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Abstract

Crane Hooks are highly liable components and are always subjected to failure due to accumulation of large
amount of stresses which can eventually lead to its failure. To study the stress pattern of crane hook in its
loaded condition, a solid model of crane hook is prepared with the help of CMM and CAD software. Real
time pattern of stress concentration in 3D model of crane hook is obtained. The stress distribution pattern is
verified for its correctness on an acrylic model of crane hook using Diffused light Polariscope set up. By
predicting the stress concentration area, the shape of the crane is modified to increase its working life and

reduce the failure rates.
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1. Introduction

Crane Hooks are highly liable components that are typi-
cally used for industrial purposes. It is basically a hoist-
ing fixture designed to engage a ring or link of a lifting
chain or the pin of a shackle or cable socket and must
follow the health and safety guidelines [1-4]. Thus, such
an important component in an industry must be manu-
factured and designed in a way so as to deliver maximum
performance without failure. Thus, the aim of the project
is to study the stress distribution pattern of a crane hook
using finite element method and verify the results using
Photo elasticity.

2. Failure of Crane Hook

To minimize the failure of crane hook [5], the stress in-
duced in it must be studied. Crane is subjected to con-
tinuous loading and unloading. This causes fatigue of the
crane hook but the fatigue cycle is very low [6]. If a
crack is developed in the crane hook, it can cause frac-
ture of the hook and lead to serious accident. In ductile
fracture, the crack propagates continuously and is more
easily detectible and hence preferred over brittle fracture.
In brittle fracture, there is sudden propagation of the
crack and hook fails suddenly [7]. This type of fracture is
very dangerous as it is difficult to detect.

Strain aging embrittlement [8] due to continuous
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loading and unloading changes the microstructure.
Bending stress and tensile stress, weakening of hook due
to wear, plastic deformation due to overloading, and ex-
cessive thermal stresses are some of the other reasons for
failure. Hence continuous use of crane hooks may in-
crease the magnitude of these stresses and ultimately
result in failure of the hook.

3. Methodology of Stress Analysis

The analysis is carried out in two phase: 1) Finite ele-
ment stress analysis of an approximate (acrylic) model
and its verification by photo elasticity theory 2) Analyti-
cal analysis assuming hook as a curved beam and its
verification using Finite element analysis of the exact
hook. To establish the finite element procedure a virtual
model similar to the acrylic mode is prepared in ANSYS
and the results of stress analysis are cross checked with
that of photo elasticity. After establishing the procedure a
virtual model similar to actual crane hook sample is cre-
ated using CAD software and the results of finite element
analysis are now verified with that of analytical method.

4. Finite Element Analysis (FEA)
Finite element method [9,10] has become a powerful tool

for numerical solution of a wide range of engineering
problems. For the stress analysis of the acrylic model of
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crane hook the outer geometry or profile of the model is
drawn in ANSYS 11.0. It is then extruded to 9.885 mm
to form a 3-D model of hook. Here 9.885 is the average
thickness of the model. Material properties and element
type are fed and the model is meshed using smart size
option with the global size of the element as 3. Loading
and constraint are applied to the meshed model as shown
in the Figure 1 and the finite element model is then
solved. Principal stress and von mises stress patterns are
thus obtained as shown in Figure 2.

5. Theory of Photo Elasticity

For the verification of the results obtained from FEM,
the experimentation is conducted using the concept of
photo elasticity. The concept is used to determine stress
distribution and stress concentration factors in irregular
geometries. The method is based on the property of bire-
fringence, which is exhibited by certain transparent ma-
terials. Birefringence is a property by virtue of which a
ray of light passing through a birefringent material ex-
periences two refractive indices. Thus, a crane hook
model made out of such material is selected for the.
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Figure 2. Principle stresses in the model.
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study. The model has geometry similar to that of the
structure on which stress analysis is to be performed.
This ensures that the state of stress in the model is simi-
lar to that of the structure.

5.1. Stress Optic Law

When plane polarized light passes through a photo elas-
tic material, it resolves along the two principal stress
directions and each of these components experiences
different refractive indices [11]. The difference in the
refractive indices leads to a relative phase retardation
between the two component waves. The magnitude of
the relative retardation is given by the stress optic law:

R=Ct(0y,—0y,)

where R is the induced retardation, C is the stress optic
coefficient, ¢ is the specimen thickness, oy, is the first
principal stress, and o,; is the second principal stress.

The two waves are then brought together in a po-
lariscope set up. Thus, the state of stress at various points
in the material can be determined by studying the fringe
pattern.

