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Abstract - Fatigue is the most common cause of
mechanical failure in engineering components. Fatigue
cracks usually initiate at stress concentration features
and such features are almost inevitable in the design of
engineering components. It is observed that the
structural part called as main frame in backhoe loader
by Tata Hitachi (backhoe loader is also called as the
excavator) is found to have cracks at early hours of the
operation. Hence it is required to examine structural
part for the crack initiation, crack growth cycle and
cycle at which fracture takes place. The main objective
of this project is to model, analyze and understand
critical structural part in structural equipment, i.e.
main frame by both theoretical and numerical based
calculations. Primarily this work focuses to identify
different stress levels that may lead to crack initiation.
It is followed by the crack propagation rate and the
cycles at which the fracture takes place in the main
frame.

Fatigue values are used to find S-N curves which
provides information regarding probable cycles at
which crack initiates. The growth rate of crack
propagation is determined using Paris law of crack
propagation. The theoretical results obtained are
compared with numerical results. For numerical
analysis modeling of structural part is done using
SOLID WORKS and analysis part using ANSYS software.
The fatigue life of the given structural component is,
1056 cycles from theoretical stress analysis. Whereas
from ANSYS the estimated life cycle is 10540 cycles. The
mathematical modeling and stress analysis values have
marginal offset of 10%, which is acceptable and may be
due to the other dynamic factors. A scheme of structure
improvement is suggested in order to make the
structural component to withstand high stresses, which
not only improves fatigue life but also can decrease

total deformation of
considerably.

structural  component
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1. Backhoe Loader

The backhoe loader is wheeled machine, having a main
frame- a welded structural frame design at the core to
carry both front loader and rear Backhoe operation. When
the Backhoe operation is performed the machine is
stationary and digs below ground level, when used in the
loader operation (bucket used), the machine dozes loads
through forward motion. The Backhoe loader is shown in
figure 1.1

Figure 1.1 Backhoe loader

A Backhoe work cycle normally comprises excavating,
elevating, swinging and discharging materials. Loader
work cycle normally comprises filling, elevating,
transporting and discharging materials.

These are mainly used in construction are surface mining
for moving crude materials over short distance, but
because of the versatility of the machines, they are also
commonly used for timber loading and similar tasks.

1.1 Main Frame

Main frame is one of the most important parts of the entire
backhoe loader. It acts as a support for various accessories
and mounting of engine, transmission, cab, front axle, rear
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axle, fuel tank, hydraulic tank etc. It consists of various
plates welded together to form the entire structure. It is a
structural part in the Backhoe loader which carries the
critical stresses in working condition. It is learnt that crack
producing in the early hours of the working condition is
leading to total failure of the main frame- A structural
member. Project work hence concentrates on the stresses
acting on the main frame. Main frame is shown in figure
1.2 below.

Figure 1.2 Main Frame

2. Objective of Study

The objectives mainly focusses on theoretical analysis
followed by numerical analysis and their comparison. The
work also is used to suggest modifications to the
mainframe of backhoe loader.

2.1 Theoretical analysis

The fatigue life of the main frame is to be found out by
using S-N curves, using the fatigue stress data provided by
the company. S-N curve gives results on the probable
cycles at which the crack is likely to be initiated on the
structural part. Further growth rate can be calculated
using Paris law of crack propagation. These values explain
the growth rate at which the crack is likely to propagate
from one point to another point.

2.2 Numerical analysis

The main frame is to be modelled on solid works using the
data provided by the Tata Hitachi Company. Further it is
analysed on the ANSYS software for fatigue life and
relevant calculations. These results show the stress
concentration variation, fatigue life, strength of the
structural component.

2.3 Comparison

Comparison between values from theoretical analysis and
the numerical analysis is to be carried out. The results
from the both analysis are compared in order to establish
a relation between both results.

2.4 Scheme of improvement

A scheme of improvement is to be suggested to improve
the fatigue life and strength of the structural component if
results have not shown satisfactory results.

3. Theoretical Analysis

Theoretical analysis include finding the fatigue life of the
structural member using the principal stress values
provided by the company. Using the principal stress
values, cycles at which probable initiation of crack may be
found out. Using Paris law of crack propagation crack

growth rate can be measured. The fatigue stress values
provided by the company are as follows

Data Set 1: maximum stress, d,,.. = 18 MPa
minimum stress, Tp;,, = —2 Mpa

Data Set 2: maximum = stress, T, = 38 MPa
minimum stress, & = —171 MPa

TILLH
Two set of data provided are based on different loading
conditions due to which different fatigue stress data are
generated. First set of data is when the bucket of backhoe
loader is not in loading condition and second set of data is
when the bucket of backhoe loader is in loading condition.
Both set of data are used in theoretical analysis.

