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Simulation of Tensile Stress Concentration
Evaluation using Finite Element Performance

Zulzamri Salleh, Md Mainul 1slam, Jayantha Epaar achchi

Abstract: This paper present the investigation on tensile
behavior of syntactic foam using finite element analysis (FEA).
Tensile properties which is important to discover especially for
isotropic materials such syntactic foam. Different weight
percentage (Wt.%) of glass microballoon might be effected on
developing of stress concentration (Kt) their stress on surface
area. Comparative study on tensile syntactic foam using FEA
approach was not explored yet. Hence, it is showed that the stress
concentration more sensitive impact on lower modulus elasticity
compared to the higher elasticity for syntactic foam.

Index Terms:. Finite element analysis, Glass microballoon
Stress concentration, Tensile.

I. INTRODUCTION

Stress concentration in  panels particularly  with
geometrical discontinuities in the form of cut outs (various
shape) and holes have received wide attention in the literature
causeto the fact that they often lead to failure. Previous study
proposed that the stress concentration factor (SCF) can be
reduced by using the functionally graded layer [1]. For
homogeneous material panels the problem has been widely
studied and a number of analytical, numerical and
experimental techniques are available for reduction of the
stress concentration factor (SCF) around discontinuities. In
Nagpal et a. [2] an overview of various techniques
developed to reduce SCF is presented: some authors
proposed, for example, removing material around the hole by
using auxiliary holes or reinforcing the hole with composite
material rings. Chao et al. [3] obtained ageneral solution for a
reinforced elliptic hole embedded in a matrix subjected to
remote uniform load. The solution, based on the technique of
conformal mapping, permits one to find the optimum design
of the reinforcement layer in order to reduce stress
concentration and interfacial stresses. Recently, in Batista[4]
attention was devoted to the study of SCF for different
complex geometries of holesin homogenous plates subjected
to uniform loads a infinity by using a modified
Muskhelishvili method.
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In order to determine the SCF area in the panels mainly
structural analysis was implied. Nowadays, there are two
type of testing which is purposely to detect this failure mode
either by destructive testing (DT) is using experimental work
and Non-destructive testing (NDT) is mainly used as a
diagnostic tool to test complex numerical engineering
components and structures to locate, size and characterize
defects in engineering components and structures. NDT
mainly is very important for the preventive maintenance in
structural construction, failure analysis by using finite
element analysis (FEA), and post treatment (PT) of damages
[5, 6]. Prior to determine the SCF in NDT methodology, it is
always involved with the computational fractured analysed
by using the sophisticated software such as ANSY S, CATIA
V5, Solid Works and NX, or using diagrams obtained
experimentally for various geometric configurations
involving abrupt changes in geometry [12]. Basicdly, al
these software’s are based on some of numerical method
involving finite element analysis (FEA) and finite volume
method (FVM). Rizzi et a. (2000) using ABACUS in FEA
work on uniaxial tension/compression, biaxial compression
and Three Point Bending (TPB) compared with experimental
data analysed [13]. Sun and Tong (2004) have been used
Strand7 in the finite element analysis to investigate fracture
toughness analysis of inclined crack in cylindrical shell
repaired with bonded composite patch [14]. While Guades et
a. (2014) dso used Strand7 to investigate the mechanical
properties pultruded fibre-reinforced polymer tube in FEA
[15]. Jain and Mittal (2008) used the finite element
commercial package, ANSYS to analyse the effect of the
ratio of the diameter D and the width W of the hole on the
stress concentration factor and the deformation of an
isotropic, orthotropic laminated composite plate subjected to
various transverse static loading conditions [16]. They found,
that the pesk stress concentration factor occurs on the
boundary of the hole and that the stress concentration factor
was aso strongly influenced by the uniformly distributed
normal and equivalent stresses. Limitation of availability the
characteristic in tensile properties such as modulus elasticity
and Poisson’s ratio in functional graded material like
syntactic foam lead to focusin this study using the modelling
FEA methodology.

