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ABSTRACT

This paper focuses on the fatigue life estima-
tion of backing strip full penetration weld joint by
means of the virtual strain gauge and its validations via
fatigue experiment. Currently, many commercial
software packages are supporting stress-strain analysis
using the finite element method but it is significant to
validate the obtained results with experiment and
established methodology. The finite element analysis
is employed to predict the fatigue life by considering
three input parameters such as the applied load (Ld),
root gap (Rg) and thickness of the plate (Pt). Effect of
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input effect plot which is based on Response Surface
parameters on response parameter i.e. fatigue life is
analyzed through main Methodology, a Design of
Experiments approach, with 20 set of experimentation
and results are experiments. validated by performing
the actual fatigue Based on virtual and actual
experiments, it is observed that plate thickness is
directly proportional to the fatigue life whereas load is
inversely proportional. But root gap from 2mm to 3
mm is showing the negligible effect but after 3mm it
is showing inverse effect on fatigue life. The use of
design of experiments approach for the fatigue life
estimation without performing the experimental
validation will be extremely useful in upcoming future
works and it also minimizes the time and cost.

INTRODUCTION

Weld fatigue is a very complex process to
understand. Many researchers are trying to develop
simple algorithm/ method to understand it in a simple
way. Over the years, literature is available on simple
weld like Fillet and Butt weld joints and it has been
achieved the good confidence on fatigue calculation
but still lot of other weld joints are unaddressed like
full penetration backing strip weld joint in off-
highway vehicle. Understanding such typical weld
joint used in heavy industry is essential because
majority of off-highway vehicle welded components
are subjected to cyclic load during field application.

Fatigue Failure at weld joint is a major reason
for breakdown of fabricated structures in construction
and mining equipments leading to substantial warranty
costs. Most of the main structures and components in
off-highway vehicles are fabricated welded steel
structures from different steel grades. Each structural
component is complex in terms of geometry, loading
conditions and types of weld joint configurations.

Four different kinds of methods are used for
weld fatigue life estimation in off-highway vehicles
and those are classified under global and local methods.
It is observed that the nominal stress method is widely
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used as a global method and the local method is based
on the hot spot stress theory. Among the four methods
reported, numerical methods like FEM based on S-N
classification for weld classes are the first three
methods to calculate the fatigue life of welded joints,
whereas fracture mechanics theory is used as the
fourth method.

Nominal Stress Approach

The application of nominal stress concept uses
standard S-N Curve based on the weld joint classes
found in BS7608. This approach is helpful to evaluate
the fatigue life of welded joints and also for the non-
welded parts. Only in case of welded joints, some of
the variables are introduced differently. The S-N
Curve is defined based on the weld class, notch factor,
plate thickness effect and the weld quality of
fabricated parts. However, in case of non-welded parts,
it depends upon the material, geometry and surface
parameters.

The weld joints are classified based on their
shape, type of weld (Full penetration or partial
penetration), type of loading and quality of
manufacture. In case of complex weld joint
configurations commonly used in off-highway vehicle
structures, the nominal stress approach is not
applicable due to weld joint configuration and the local
joint stiffness. Over recent years, the consideration of
several influence factors like plate thickness has
significant effect on mean stress in the fatigue analysis.
In case of nominal stress approach, bi-axial stress
requires special focus, especially when the stress
components are not in the same plane.

Hot Spot or Structural Stress Method

This method is called as the “geometric stress”
approach because it is applicable to complex geometry
along with the loading complexities and it is developed
for the geometries where it is very difficult to calculate
the nominal stress. The use of structural stress
approach is increased rapidly in recent years for
complex weld joints due to the development of finite
element analysis and computational hardware
development. Various international standards/codes
are available for load assumptions, suitable S-N curve
and stress concentration factors (SCFs) based on
parametric hot-spot stress formula. But still these are
not defining the complex weld joints.

This method addresses failures which start from
the weld toe only. This methodology is suitable for
fatigue failure initiated from weld toe and hot spot
stress can be read directly from the finite element
analysis results. It has been witnessed that the nodal
averaging is substantial when coarse mesh is used
during finite element modeling.