3.1 Minimum Stress/Cycle required for Initiation of a
Crack under Working Condition

Given data set 1:

From first set of data maximum stress is 18 MPa and
minimum stress is -2 MPa. It required to find mean stress,
alternating stress to find the endurance limit of the
structural component at particular fatigue stress.

The actual stress values based on measured values are
given. How many cycles of life can be expected if ultimate
yield strength is 841 MPa. Maximum stress Gy, is 18 MFa
and minimum stress Gy, is —2 MPa,

Given that Gyg= 18 MPa Gy = -2 MPa

e e (-2}
\Fmex—Fmind _ 12 — = 10 MPa

Alternating stress, o, =

(Fmar—Tmin) _ (18-20 aMPa
- - i

Mean stress, Ty, =

& &

The corrected endurance limit is given by,
59 = C[Dr.'d Cs[xecsurfcre'fremp Ere[[hser
Endurance limit is defined as maximum value of the
completely reversed bending stress which a standard
specimen can withstand without failure, for infinite
number of cycles.
For steel 5¢' = 0.3 x Sut = 0.5 x 841 = 420.3 MPa
Loading effects axial loading=0.7
Size effects=0.6
Surface effects Csurface = A (Sut)b
=57.7(841)-0718
=(0.4583
Temperature effect, Cromp = 1

Reliability effects, Cypa = 0.733

Therefore corrected endurance limit,
S5e=07=x 045383 x0.6x1x0733x 420.5 = 60.94 MPa

To create S-N diagram we also need a number for
estimated strength at 103 cycles
Sm = 075 x 841 = 630.73 MPa

Assuming Sebegins at 10° cycles,

b= —(1/3)og(Sm/5e) = —(1/3)og(630.75/60.9)
b = —0.3384

Therefore, loa & = log Sm— 3b

=log (630.753) + (3 x0.3384)
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a = 6326.79
Sn = 6326.79 N-0.3384
To find life

S0 = 6526.79 N-03384
10 = 6326.7% N-03384

Log N =8.3176
Therefore, number of cycles the structural component can
withstand before failure is,

N = 1083176
S-N Curves
1000
1)
H
. 00
]
u
b 0
ip~0 1043 1oas 106 108
number of cycles

Graph 3.1: Relation between Number of loading cycles
and maximum stress (S/N Curve)

It is observed from the theoretical analysis that the fatigue
life at maximum stress 18 MPa and minimum stress -2
MPa is 10831 cycles. Hence the structural component is
considered to be safe.

Further a theoretical analysis is carried out at second set
of data which is taken when the bucket of the backhoe
loader is in loading condition. The calculations are as
follows.

Given data set 2:

The actual measured stress values are given. How many
cycles of life can be expected, if maximum stress g,
is 38 Mpa, minimum stress g, is —171 Mpa. And
ultimate yield strength of ms plate is 341 Mpa.
Given that maximum stress, Fmgy = 38 MPa  minimum
stress, Gy = —171 MPa

oy = (Zmetme) _ [99"::‘””’ =104.5 MPa

o = (Tmextimm) = B2UD o 665 1Pa

Corrected endurance limit,

59 = ':[Dr.'d Es[xecsurfcre':remp Ere[[aser
Endurance limit is defined as maximum value of the
completely reversed bending stress which a standard
specimen can withstand without failure, for infinite
number of cycles.

Where 5."=0.5x 841 = 420.5 MPa

Loading effect, axial bending Cjppq = 0.7

Size effect: b=500mm h=10000 mm

Therefore, dqq;=,/A%3/0.0766

A95 = 0.05b x h = 250000

D, i =,/ 250000,/0.0766 = 1806.57 therefore C3z:=0.6
Surface effects, Coyrp = A(5,:)°

= 5707(841)-0718
Courp = 0.4583

Temperature effects, Cremp = 1

Hence, corrected endurance limit,
5:=0.7x0.6x0.458x1x0.753x420.5= 60.890 MPa

To create S-N diagram we also need a number for
estimated strength 5;;at 106 cycles.

Fm= 0.9x5ut= 0.9x841=736.9 MPa
Assuming S. begins at 10 cycles,
L Smd _ L eSS _
= log (5—) = —10g (ZF) = —0.3648

Now, loga = log 5, — 3b

loga = log756.9 — 3(—0.3648)

loga = 3.98

Therefore, a= 9549.92

Expected life 5,,= 9549.92 N-03648

To find life,

5.=9549.92 N-03648

104.5 = 9549.92N — 0.3648

Solving for Expected life N, we get

Expected life is N = 10540 cycles.