This paper presents the characterisation of the tensile
properties of a dog bone specimen glass microballoon/vinyl
ester syntactic foam. The main objective of this work is to
investigate the behaviour of syntactic foam under tensile
loading by using FEA in stress concentration factor. Tests on
coupons and full-scale specimens were undertake to
determine the tensile properties of syntactic foam.
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The tensile tests on coupons were conducted following the
standards defined in ASTM: D638-10 [17]. On the other
hand, the tests on full scale specimen were performed using
the procedures available in previous studies. The details of
these tests are presented in the next sections. Aside from
these tests, afinite element analysis (FEA) particularly stress
concentration factor (SCF) was carried to smulate the tensile
behaviours of full-scale specimen by using the Strand7
software. The results obtained from the experiment were
compared with those of FEA.

. METHODLOGY

M echanical Testing

The tensile test was performed in a 100 kN capacity MTS
with model machine Insight Electro-mechanical testing
machine using a crosshead speed of 1.25 mm/min. The test
was conducted in accordance with standard ASTMD-638-10.
An extensometer was also provided at the gauge length to
mesasure the longitudinal and transverse deformations for
determination of strength, modulus and the Poisson’s ratio
glass microballoon/vinyl ester syntactic foam. Strain data
also were measured through an extensometer with a 25 mm
gauge length. The experimental set-up used in conducting the
tensile test is shown Figure 1.

Fig. 1 Tensiletest coupon

Stress Concentration Factor (SCF)

Stress Concentration factors (Kt’s) for numerous “simple”
geometries have been determined by researchers (analytical
equations). Warren and Richard have compiled these into
easy to use tables [20]. Determining stress concentration
factors (Kt) for complex geometries can be difficult because
are highly localized effects on functions of geometry and
loading. In order to predict the “actual” stress resulting from a
geometric stress raiser, a theoretical stress concentration
factor is applied to the nominal stress. For a part subjected to
a normal stress, the true stress in the immediate
neighbourhood of the geometric discontinuity iscalculated as
mention at Equation (1);

Omax = K¢ X Oref 1

Where oa IS maximum stress, Kt is stress concentration
factor and 6,,om OF G, iISNOMINal stress. While for o, can be
determined by using the Equation (2) below;

G XW
Oref = w—2h (2)

Equation (2) was derived based on the stressisinfinite with

100MPa, w is width of specimen and h is total length
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including with radius semicircle to the symmetry line [21].
The dimension geometry loading for Equation (2) show at
Figure 2 for details;

i
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Fig. 2 Schematic diagram for geometry loading of the
strip [22]

From the Figure 3, it is shows that the resultant
stresg/strain/displacement field in each quarter will be same
when it is divided by the both horizonta and vertical
symmetry lines. Therefore, it is necessary to build only one
quarter strip as long as the applied force along at the edges
where symmetry conditions exist to make quarter model
behave in the completed strip. Similar with the geometry
loading for tensile specimen. In the case of dimension
geometry tensile loading shown at Figure 3 used in this study.

Force, G,

Symmetry Ene

Fig. 3 Schematic diagram for geometry tensile loading of
thestrip

Timoshenkor and Goodier adso found that the stress
distribution in a rectangular filleted bar in simple tension
obtained through photoelastic procedures was observed in
their research [22]. In this study, the SCF, Kt was calculated
according to Roark’s formula shows at Equation (3) for
details;

k=a+e(3) +aF) +aF)

Where C, = 1.006 + 1.008\/% —0.044 (%)

C, = —0.115 — 0.584\/% +0.315 (%)

Cs = 0.245 — 1.006\/% —0257(%) ,  C,=-0135+
0.582\E— 0.017 (%) for the case of 0.1 < 2 < 2.0,

Finite Element Analysis (FEA)

Generally, Finite Element Analysis (FEA) was involved in
the development of the basic stress equations for tension,
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compression, bending, and torsion, it was assumed that no
geometric irregularities occurred in the member under
consideration.