Effective Notch Stress Method
In this method, fatigue stress prediction is based
on elastic notch at the critical points and this method
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was proposed by Radaj et al. (2006). The procedure
followed here is same as nominal stress approach
except that the effective local stress is considered in
place of global nominal stress. During the application
of effective notch stress approach in finite element
analysis of weld joint, adequate mesh density is
necessary around the toe of weld where stress
concentration is higher. Such region should be
modeled with fine mesh having sufficient accuracy
which can be achieved with the help of 3D solid
element. Accurate notch stresses near to the weld toe
line can be computed through the sub-modeling
technique that can help to take a closer look at details
without refining the entire model. This is most
common techniques in off-highway vehicles because
of the size of components and most of the failure
occurs from the weld toe and the root. In case of sub-
modeling, displacement is used as boundary condition
that is derived from full model.

Linear Elastic Fracture Mechanics (LEFM)

One of the first techniques established and
briefed in BS7910 standard. Detailed engineering
procedure for detection of flaws and deficiencies seen
in the fusion-welded joints are mentioned in the British
standard BS7910. This method works based on the
assumption of an existence of an initial crack(s).

Fig. 1. Various loading modes, Mode 1: Normal to
crack plane loading, Mode I1: Shear loading, Mode
I11: Tearing loading

In case of mode I, shown in Fig. 1, stresses are
perpendicular to plane of crack, so that crack surfaces
are directly moving away from each other. Mode 11 is
shear mode and it experiences when component is
under shear loading and mode 111 is tearing mode that
is due to out of shear plane.

Mode | is most important for welded joints and
the stress intensity factors (SIF) in respective mode
define the singular stresses near the crack tip. SIF
controls the whole stress field prior to the crack front.

The concept of SIF is of a general nature and
will be extended to a spread of geometries and loading
modes.

The Application of Finite Element Analysis is
very well integrated step of design process to get the
valuable and reliable results and it is possible due to
high power in computations and efficient technology
in system software. Solid elements are much accepted
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in off-highway vehicles due to complex weld geome-
try and element itself can represent geometry in reality
due to the fact that they are all 3-dimensional element.
Weld joint is always observed with different thickness
and during welding, material properties are strongly
affected (Fricke, 2003) as the result of heating and
cooling cycles during the weld process. Hence strain
gauge position is strong challenge in front of test
engineer and it is more critical when component
having multiple welds and complex geometry loading
and plate thickness are higher (Radaj et al., 2006).
Fatigue Analysis for the welded structures can be
categorized in to local and global approaches (Radaj et
al., 2006) and it is based on stress, strain, and stress
intensity factor or notch stress. Since the S-N Curve
includes the corresponding weld class details and the
local geometric properties, the Normal stress method
comes under the category of global approach.

Methods based on Structural Stress (B. Atzori et
al., 2001) disregard the detail classes but the local
geometric properties (Sonsino, 2009) of the weld, e.g.,
weld angle, toe radius etc., are still considered to be
included in the corresponding S-N curve (P. Dong et
al., 2002). These days, the structural stress analysis of
most complex structural model with very fine mesh
can be done using computational hardware. Haibach
primarily proposed a challenging approach (Haibach,
1968) for experimental estimation of fatigue life of
complex welded joints like joggle joint which have
dissimilar weld configurations and complex geometry,
based on measurements of strain near the weld toe by
placing strain gauges.

By using miniature strain gauges close to the
weld toe (Fricke, 2012), the distance can be few tenths
of a millimetre based on weld joint. Few attempts were
made already on simple fillet joint and validated by
strain gauge testing using 2mm-3mm strain gauge
location from weld toe. In this work, backing strip
weld joint is considered to predict the fatigue life using
strain gauge measurements and it is estimated at 10mm
distance from weld toe. The measurements from strain
gauge give us an opportunity to measure secondary
bending effects that occur in actual joints based on
geometry of the joint configuration and loading
conditions. By using 1mm mesh criteria, the fatigue

life can be predicted virtually by finite element method.
The regression equations developed from response
surface methodology virtually predicts the fatigue life
and saves the time and cost of experiment.

METHODOLOGY

Nowadays, the Finite Element Analysis (FEA)
is employed for prediction of fatigue life for some of
the most complex loading and complex manufactured
components as well. Challenge is to apply such
methods for typical weld joint configuration like
backing strip full penetration weld joint. The FEA
gives an approximate solution and its accuracy
depends on how FE model represents the physical
experiment. In order to represent the physical
experiment more accurately and reduce solving time,
sub  modeling techniques are wused. When
geometrically complex due to some welding with
different weld joint configurations in one part, a
mostly wide process used in industry for fatigue life
calculation is based on strain measurement close to
weld toe. Backing strip weld joint specimens are
designed as shown in Fig. 2 to investigate the state of
stress level near to weld joint toe.