At higher stresses the component has a short fatigue life.
For steel, it is found that below the endurance limit
#.material does not fail. The S-N curve for the above data

is given as,

S/N Curve

1000

s0a \—\
N L

iMoo 1003 1005 100 1007 1003
HMo. of Cycles

Stress (MPa)

Graph 3.2: Relation between number of loading cycle
and stress (MPu).

The above graph 3.2 is an approximation curve for the
fatigue life. The predicted life cycle at particular loading
condition is 10541 cycles.

From section 3.1, there are two set of different fatigue
values on which S-N curves, fatigue life are calculated.
Comparing both graphs 3.1 and 3.2, it is observed that the
life of the structural member increases with the decrease
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in the maximum stress value acting upon it. Hence lesser
the value of maximum stress more will be the life of the
structural member. By the theoretical analysis of both set
of data it is observed that at 38 MPa the estimated fatigue
life is 10540 Cycles. At 18 MPa the estimated fatigue life is
10831, Hence at 38 MPa a design modification can be
adopted in order to increase its ability to sustain high life
cycle. And since the estimated fatigue life exceeds a safe
margin, it is considered that the structure is safe at 18
MPa.

4 Numerical analysis

Company has provided the related data to construct a
model which is required to analyze and understand the
critical structural part-Main frame. The main frame is as
shown in the figure 4.1

Figure 4.1 Main Frame

4.1 Modeling of Structure

In this case the given structural member modeled first by
using SOLID WORKS. It is followed by analysis in ANSYS.
SOLID WORKS gives a solid model on which stress
conditions can be applied to measure the actual stresses
acting on the component and locations of the stresses
which are not favorable for the safety of the structural
member in a structure. To analyze the part we need to first
model the part. The following part is modeled using data
provided by the company as shown in figure 4.2

/R

Figure 4.2 Model of structure

This is modeled using SOLID WORKS using the data
provided by the Tata Hitachi Construction equipment
(THCM).

4.2 Analysis of Main Frame

SOLID WORKS is used for modeling the structure. Later
the model is analyzed for the stress conditions, load
positions, behavior of structure, fatigue life etc. With the
help of ANSYS software.

The first set of data describes the bucket in unloading
condition. The maximum stress is 18 MPa and Minimum
stress is -2 MPa. Applying stress conditions on model and
on analysis gives a fatigue life of more than 10831 cycles.
Hence the Structure at this condition is considered to be
safe and it need not be analyzed numerically.

Given Data 2

Stress in the compression is -171 MPa, whereas in tension
it is 38 MPa. And component is assumed to be fixed at the
bottom.

In an ANSYS analysis model is loaded with various kinds of
loads acting on the component. As the load conditions are
already given by the company, loads can be applied as
shown in figure 4.3

Figure 4.3 Component in structural loading

condition

The model is then meshed fine to get the more accurate
results as shown in the figure 4.4

0.400 (m)

Figure 4.4 Meshed component
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Structural analysis is carried out to get results of Fatigue
life. The fatigue life is as shown figure 4.5, and total
deformation of the structural member at given loading
conditions is shown in figure 4.6

0.200

Figure 4.5 Fatigue life of component

08 AM

0.0024973
00021852
0.001873
0.0015608
0.0012487
0.0009365
0.00062433
0.00031217
0 Min

0.200

Figure 4.6 Total deformation

The dark spaces on the component are the probable
locations of fatigue failure as shown in figure 4.5. The total
deformation is higher at the upper portion and almost
zero near the fixed portion of the structural member. The
life varies from minimum 94 cycles to 10°¢ cycles. The
above analysis shows the fatigue life data of the given
structural component at given data conditions. The
theoretical stress analysis of the structural column using
ANSYS is 10¢ cycles, whereas the estimated life cycle is
10540 cycles. The mathematical modeling and stress
analysis values are marginal offset by 10%, which is
acceptable and may be due to the other dynamic factors
Components under such cyclic loading and working in
dynamic condition will have an effect on the load bearing
capacity of the structural part and may lead to fatigue
failure.

Table 4.1: Comparing theoretical values with ANSYS
values

Theoretical values at | Values form ANSYS

Sl no 38 MPa in tension and | at 38 MPa in
171 in compression tension and 171 in
compression
1 10541 106

From the table 4.1, it is observed that the theoretical life
cycle is 10541, whereas expected life cycle from software
analysis is 106 cycles. The deviation is due the dynamic
loading conditions. But critical part is to be modified for
the improvement in the life cycles and better strength of
the component.