Calibration of disc is done to find the material fringe
value f;. An acrylic model of disc is taken and subjected
to compressive load in the circular polariscope setup.
Figure 3 shows fringe pattern on a loaded disc. Values
of loads are noted down for various fringe orders

Using the formula f, = 8P/sDN = 11.15
where P = Load applied at particular fringe value,

N = Fringe order at corresponding load
D = diameter of the disc =7.01 cm

Figure 3. stress pattern of photo elastic model under so-
dium light.
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Stress magnitude at a point is given by: (g1 — 02)/2 =N
St
where o, = major principal stress, o, = minor principal
stress, ¢ = thickness of hook.

6. Results

For the approximate model of crane hook, stresses in-
duced during finite element analysis are compared with
that of photo elasticity experiment. For the acrylic model
of crane hook the results are as under:

ANSYS v/s Experimental

As shown in Figure 4, maximum principal stress
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Figure 4. Stress distribution pattern for acrylic model (a)
Using fem; (b) Using photo-elasticity.
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value obtained from ANSYS = 12.35 N/mm” while that
obtained experimentally = 11.121 N/mm®. The results are
closely in agreement with a very small percentage error =
5.76%.

Possible reasons for variation might be due to the fact
that it is difficult to find the magnitude of stress exactly
on the plane of the fringe closest to inner surface and
thus the value 12.35 may not be accurate. Figure 5
shows the exact location of maximum stress on the ap-
proximate model of crane hook as obtained from AN-
SYS software.

The above results confirm that the FEA procedure is
well established and can be used for complex and accu-
rate models also. Hence in the second phase of the study,
analytical calculations are carried out for the exact model
of crane hook and the results are validated from that of
ANSYS.

7. Analytical Method

Since the crane hook is a curved beam [12], simple the-
ory of bending for shallow, straight beam does not yield
accurate results. Stress distribution across the depth of
such beam, subjected to pure bending, is non linear (to
be precise, hyperbolic) and the position of the neutral
surface is displaced from the centroidal surface towards
the centre of curvature. In case of hooks as shown in
Figure 6, the members are not slender but rather have a
sharp curve and their cross-sectional dimensions are
large compared to their radius of curvature.

Figure 5. Variations due to limitations.
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Neutral Surface
Centroidal Surface

b= d¢

Figure 6. Curved beam with its cross section area.
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The strain is clearly zero at the neutral axis and is
maximum at the outer radius of the beam. Using the rela-
tionship of stress/strain = E, the normal stress is simply.

()":Ee;"zE(r—rn)ﬁ
re
The location of the neutral axis is obtained by equating

the product of the normal stress and the area elements
over the whole area to 0
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Therefore,

The stress resulting from an applied bending moment
is derived from the fact, that the resisting moment is
simply the integral of the product of moment arm over
whole section from the neutral axis and odA. The maxi-
mum stress occurs at either the inner or outer surface.

The centroid of the section is

1
=—|rd4
" A{f

Therefore,

M=Ed7¢¢Ae (wheree=r, —r,)
M= roAe

r—r,

M(r- _
o= (r=n)__-M.y (where y=r, —r)

cde Ae(r,—y)

The maximum stress occurs at either the inner or outer
surface:
Stress at inner surface

M.
o, = ,
Aeur,
Stress at outer surface
M.,
o, = .
Aer,

The curved beam flexure formula is in reasonable
agreement for beams with a ratio of curvature to beam
depth (r./h) > 5 (rectangular section). As this ratio in-
creases, the difference between the maximum stress cal-
culated by curved beam formula and the normal beam
formula reduces. The above equations are valid for pure
bending. In case of crane hooks, the bending moment is
due to forces acting on one side of the section under con-
sideration. For calculations the area of cross section is
assumed to be trapezoidal [13]. Values of stresses as
shown in Figure 7 are found out at the A-A section as it
is the section where maximum stress is induced.

8. Finite Element Method for the Exact
Model

A crane hook prepared by forging, as shown in Figure
8(a), is procured for the modeling in ANSYS software.
Using digital Coordinate Measuring Machine (CMM) the
cloud points are obtained and the model is prepared in
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Figure 7. Analysis of crane hook.

Pro-E software. The virtual model prepared in Pro-E
software is imported in ANSYS environment. Following
the steps of FEM as discussed earlier the stress analysis
is conducted for the actual model in ANSYS environ-
ment and the results are obtained. Figure 8(b) shows the
magnitude and location of stress.