Physically to implement FEA in engineering application
particularly mechanical engineering may had difficulties
when considered to design a machine without permitting
some changes in the cross sections of the members. For
example the rotating shaft must have shoulders designed on
them so that the bearings can be properly seated and so that
they will take thrust loads, also the shafts must have key dots
machined into them for securing pulleys and gears, etc. [24].
Hence, when considering all these items, it is abrupt changes
in geometry can give rise to stress values that are larger than
would be expected [12]. This can be a source of difficulty for
machine designers when it develop which play important role
in the design stage. In order to apply the FEA in this case |et
consider, for example, the state of stress in the tension
member of two widths illustrated in tensile shape of the
specimen. Spotts et al. (2004) considered the stress geometry
for the near each end of the bar the internal force isuniformly
distributed over the cross sections [25]. The nominal stressin
the right part can be found by dividing the total load by the
smaller cross-sectional area, the stress in the left part can be
found by dividing by the larger area. However, in the region
where the width is changing, a redistribution of the force
within the bar must take place. In this part, the load is no
longer uniform at al points on the cross section, but the
material in the neighbourhood of points B in Figure 4 is
stressed considerably higher than the average value. The
maximum stress occurs at some point on the fillet, as at B,
and isdirected parallel to the boundary at that point. By using
the Strand7 software, the stress maximum occurred at B can
be investigated by using the FEA 2D model.

Fig. 4 Stressdistribution over the cross sectional for
tensile specimen

The quater symmetry linesin vertical position at middle of
tensile specimens for 2D FEA have been used in this study to
investigate the SCF syntactic foam. The model also called as
two dimensional solid model used for plane stress analysis.
Darwish et a. (2013) used the quarter two dimensional model
in order to determine stress concentration for countersunk
rivet holes in orthotropic plates [26]. Pilkey (2008) also
summarized and reported that nnumerous studies on the
stress concentration of two dimensional (2-D) plates with
circular holes subjected to severa loading types [27]. While
Shivakumar and Newman (1992) used 3D finite element
results of the SCF were presented by for plates with circular
straight-shank holes subjected to remote tension [28]. Their
results showed that the maximum SCF lies a the
mid-thickness of the isotropic plate and drops near the free
surface. The FEA aso can be performed for both isotropic
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and orthotropic plates as long as SCF occurred near to the
holes area. Wu and Mu (2003) performed FEA on uniaxial
and biaxial loaded isotropic and orthotropic plates with
circular holes and examined the SCF of holes in a plate
structures and pressure vessels [29]. Kotousov and Wang
(2002) presented analytical solutions for (3-D) stress
distribution around typical stressconcentratorsin an isotropic
plate of arbitrary thickness[30]. In the present study, FEA is
integrated with the software called Strand7 to determine the
SCF syntactic foam material. In strand7 the surfaces of
specimen can be subdivided into element and will meshing
for each of them as well. The nodes are created based on the
specimen size of tensile in millimetre units. In Strand7 work,
the nodes and elements were identified according to the
actual size of tensile specimens. Then the subdivide section
have been used to refine the mesh of the quarter size of tensile
specimen before it was given the force at edge area. Figure 5
is shown the nodes with subdivided it into plate elements.
The total of nodesis 70 nodes and plate elements is 47 plates
have been used in this study.

VR Y Y— Moo OO

Fig. 5 The nodes and plate elementsusing Strand7[21]

[11. RESULTSAND DISCUSSION
Tensile properties

The tensile property of the vinyl ester/glass microballoon
syntactic foam for different composition of glass
microballoon contents has been carried out. The specimens
was indicated their name as SCFT-01, SCFT-02, SCFT-03,
SCFT-04 and SCFT-05. The representative stress-strain
curves for vinyl ester/glass microbaloon syntactic foam
specimens are presented in Fig. 10. These curves show linear
stress-strain relationship immediately followed by brittle
fracture. The tensile stress—strain curves for other types of
syntactic foams also showed similar features [31, 32]. The
tensile characteristic such as maximum tensile strength and
tensile modulus shown at Figure6 for details. The maximum
tensile strength from overall specimensisbelong to SCFT-01
at 38 MPa. However it is led by pure vinyl ester at 40 MPa
and for al specimens shows decreased when increased the
glass microballoon contents.
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Fig. 6 Overview representative tensile stress-strain curve
for (@) SCFT-01 (b) SCFT-02 (c) SCFT-03 (d) SCFT-04 (e)
SCFT-05

Thetensile strength is observed is decreased to 20 MPafor
SCFT-02. But then it was increased 5% for SCFT-03 to 25
MPaand decreased again for SCFT-04. While it is continued
to reducefor SCFT-05 at 24 MPabeforeit isfractured. Hence,
there is no trend shows for tensile strength particularly when
added with glass microballoon contents into the matrix resin
as well. For the reduction of strength value of the syntactic
foam are might be concerned with matrix phase in system
whichisact asload bearing phase as suggested by Wouterson
et. al [33]. They were tested glass microballoon in epoxy
resin as matrix system. From their observation, it was found
that matrix-microballoon interface does not appear to be very
strong in these composites, and the presence of higher
volume fraction of microballoons only reduces the volume
fraction of epoxy resins in the structure, causing the lower
strength of syntactic foams.