FEA helps in predicting fatigue life numerically.
Number of FEA simulations to be performed is
decided by design of experiment approach. Results of
FEA simulations are analyzed using analysis of
variance (ANOVA). One of the outcomes of ANOVA
is regression equation which helps to understand the
level of influence of input parameters on fatigue life.
Design of Experiments (DOE) is employed to get the
effect of the input parameters on response parameter.
In this paper, weld joint parameters such as Root Gap
(Rg), Plate thickness (Pt) and Load (Ld) are
considered as input parameters with the fatigue life
(Lf), as response parameter. Five different levels for
each input parameters are selected as -2, -1, 0, 1 and 2
in closed form to have a rotatable design. A central
composite design (CCD) is used with 20 experimental
runs as given in figure 3 to conduct the experiments
and the values of different parameters used along with
their levels are shown in Table 1.

30mm

Weld Joint
Load (Ld)

Plate Thk (Pt)
/ —>

Backing Strip

LT [

<—Root Tap (Rg)

A\

Same as Plate Thk Y

X

Constant
Thickness

Fig. 2. Backing strip joint with parameters definitions.
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Table 1. Welded joint parameters and their corresponding values at different levels.

Symbol Weld Joint Parameters Levels
-2 -1 0 1 2
X1 Plate thickness -Pt (mm) 4 6 8 10
X2 Root Gap- Rg (mm) 1.5 25 3 3.5
X3 Load -Ld (kN) 22 32 40.5 62.5 80
[e,qu.s.i] @ (5.30,2.5)
N 2
32
B 62.5
3 8
62.5
3
32 3\5 8
\*25
~7 405
Fan)
{4,40.5,29 ﬁk“\ [10,43.2.5]
™
3 5 \}\ 32
O Center Point = 1 +(5)
2
Ld (KN) 2 @ Aial Points =6
5 5 8 82 [l Cube Points = 8
Pt[rnm:l 32 3 \. Alpha (a) =2
o (6,40.5,3.5)
Rg (mm) (6,22,2.5)
Fig. 3. Central composite design with a=2
Xi = Chosen parametric values—Central rank of parameters (1)

Interval of variation

Where Xi is the coded values of the variables Pt,
Rg and Ld, respectively. The values obtained from
Eq.(1) are tabulated in Table 2 and it requires 20
experiments.

FATIGUE EXPERIMENT

To achieve the full penetration weld joint,
backing strip weld joint configuration is commonly
used in construction equipment industry. Weld
specimens are designed and manufactured to reflect
the weld joint that exist in actual application. 152062
E350 Steel Alloy is used to make the steel specimens
and its mechanical and chemical properties are shown
in Table 3.

It is noted that for the comparison of behavior of
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a weld sample, the specimen is made with the same
geometrical parameters using the same grade of
material. When the geometry of the joint is complex in
manufacturing and loading, the strain measurement at
the weld toe is adopted widely for the actual
experimentation. Three random samples from Table 2
are prepared by laying the Vishay micro measurement
gauges CEA-XX-125UN-350 as shown in Figure 4.
Strain gauge no 601 is pasted 2mm from plate edge,
10mm away from weld toe, Strain gauge 602 is pasted
at middle of plate, 10mm away from weld toe and
strain gauge 603 is 2mm from plate edge, 5mm away
from weld toe.

It is further tested at the room temperature using
INSTRON fatigue testing machine as shown in Figure
5 at the frequency of 10Hz and data was recorded
using the eDAQ data logger in Panasonic Toughbook.
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Table 2. DOE Table.