9. Results

The induced stresses as obtained from analytical calcula-
tions, explained in the Section 7, are compared with re-
sults obtained by FEA software.

ANSYS v/s analytical

Max value obtained analytically=12.35 N/mm* while
value obtained from ANSYS = 13.372 N/mm’

The results are in close harmony with a small per-
centage error = (13.372 — 12.35)/12.35=8.26%

Possible reasons for variation might be the due to the
assumption that 1) Loading is considered as point load-
ing in analytical calculation while it is taken on a bunch
of nodes in ANSYS. 2) Cross sectional area is assumed
to be trapezoidal and 3) Plane sections remain plane after
deformation.

Using analytical calculations the stress variation yields
the results as shown in Figure 9.

Maximum tensile stress is 150.72 N/mm® on the inner
surface of the crane hook and on the outer surface of the
hook, compressive stress is 44.23 N/mm®. As shown in
Figure 9, the stress goes on decreasing from a max value
to zero and again increases from zero to a certain value.
Innermost point of section:

e Max stress by ANSYS= 135.46 N/mm’; Max stress
analytically= 150.72 N/mm’

e % error=(150.72 — 135.46)/135.46 = 10.12%

e Outermost point of A-A section:

e Stress by ANSYS= 43.728 N/mm’; Stress analyti-
cally = 44.23 N/mm?;

e % error = (44.23 —43.728)/43.728 = 1.01 %
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(b)

Figure 8. (a) Actual crane hook; (b) Stresses obtained using
fem.

S}

. 158.72 N/mm’

£ 4423 N/mm’

Figure 9. Variation of Stress with depth for the actual
model.
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e Reasons for variation:

Various assumptions made during the analytical cal-
culations (discussed earlier).

Profile of the hook obtained from Pro-E Modeling
software may not be exactly the same as actual one.

10. Conclusions

The complete study is an initiative to establish a FEA
procedure, by validating the results, for the measurement
of stresses. For reducing the failures of hooks the estima-
tion of stresses, their magnitudes and possible locations
are very important. Analytical calculation becomes com-
plex as the newer designs are too complicated.

Suggestions to reduce failure

Manufacturing process: Forging is preferred to casting
as the crane hooks produced from forging are much
stronger than that produced by casting. The reason been
in casting the molten metal when solidifies, it has some

(®)

Figure 10. (a) Hook with Material Removed; (b) Hook with
Material Removed.
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residual stresses due to non uniform solidification. Thus
casted crane hooks cannot bear high tensile loads.

Grain size: The stress bearing capacity depends on the
homogeneity of the material i.e. the relative sizes of the
grains in various areas of the component. Smaller the
grain size better is the stress bearing capacity. So grain
refinement process such as normalizing is advisable after
forging.

Processes such as welding should be avoided as they
increase the stress concentration points which eventually
lead to failure.

Removal of metal from the hook body is not feasible
as it increases the amount of stresses in the hook. This is
validated by the following illustration:

It is clear from the Figure 10(a) that removal of a
small amount of material from minimum stress concen-
tration areas increases the stress slightly though reducing
the cost of material.

The Figure 10(b) validates the fact that when consid-
erable amount of material is removed stresses increase
by a good enough margin which is not at all feasible.

Design improvement: From the stress analysis we
have observed the cross section of max stress area. If the
area on the inner side of the hook at the portion of max
stress is widened then the stresses will get reduced. Ana-
lytically if the thickness is increased by 3 mm, stresses
are reduced by 17%. Thus the design can be modified by
increasing the thickness on the inner curvature so that the
chances of failure are reduced considerably.
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o = normal stress; ¢ = strain; £ = Modulus of Elasticity;
A = area of whole section; e = eccentricity; M = Bending
Moment; y = distance from neutral axis; ¢, = distance of
neutral axis from outer surface; ¢; = distance of neutral

Copyright © 2011 SciRes.

sis,” Springer Publisher, New York, 1993.

[12] Curved Beam Analysis.
http://www.roymech.co.uk/Useful Tables/Beams/Curved
_beams.html

[13] H. A. Rothbart, “Mechanical Design Handbook: Meas-
urement, Analysis, and Control of Dynamic Systems,”
McGraw-Hill, Columbus, 2006.

axis from inner surface; » = radius of curvature at any
distance

r, = radius of curvature at neutral axis; . = radius of
curvature at centroidal axis; », = radius at the outer sur-
face; r; = radius at the inner surface
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