Stress Concentration Factor properties

The stress concentration factor was cal culated according to
the Equation (3) for al the specimens. Generaly the SCF

values are comparable with the SCF from modelling FEA by
considering the maximum stress at the particular area and
stress reference as 238 MPa. Starting from the SCF-01 with
the composition of glass microballoon 2 wt.% has higher
SCF, Ktf at 1.95. Table 1 shows the SCF values with the
maximum stress distribution at four locations area on plate
elements (GP1 to GP4).

From the Table 1 shows that the maximum stress aso
belong to SCF-01 with 464 MPa which is matrix bonding of
vinyl ester resinis higher than other specimens. Thisis cause
of the calculation by using the Equation (3) was involved
with the parameters such as radius (r) of curvature tensile and
distance (h) are important to measure in this study. The
maximum measurement for distance h is 60 mm while the
maximum for radius r is 28 mm. Another parameter has
involved for this SCF value is width of grip area for tensile
specimen, D1 with maximum value 200 mm. The
comparison between SCF for modelling and experimental
also can be shown at Fig. 14. Mbandezi and Mabuza use the
formula maximum stress before refinement meshing and
after refinement meshing to compute the numerical error
percentage [36]. Numerical comparison also done by Collins
between maximum normal stress in experimental and
simulation [37]. In this study, the comparison between
experimental and modelling was compute using the stress
concentration factor method. From this graph, SCF
experiment led the highest for SCFT-01 with difference 11 %
when compared with SCF modelling. The SCF values for
modelling is not much varied for all specimenswhile SCF for
experiment show the trend is decreased when addition of
glass microballoon in the composite accepted for SCFT-05.
The percentage different between stress concentration factor
Ktm and Kte showed that SCFT-05 has lower percentage
with 8% error while SCFT-04 at maximum percentage with
34% error.

Table. 1 Stress concentration factor valuesusing FEA method

Specimen Radius Distance  Width SCF SCF El)éftfrgfnlgf:)
r(mm) h(mm) D1(mm) Ktm Kte %

SCFT-01 28 58 200 1.95 1.73 11

SCFT-02 26 60 197 1.30 1.72 24

SCFT-03 28 60 198 1.37 171 20

SCFT-04 28 57 199 1.15 1.74 34

SCFT-05 28 60 197 1.57 1.70 8

Finite Element Analysis (FEA) Distribution Stress
Analysis

The stress concentration factor for al specimens which is
analysed using the Strand7 shown at Figure 7. The contour
pattern among al specimens showed the stress intensity area
are focused on the narrow neck of tensile specimens. The
plate property for each SCF can be determined from the
Strand7 software at four point in the selected areaas G1, G2,
G3, G4 and centroid point. Table 2 shows all the related
values for very each point in xy-direction with z-direction
considered as zero because it occurred for 2D modelling. The
centroid point was located at the middle cross between G1 to
G2 and G3 to G4. In Strand7 the centroid is not appeared in
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the contour line but the value is given in tabulated data.

From the Table 2 it is shows that the maximum stress also
belong to SCF-01 with 4.0390 x 103 MPa at centroid area.
For other specimens from SCFT-02 to SCFT-05 the
maximum stressis varied between 2.4 t0 2.9 x 103 MPa. The
results also shows that the maximum stress distribution
occurred at the plate element property no. 3. This result is
confirmed with a higher stress distribution particularly
SCFT-01 because the matrix resin content is higher than
other specimens due to plasticity. This is valid results by
using the numerical modelling when determine their SCF
individually.
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Table. 2 Stressdistribution valuesusing FEA method