Grade Chemical Composition Yield Stress  Tensile Strength
Designation C Mn S P Si MPa MPa
E350 0.20 1.55 0.040 0.040 0.45 350 490

Table 3. Material properties of plate

Sg?(;i‘:rrd OP;gIelr Plate thlfnk;ess (Pt)- Load (Ld) - kN Root Gap (Rg) -mm
Coded-X1 | Actual | Coded-X2 Actual Coded-X3 Actual
18 1 0 6 0 40.5 0 2.5
2 2 1 8 -1 32 -1
3 -1 5 -1 32 -1
16 4 0 6 0 40.5 0 2.5
13 5 0 6 0 40.5 -2 1.5
14 6 0 6 0 40.5 2 3.5
9 7 -2 4 0 40.5 0 2.5
11 8 0 6 -2 22 0 2.5
9 -1 5 | 62.5 -1
10 1 8 1 62.5 1
20 11 6 0 40.5 0 2.5
12 12 6 2 80 0 2.5
7 13 -1 5 1 62.5 1 3
15 14 0 6 0 40.5 0 2.5
19 15 0 6 0 40.5 0 2.5
4 16 8 | 62.5 -1 2
17 17 0 6 0 40.5 0 2.5
5 18 -1 5 -1 32 1 3
10 19 2 10 0 40.5 0 2.5
6 20 1 8 -1 32 1 3

Fig. 4. Strain gauées sample of backing strip weld joint.
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Fig. 5. Fatigue test of backing strip joint.

NUMERICAL MODELING OF THE
BACKING STRIPWELDING JOINT

In order to understand the strain levels nearer to
weld toe in backing strip weld joint configuration, a
three-dimensional elastic plastic FEA is carried out
using ANSYS 16.2 software as shown in Figure 6. The
20-node isoparametric Solid 186 finite element is used
for each of the model and the size of element is 1Imm
as shown in Figure 7.

Fig. 6. Backing strip weld joint specimen.

Fig. 7. Numerical model with mesh density of
backing strip joint.

Fig. 8. Load and boundary condition.

J. CSME Vol.43, No.2 (2022)

Fig. 9. Equivalent stress results for Run Order 18

Tabular Data

Time [s] ||7 Strain Probe 3 (NormX) [mm,/mm] |
1|1 5.6187e-004

2|2 -5.8187e-004

Fig. 10. Virtual strain gauges result 10 mm weld toe.

The FEA is carried out by considering the
isotropic elastic material for both base plates, weld
metal and also the backing strip plates. For the
complex weld joint, when the thickness of plate is
different, there is a high stress concentration nearer to
weld toe due to the stress component acting normal to
the weld toe line which is predominantly responsible
for the fatigue damage accumulation in this region. FE
modeling and its results of run order 18 are shown in
Figure 8 and Figure 9. Normal strain values 10mm
away from weld toe are measured using the virtual
strain gauge as shown in Figure 10.

RESULTS AND DISCUSSIONS

FEA Simulations and Practical Experimentation
Comparative Analysis

Fatigue life estimation for complex weld joint
through the experimental analysis is tedious, costly
and time consuming because of geometry, the number
of parameters involved and number of stress
concentration points. Fatigue life of weld joint is
evaluated by means of the normal stress methods and
fall under the category of “E” Weld Class of the BS
7608 code with area ratio equal to one (Jonsson et al.,
2012). “E” Class Stress life curve shown in Figure 11.
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Stress Life without UTS correction
1ES

Stress Range (Mpa)
E ;

]

1 100 1E4 1E6 1E8 1E10 1E12

Life (Cycles)

Fig. 11. “E” Class S-N curve as per BS7608
Standards

A uniaxial stress state exists where there is only
one non-zero principal stress. The uniaxial stress-
strain equations, given in equations (2) and (3) are
applied and the results are as tabulated in Table 4.

€x= = 2
o, =E€, 3)

Table 3 compares the results of FEA and fatigue
testing experiments. Less than 10% error between FEA
and experiment shows the genuineness of the
developed finite element model. Hence the further
analysis is carried out using FEA. FEA is carried out
for 20 different combinations suggested by Table 2.
Fatigue life, predicted for 20 combinations, is
tabulated in Table 5.

Main Effects Plot

Obtained from ANOVA, the Main effects plot
helps to understand the level of influence of input
variables on Fatigue life. The most influencing
parameter, which influences the weld's fatigue life, is
the plate's thickness. Figure 12 reveals that fatigue life
increases with an increase in the thickness of the plate.
The fatigue life up to 2 mm is affected by the root gap.
Then it does not influence 3 mm. After 3 mm, the
fatigue life is decreased. Figure 11 shows the inverse
relationship between fatigue life and the load. The
fatigue life is decreased when the load is increased.

