally testing the
significance of all main factors and their interactions by comparing
the mean square against an estimate of the experimental errors at
specific confidence levels. This is variability of the S/N ratios, which
is measured by the sum of the squared deviations from the total mean
S/N ratio, into contributions by each of the design parameters and the
error.'® First, the total sum of squared deviations SST from the total
mean S/N ratio n_ can be calculated as:

S, =Xl=y(mi —1mm)2

where n is the number of experiments in the orthogonal array
and ni is the mean S/N ratio for the ith experiment. The percentage
contribution P can be calculated as below:

Table 4 The process parameters and their levels
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P=SS,/SS,

where SS is the sum of squared deviations. F-test used to find out
which of the design parameters hold better significant effect over the
quality characteristics. F ratio corresponds to 95% confidence level
in evaluation of accurate process parameters is £0.05,2,26=3.37. In
Table 8, the significance level of P value were consolidated." The rate
of significant process parameters on Ra is known as Percent (%). It can
observed from Table 8 that Significant percent of process parameters
such as crack length (A), applied load (B), bolt hole diameter (C),edge
to bolt hole diameter (D), width to bolt hole diameter (E) affect
stress intensity factor were observed in Table 8 as 17.88%, 38.27%,
20.14%and 23.69%. Because of F' > Fo = 5%, the process parameters
present statistical and physical significance on Stress intensity factor,
because Test as shown in Table 8.

Sample Parameters Level | Level 2 Level 3 Level 4
A Crack length (mm) 5 83 1.7 15
B Applied load (kN) 8000 9000 10000 11000
C Bolt hole diameter (mm) 8 9 10 I
D Edge/bolt hole diameter 1.9375 2.000 2.0625 2.1250
E Width/bolt hole diameter 1.9375 2.000 2.0625 2.1250
Table 5 An orthogonal array L16 (4*5) of Taguchi
S.No A B C D E
Designation Crack length Applied load Bolt hole Edge/bolt hole  Width/bolt hole
(mm) (kN) diameter (mm) diameter diameter
| ABCDE, | | | | |
2 AB,CD,E, | 2 2 2 2
3 AB,CD,E, | 3 3 3 3
4 AB,CD,E, | 4 4 4 4
5 A,B CD.E, 2 | 2 3 4
6 A,B,CD,E, 2 2 | 4 3
7 AB.CDE, 2 3 4 | 2
8 AB,CD,E 2 4 3 2 |
9 A,B CDE, 3 | 3 4 2
10 A,B,CD.E 3 2 4 3 |
I A,B.C D,E, 3 3 | 2 4
12 A,B,CDE, 3 4 2 | 3
13 ABCD,E, 4 | 4 2 3
14 AB,CDE, 4 2 3 | 4
15 AB,CD,E 4 3 2 4 |
16 AB,CD,E, 4 4 | 3 2
Table 6 Ra and S/N ratio values Experiment Stress intensity S/N ratio
numbers factor value (Ra) (dB)
Experiment Stress intensity S/N ratio 8 881.09 -58.9004
numbers factor value (Ra) (dB) 9 409.99 522555
| 499.52 -53.9711 10 880.52 -58.8948
2 564.32 -55.0305 I 490.74 -53.8170
3 566.78 -55.0683 12 1066.40 -60.5584
4 695.84 -56.8502 13 956.79 -59.6163
5 717.40 -57.1152 14 1065.80 -60.5535
6 35278 -50.9501 15 413.24 -52.3240
16 1136.70 -61.1129
7 808.45 -58.1531
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Table 7 S/N response table for stress intensity factor
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Level A B C D E
| -55.23 -55.74 -54.96 -58.31 -56.02
2 -56.28 -56.36 -56.26 -56.84 -56.64
3 -56.38 -54.84 -56.69 -58.05 -56.55
4 -58.40 -59.36 -58.38 -53.09 -57.08
Delta 3.17 4.51 342 5.21 1.06
Rank 4 2 3 | 5
Table 8 ANOVA results for stress intensity factor
Source of Degrees of Sum of squares MS F ratio P Value Contribution
variation freedom (DOF) (SOs) F P P%
Model 116.66 12 9.72 0.63 0.0433 significant
A-A 21.08 3 7.03 0.46 0.0306 17.88%
Cc-C 23.87 3 7.96 0.52 0.006978 38.27%
D-D 69.43 3 23.14 1.51 0.003713 20.14%
E-E 2.28 3 0.76 0.05 0.009828 23.69%
Residual 45.94 3 15.31 100%
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