Centroi G1 G2

Specime  d XY(10 XY(10 G3XY(10 G4XY(10
n XY(@10® 3 3 3MPa)  3MPa)
M Pa) M Pa) M Pa)
fCFT'O 40390 4.8789 3.2846 4.7768 3.2156
gcrr-o 24329 29557 19701 2.8820 1.9236
§CFT'O 28287 34169 23004 3.3454 2.2520
fCFT'O 23976  2.8961 1.9498 2.8355 1.9088
Ecrr-o 29510 35852 2.3897 3.4958 2.3333

From the Table 2 it is shows that the maximum stress also
belong to SCF-01 with 4.0390 x 103 MPa at centroid area.
For other specimens from SCFT-02 to SCFT-05 the
maximum stressis varied between 2.4 t0 2.9 x 103 MPa. The
results also shows that the maximum stress distribution
occurred at the plate element property no. 3. This result is
confirmed with by referred the Figure 6 with a higher stress
distribution particularly SCFT-01 because the matrix resin
content is higher than other specimens due to plasticity. This
is valid results by using the numerica modelling when
determine their SCF individually after ssmulated using Strand
7 showed ad Figure 7

2wt %

[

8wt %

10wt.%

Fig. 7 SCF resultsusing FEA analysis

Effects on Axial and Transverse Stress-Strain in

Poisson’s ratio

The Poisson’s ratio for all specimens can be determined by
using the standard method according to the ASTM D-638.
The gradient of the graph give the Poisson’s ratio value for all
the specimen show in Figure 8a. The Poisson's ratio (VVE)
and the Young's modulus (EVE) of neat vinyl ester resin
specimens are measured as the first step. The value of VVE is
found to be 0.57, while EVE is measured to be 11 GPa. This
vaue is used to estimate the Poisson's ratio of various
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syntactic foam composites (vc) using a recent theoretical
model, where the material properties of the
microballoonglass material are taken as EMB=60 GPa and
vMB=0.21 [35]. From the graph in Figure 8b, shows that
SCFT-02 has higher Poisson’s ratio with 0.46 and minimum
at 0.37 for SCFT-03 if compared with vinyl ester is still has
higher value at 0.57. Generally, the Poisson’s ratio is
decreased while increasing the glass microballoon contentsin
the composite. Similar to the previous worked, Wouterson et
al. [33] was found the Poisson’s ratio is varied from 0.30 to
0.35in his study when added with nanoparticles.

0.35

i i
| |
0.30 - | |
| |
| |
(151 ) SR S (R DY T o O R R
| |
~ | | y |
£ | | g
S020 - —— e - = —— === SCFT-01 | —
= : o =+ e=SCFT-02
Bois—— . e | |=s=SCFT-03|
1 : 4 o= ve=SCFT-04
] | | = <= SCFT-05
S5 14 (1 128 N ——— <L T R [
|
| i
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Fig. 8a The axial strain versusload for tensile
characteristic
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Syntactic Foam (wt.%6)

Pure VE  SCFT-01

Fig. 8b Graph for Poisson’s ratio for all specimens

IV. CONCLUSION

The analyses using finite element method by the Strand7
software was established to analyse the stress concentration
factor (SCF) for different weight percentage (wt.%) of glass
microballoonsin vinyl ester matrix resin syntactic foam. Five
compositions with different wt.% were figured out using the
formula SCF comparable between experimental and
theoretical values. It was found that the both of SCF
experimental and the theoretical values are varied but no
trend shows among of them when the weight percentage of
glass microballoonsisincreased in syntactic foam.
Relatively, it is showed that the SCF for experimental is not
much different between 1.70 —1.74. While SCF for modeling
more varied with minimum
1.15 and maximum is 1.95.
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It was occurred when increased the glass microballoon
content in syntactic foam. It is also indicating that, the SCF is
more sensitive to material with small modulus elasticity than
the large modulus elasticity for the experimental SCF values.
While it also indicates that, the SCF is sensitive to the small
Poisson’s ratio than the large Poisson’s ratio for the
theoretical SCF values. Finally from the FEA Strand?
modelling, it shows that the stress distribution are varied with
the different weight percentage (wt.%) of glass
microballoons, which is higher values particularly for lower
weight percentage of glass microbaloons SCFT-01
specimen.
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