Main Effects Plot for Fatigue Life (Cycles)

Data Means

Plate 2 Thk (mm) Loading (kN) Root Gap (mm)

500000
400000

S 300000
Q
=

200000

100000 / \

0
4 5 6 8 10 220 320 405 625 800 15 20 25 30 35

Fig. 12. Main effect plot
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Contour Plot

For the various combinations of the influencing
parameters, the corresponding contour plot is drawn.
The variations in the magnitude of the shade in the plot
correspond to the \variations in the Fatigue
performance i.e. Fatigue Life cycles. Figures 13 (a) —
13 (c) show the root gap's influences, the thickness of
the plate, and Fatigue life load. As shown in Figure
13(a), the increased load with smaller thickness in
plate results in lower fatigue life, which eventually
confirms the basic of mechanism of fatigue life. Figure
13(b) shows the effect of the root gap and load on
Fatigue life. The escalation in load and an increase in
root gap display the mixed effect on fatigue life. The
Root Gap of 1.5 mm is not appropriate for fatigue life
as a lower root gap in manufacture creates a problem
in attaining root fusion and a right sidewall. The
fatigue life is significantly increased by increasing the
root gap (Rg) and plate thickness (Pt). This can be seen
in Figure 13(c).

Contour Plot of Fatigue Life (Cy vs Plate 2 Thk (mm), Loading (kN)

0
Fatigue Life (Cycles)

< 100000

100000 - 200000

M 200000 - 300000
Il 300000 - 400000
Il 400000 - 500000
u > 500000

9

8

Plate 2 Thk (mm)

30 40 50 60 70 80
Loading (kN)

Fig. 13a. Effect of plate thickness and loading on life.

Contour Plot of Fatigue Life (Cy vs Plate 2 Thk (mm), Root Gap (mm)

0
Fatigue Life (Cycles)
100000

100000 - 200000

M 200000 - 300000
I 300000 - 400000
I 400000 - 500000
] > 500000

9

Plate 2 Thk (mm)

15 20 25 3.0 35
Root Gap (mm)

Fig. 13b. Effect of root gap and plate thickness on
life.



Contour Plot of Fatigue Life (Cycles) vs Loading (kN), Root Gap (mm)

80
Fatigue Life (Cycles)
< 100000
100000 - 200000
70 W 200000 - 300000
I 300000 - 400000
I 400000 - 500000
] > 500000

Loading (kN)
8 3

IS
3

w
s

15 20 25 3.0 35
Root Gap (mm)

Fig. 13c. Effect of load and root gap on life.
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Table 4. Fatigue results in FEA vs. Experiments

FEA Results Experimental Results
Plate Root . .
Stndard  thk % Gap _ Life . Life
L) Strain Stress  (Mean-  Strain  Stress  (Mean -
Order (mm) (Rg) Error
kN Range  (MPa) 2SD) Range (MPa) 2SD)
Cycles Cycles
18 6 40.5 25 112392 214 42342 13939 265 43162 2%
10 10 40.5 2.5 680.86 129 370441 700.6 133 339999 9%
Table 5. Fatigue life using FEA
(Pt) Plate
. (Ld) Load (Rg) Root Gap . .
Standard  Run thickness KN o Fatigue Life (Cycles)
Order Order mm Mean -2SD
Coded  Actual Coded  Actual Coded Actual
18 1 0 6 0 40.5 0 25 92342
2 1 8 -1 32 -1 2 390250
3 -1 5 -1 32 -1 127586
16 4 0 6 0 40.5 0 25 92342
13 5 0 6 0 40.5 -2 1.5 44901
14 6 0 6 0 40.5 2 35 44616
9 7 -2 4 0 40.5 0 25 24740
11 8 0 6 -2 22 0 25 413815
3 9 -1 5 1 62.5 -1 2 43094
8 10 1 8 1 62.5 1 62238
20 11 6 0 40.5 0 25 92342
12 12 0 6 2 80 0 25 90683
7 13 -1 5 1 62.5 1 3 43030
15 14 0 6 0 40.5 0 25 92342
19 15 0 6 0 40.5 0 25 92342
4 16 8 1 62.5 -1 2 12370
17 17 6 0 40.5 0 25 92342
5 18 -1 5 -1 32 1 3 127113
10 19 10 0 40.5 0 25 370441
6 20 8 -1 32 1 3 389272
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Table 6 Response Surface (2" order) Quadratic Model (QM) of Fatigue Life using ANOVA