For another set of data provided by the company is that 18
MPa in tension and -2 MPa in compression. By theoretical
analysis it is clear that fatigue life of the component at
particular data is satisfactory. Hence the ANSYS analysis is
not covered

5 Scheme of Structure Improvement

As discussed the component fails at 106 cycles as
calculated from numerical analysis and it fails at 10540
cycles as calculated from theoretical analysis on second
set of data, which is not acceptable for the design criteria.
Hence the modification of the critical structure is taken
into consideration to increase the fatigue strength and
thereby improvement in the fatigue life of the component.
It is known that the application of strips may reduce the
fatigue stress acting and these lead to further
improvement in it mechanical properties. Hence a strip is
added to the model where the stress is higher than the
safe stress. Generally there are several methods to arrest
the crack. They are as follows.

5.1 Support of Strip plate on Main Frame

A strip plate can be used to arrest the crack in a structural
component as discussed earlier. Hence it can also be used
to support the critical structural member to withstand the
fatigue failure. And it helps in increasing the strength of
material thereby improving the fatigue life of the
component. The strip plate is attached to the critical
structural member to the inside face, where the
probability of the fatigue failure is high, as shown in the
figure 5.1

Z

7N
@
0.300 (m) =
/S £

Figure 5.1 Small strip plate attached to component
Analysis is done on this model to check its fatigue life and
total deformation. Fatigue life of the modified component
is as shown in the figure 5.2 and total deformation as
shown in figure 5.3
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Figure 5.2 Fatigue life of striped component
It is clear from the figures 5.2 that after attaching the strip
plate the fatigue life increases considerably. Comparing
figures 4.5 and figure 5.2 it is observed that the minimum
cycles at which the component may fail at early hour’s
increases from 93 cycle to 100 cycles

B/4i2015 1:33

Figure 5.3 Total deformation of striped
component
Comparing figure 4.6 and figure 5.3 it is seen that the total
deformation of the critical member is decreased from
0.0028 mm to 0.0025 mm, which shows that the strip
plate not only increases fatigue life but also the strength of
the component.

CONCLUSION

Tata Hitachi had facing a design related problem with
main frame in the backhoe loader. Cracks are generated on
the main frame at early hours of operation. These cracks
further were cause for the failure of the main frame. Hence
the task is to reveal cause for the generation of the cracks
on main frame. For that finding the fatigue life of main
frame is necessary. Endurance limit, and total deformation
are calculated.

A procedure has been followed which include finding
fatigue results using theoretical analysis, and numerical
analysis. Then a comparison is made between theoretical
and numerical analysis. Further a modification is
suggested to improve the mechanical properties of the
main frame.

Conclusions on theoretical analysis

A theoretical analysis is carried out to determine the
endurance limit and fatigue life of main frame structure.
To compare the fatigue life two set of data are used which
are provided by the company.

1. First set of data is obtained when the backhoe
loader is not in loading condition. The maximum
stress is 18 MPa and minimum stress is -2 MPa.
The fatigue life calculated is 10831 cycles. Hence
the structural component is considered to be safe.

2. Second set of data is obtained when the backhoe
loader is in loading condition. When a maximum
stress 38 MPa and minimum stress -171 MPa is
used for calculation the fatigue life is 10540 cycles,
which is not acceptable according to design
criteria. Hence the modifications on structure can
be made to improve its mechanical properties

This study proved, as the stress is reduced, the ability of
the structural members to withstand cyclic operation load
improves.

A case study on crack propagation life is done using Paris
law which showed, as the maximum stress reduces crack
propagation life Np also increases. With the maximum
stress increasing, critical length of the fracture decreases.
Conclusions on numerical analysis

The numerical analysis is done using the model created on
Solid Works using 2-d dimensions available at the
company.

The theoretical stress analysis of the structural column
using ANSYS is 106 cycles, whereas the estimated life cycle
is 10540 cycles. The mathematical modeling and stress
analysis values are marginal offset by 10%, which is
acceptable and may be due to the other dynamic factors.
Modeling and stress analysis of the structural member
showed that key stress acting areas in the structural
member subjected to this study which is in-line with the
loading pattern.

Scheme of modification

To improve the fatigue life and decrease the total
deformation of the structural component a strip plate is
included in the model, which on analysis showed better
results on increased endurance limit of the component.

It is seen that the total deformation of the critical member
is decreased from 0.0028 mm to 0.0025 mm, which shows
that the strength of the main frame is increased. And an
increase in fatigue life of more than 106 cycle.
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