Sources DF Sum of Square Mean Square F Values  P-Values
Model 9 4.10599E+11 45622072461 14.22 0.00
Linear 3 29049101118 9683033706 3.00 0.081
Plate Thk 1 1954372989 1954372989 0.61 0.453
Root Gap 1 16528538194 16528538194 5.15 0.047
Load 1 3026367924 3026367924 0.94 0.354
Square 3 98271261456 32757087152 10.21 0.002
Plate Thk*Plate Thk 1 2325935420 2325935420 0.73 0.414
Root Gap * Root Gap 1 78956521552 78956521552 24.61 0.001
Load * Load 1 5210270032 5210270032 1.62 0.231
2-Way Interaction 3 19096745099 6365581700 1.98 0.035
Plate Thk * Root Gap 1 19096547270 19096547270 5.95 0.996
Plate Thk * Load 1 80160 80160 0.00 0.995
Root Gap * Load 1 130773 130773 0.00
Error 10 32078722797 3207872280
Lock of Fit 5 32078722797 6415744559
Pure Error 0 0
Total 19 4.42677E+11

Regression Equation

Table 6 reveals the Analysis of Variance
(ANOVA) of fatigue life. Variation analysis among
the different parameters is carried with the help of F-
test (ANOVA) at 95% confidence level. By correlating
the F- Values with common values at the respective
degree of freedom (DOF) and confidence level at 95%,
significance and insignificance are obtained.

Fatigue Life

Fatigue life analysis, predicted using the
quadratic model, is statistically noteworthy. Table 6

Fatigue Life (Cycles) =

shows the ANOVA results and F-value, P-values &
the sum of squares against fatigue life. Equation (4)
represents the fatigue life regression equation which is
2" order polynomial equation. The influence of Weld
joint factors on the principal response criteria, i.e.,
Fatigue life & Normal stress, are studied with the help
of an interactive and high-order mathematical model
developed using RSM through the various weld joint
parameters as input variables. Equation 1.4 presents
the regression model developed using ANOVA.

35067 + 85190 x Plate Thk - 23858 x Load + 28879 x Root Gap + 4558 x

Plate Thk x Plate Thk + 295.6 x Load x Load — 57793 x Root Gap x Root
Gap -2013x Plate Thk x Load — 13 x Plate Thk x Root Gap + 16 x Load x 4)

Root Gap

It also helps to understand the relationships
among the model variables and allows more
hypotheses to be tested. To understand the
compatibility of the regression model, it is compared
and tested with FEA Results. Order no 10 is randomly

Fatigue Life (Cycles) =

selected as an example for Normal stress and Fatigue
Life calculations, and other run order samples
calculated results are tabulated in Table 7.

For Run order 10, plate thickness (Pt) = 10 mm,
Root gap (Rg) = 2.5 mm and the Load (Ld) = 40.5 kN,

35067+(85190x10)-(23858x40.5)+(288799x2.5)+(4558x 10x10)+(295.6%40.5x40.5)-

(57793x2.5x2.5)-(2013x10x40.5)-(130x10x2.5)+(16x134x2.5) =405272 cycles.
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Table 7 RSM results vs. FEA results [Error % < 3%]

. RSM
Plazlitt)h_l;kr:ess Load (Ld) — kN Root C:jri (Rg) RerE,IAt\s Equations
Standard  Run Results
Order Order Coded- Coded- Coded- Fatigue Life Fat?gue
X1 Actual X2 Actual X3 Actual (Cycles) Life
Mean -2SD (Cycles)
18 1 0 6 0 40.5 0 25 92342 100206
2 2 1 8 -1 32 -1 2 390250 377579
1 3 -1 5 -1 32 -1 2 127586 138275
16 4 0 6 0 40.5 0 25 92342 100206
13 5 0 6 0 40.5 -2 1.5 44901 42711
14 6 0 6 0 40.5 2 35 44616 42115
9 7 -2 4 0 40.5 0 25 24740 23690
11 8 0 6 -2 22 0 25 413815 422495
3 9 -1 5 1 62.5 -1 2 43094 -43407
8 10 1 8 1 62.5 1 3 52238 11502
20 11 0 6 0 40.5 0 25 92342 100206
12 12 0 6 2 80 0 25 90683 89296
7 13 -1 5 1 62.5 1 3 43030 -43223
15 14 0 6 0 40.5 0 25 92342 100206
19 15 0 6 0 40.5 0 25 92342 100206
4 16 1 8 1 62.5 -1 2 12370 11708
17 17 0 6 0 40.5 0 25 92342 100206
5 18 -1 5 -1 32 1 3 127113 137971
10 19 2 10 0 40.5 0 25 370441 405272
6 20 1 8 -1 32 1 3 389272 376885

Application of Backing Strip Weld Joint in Off-
High Way Vehicle

The demand for a more sustainable structure
with a lower weight and better fuel consumption leads
to efficient and more accurate fatigue design methods
applied in the early stage of the projects to cut the risk.
Buttweld joint with the permanent backing strip is one
of the most common weld joints used in off-highway
vehicle structural parts. In the permanent backing strip
at the root of the weld, stress concentrations are always
challenged to have good fatigue loading performance
due to the single-sided weld joint. One significant
advantage of this weld joint is that fit-up tolerances
can be relaxed as the strip acts as a locating feature and
that's very important during the fabrication of the
excavator boom. In root gap variation, the only real
limitation is "wider the root gap, the greater the
volume of weld metal and distortion"; hence, the
optimum root gap is most important.

Boom is the most critical part of in excavator
machine, and it always experiences compression &
tension loadings during soil digging and dumping
applications. It has many Butt weld joints with
permanent backing strip [shown in Figure 14] that
need fatigue life predication at the early stage of the
design so that the position of weld joints and

parameters of weld joint configuration can be
optimized without doing the real testing.

In the excavator case, fatigue life prediction is
tedious due to the various tasks performed and the
number of weld joints in one component.  To perform

strain gauge testing in the field, parts need to be
manufactured as per design that demands investment
in fixtures and tooling. During the design stage,
maximum force configuration at the hydraulic limit is
used to predict the fatigue life and to decide the section
size, thickness of the plate, position of weld joint
[shown in Figure 15].

Fig. 14. Number of full penetration backing strip butt
weld joint.
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Fig. 15. Typical maximum force configurations.

In order to check the significance of the
proposed methodology for fatigue life, one backing
strip butt weld joint is selected for validation. A total
of 20 strain gauges are mounted on the boom and two
of them are shown in Figure 15. The loading condition
in the boom consists of bending and axial forces,
causes compression and tension on weld joint. Single
grid strain gauges are aligned with the plate length of
boom similar to weld fatigue experiment. The main
strain gauges are used to validate the finite element
model of boom and validate the virtual methodology.
Gauges 100 and 200 are pasted on 12mm plate as
shown in Figure 16. It is the butt weld joint with
backing strip of two different plate thicknesses (12mm
and 15mm) similar to weld configuration used in weld
fatigue experiments.

Fig. 16. Strain gauge location on boom.

A controlled field test is conducted as shown in
Figure 17. During this test, a bucket is used through its
full range of motion of digging cycles. The strain
gauges are monitored using a high-speed data
acquisition system and computer at a sampling rate of
1000 cycles per second. Other pressure and cylinder
lengths are recorded. The test is repeated for 30 cycles
to check the variation in strain level at each cycle and
strain gauge data is recorded via eDAQ data logger.

Fig. 17. A controlled field test.

Raw data from strain range is collected during
the controlled test as shown in Figure. 18 for gauge
100 and 200. In order to element the parasitic voltages
(electronic noise) from the recorded data, the
measured strain data are filtered using a low-pass filter.
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Fig. 18. Raw data from strain gauge 100 and 200.

Using the field event strain data, FEA is carried
out in static load case as per the configuration shown
in Figure 19, where maximum strain level is observed
to predict the strain level in FEA to compare the field
strain levels.

Fig. 19. Field event - Finite Element Analysis
Configuration.
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\/

boundaries" submodel 1 and sub-model 2.

To develop finite element mesh, local FE
modelling is developed nearer to the butt weld joint
using sub-modelling technique of ANSYS. Sub
modelling uses two separate models. A full or global
model representing the entire structure is used to
transform global loads to local deformation as shown
in Figure 20.

The sub-modeling algorithm interpolates the
deformation from the global model to the sub model
“cut boundaries” to convert the sub model 1 and sub
model to 2 to have high level refine mesh and solves
for the local stress state. The sub model includes the

Fatigue Life (Cycles)=

J. CSME Vol.43, No.2 (2022)

local geometric details with an appropriate mesh
density as shown in Figure 21.

FEA results in Von Mises stresses using sub
modelling are shown in Fig. 21, and strain levels from
the virtual analysis using sub modelling techniques Vs.
Global models are shown in Figure 22 and tabulated in
Table 8.

The results presented in Table 8 are obtained
using the sub modelling element technique. Strain
level difference is 2.6% more in gauge 100 and 3.6 %
more in gauge 200 as compared to global model.
Gauge 200 is used to predict the fatigue life as per “E”
Class weld BS 7608.The results of fatigue life using
sub modelling techniques, field strain gauge data and
from the RSM equation are tabulated in Table 9.

Evaluation of Fatigue Life on Excavator Boom
Using Regression Equation

To understand the genuineness of regression
equation, it is compared and tested with finite element
results. Excavator Boom Butt weld with backing strip
joint parameters are developed based on the RSM
equation (Egn. 5.1) which is used for fatigue life
calculations by substituting the plate thickness (Pt) =
12 mm, the Load (Ld) = 134 kN, Root gap (Rg) = 2.5
mm.

35067+(85190x12)-(23858x134)+(28879x2.5)+(4558x12x12)+

(295.6x134x134)-(57793%2.5%2.5)-(2013x12x134)-(130%x12x2.5)+
(16x134x2.5)=949838 Cycles

The percentage of error in fatigue using the

RSM equation Vs. FEA is 5% and % of error for FEA

Vs. field is 6 %. Often, an "acceptable™ margin of error

Sub Model

used by survey researchers falls between 4% and 8%
at the 95% confidence level.

Sub Model

Fig. 21. Mesh model at Assembly level and sub-model level 1 and 2.
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A: DigEnd_Diq with Bucket
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: hPa

Tirme: L

28-09-2018 08:09

368.25 Max

Sub Model 1 Sub Model 2

65 DigEnd_Dig with Buacket_SUBMODEL-2-Jm m mesh
Equivalent Stress

Type: Equivalant fooe-Mise) Trais

Unit: MPa

Time: 1
4002008 0R: 17

Fig. 22. Finite element Analysis results — full model and sub-model results

Fig. 23. Strain level from FEA - Global model vs. sub-model 1 and sub-model 2.

Table 8. Strain levels from FEA — Global vs. Submodel.

Strain level from FEA - Global and Submodel

Gauge no Full Model Submodel-1 Submodel-2
Strain (Dig)  Strain (Dump)  Strain (Dig)  Strain (Dump)  Strain (Dig)  Strain (Dump)
100 478.8 -156.99 493.73 -171.15 491.33 -168
200 537.45 -219.35 553.98 -238.65 556.78 -243
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Table 9. Field vs. FEA fatigue life comparison.

Gauge Weld Stress Field Fatigue Life FEA Strain  Fatigue Life Fatigue Life Cycle
Number  Class ratio Strain Cycles Submodel 2 Cycles RMS equation
200 E 1 517 -202 845445 556 -243 899885 9,49,838
CONCLUSION of stress intensity factors of cruciform and butt

This Study associates the Stress Life equations
with the Structural finite element analysis of Full
penetration backing strip weld joint to obtain an
effective and simple procedure for finding the fatigue
life of welded joint and compare the obtained results
with the actual experimental results successfully. In
addition to that, the influence of weld geometry
parameters such load, root gap and plate thickness on
fatigue life of full penetration backing strip weld join
is also investigated.

Based on the results, following conclusions are
arrived.

e The regression equation and the Finite Element
results shows very good agreement.

e Equally, local strain gauge measurements near to
weld toe are used to validate the finite element
model for the secondary bending effects due to
manufacturing deficiencies which show that
experimental and finite element analysis could
give different signs also for the presence of a
secondary bending.

¢ Results show that the root gap of 2.5mm is the
optimum value for fatigue life and also it is good
value to achieve the full penetration welding joint
with good root and side wall fusion.

e The Estimation of fatigue life and the normal
stress by using the regression equation without
carrying out the actual experimentation on
assumption of absence of secondary bending will
be very useful for future work.

e The Strain gauge 200, on excavator boom
application, shows very good agreement between
FEA, Field testing and RSM results.

¢ Results comparison between FEA and field testing
indicates that the developed FEA methodology is
very useful to predict the fatigue life at the early
stage of the design which is beneficial to save the
significant cost and time instead of performing
iterative strain gauge testing.
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