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or stress (FAA, 2000). Strain or stress failure criteria are
different depending on whether they are considered as brittle or
ductile materials. The difference between brittle and ductile
material behaviors is determined by their response to a uniaxial
stress‐strain test (A. Pineau a, 2015).

Abstract
There are several centrifugal pump shaft failures due to
backpressure and that has led to random breakdown in most
pump industries. Researchers and engineering have made
several attempts in designing a better centrifugal pump shaft
that can withstand backpressure. In the current paper a
centrifugal pump shaft is designed to withstand backpressure
by modeling the stress and strain on the shaft during
backpressure. The tool of Auto desk fusion 360 was used to
analyze the relationship between back pressure intensity, stress
and strain when the shaft is constrained on the drive end bearing
and non-drive end bearing using frictionless constrain at
extreme back pressure.

For stable design, it is important to look at the maximum shear
stress theory (M.S.S.T) of shaft during backpressure that often
led to material fatigue and failure. The maximum shear stress
theory in a shaft is also termed as Guest and Tresca’s theory
and this theory is used mostly in ductile materials (Abdul,
2019). According to the theory of maximum shear stress, the
failure of a centrifugal pump shaft due to back pressure will
occur when the maximum value of shear stress developed in the
body exceeds the limiting value of shear stress and strain during
operation. This failure rate or fatigue rate can be predicted from
the fundamental stress and strain relationship which revealed
material plasticity and elasticity during stress and strain process
given by Fig.1.

The following facts were revealed after empirical modelling
and simulation of the major parameters or variable of stressstrain relationship. The pump shaft shows low possibility of
failure rate at the keyway slot. As the shaft was subjected to
more stress and strain the due to increase in back pressure the
initial failure zone in the material start propagating throughout
the shaft spindle. As the stress intensity increases the material
experience high stress and strain intensity and the possibility
that the material can experience fatigue and failure start
increasing. The obtained results revealed that the material stress
is linearly related to strain by Hooke's law. The results revealed
a straight line until to the yield strength of 207MPa is attained.
The modelled shaft deigned in this study can withstand
backpressure and the possibility of material failure due to
material fatigue is very limited.
Keywords: stress, strain, failure, fatigue, centrifugal pump, and
backpressure

Figure 1. Stress and strain relationship for a ductile material
(Roylance, 2001)
I.

INTRODUCTION

Where A is proportionality limit; up to this point hooks law
remain valid during stress and strain process, B is the elastic
limit, up to this point the deformation will be elastic, C is lower
yield stress, D is the ultimate stress, it is the maximum value of
stress in stress, strain diagram and E is the fracture point, up to
this point the shaft material will have only elastic & plastic
deformation ,but at this point fracture or rupture take place.
If maximum value of shear stress and strain developed in the
centrifugal pump shaft exceeds the value of shear stress
corresponding to the point D, failure will take place. Therefore,
to avoid the condition of failure of the shaft, maximum value
of shear stress and strain developed in the shaft must be below
than the value of shear stress corresponding to the point D.

Shaft Fatigue is a form of failure that occurs in centrifugal
pump shaft due to dynamic and fluctuating stresses. It is
possible for a shaft failure to occur at a stress level considerably
lower than the tensile or yield strength for a static load
(AZEEZ, 2013). Shaft Fatigue is also a failure that normally
occurs after a lengthy period of repeated stress or strain cycling
(Gedney, February 1, 2019). Shaft Fatigue is important in as
much as it is the single largest cause of failure in centrifugal
pumps during operation and most studies shown that most of
centrifugal pump fails due to shaft fatigue (Ali Naeem Odaa,
2017). Centrifugal pump shaft fail under various modes as
determined by buckling, deflection, natural frequency, strain,
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Hook’s law state that within elastic limit, stress applied over an
elastic shaft material will be directionally proportional to the
strain produced due to external applied stress due to loading.

properties (stress and strain) exceed the design ultimate tensile
strength (Sut) and yield strength (Syt) due to backpressure
leading to fatigue and failure that are unpredicted. Researchers
have not done significant study on centrifugal pump shaft and
material failure due to high stress and strain during
backpressure that often leads to fatigue. Most studies on
centrifugal pump shaft defects prediction focus on cavitation
and Net positive suction or Thomas cavitation with designing a
proper shaft that can withstand stress and strain during
backpressure. These has often led to several fatigue problem in
a centrifugal pump shaft due to backpressure. In this study the
stress and strain process in a centrifugal pump shaft during
backpressure are modelled theoretically and computed with an
Auto desk fusion 360. The modelling and computation are
subjected to back pressure intensity, stress and strain when the
shaft is constrained to a drive end bearing and non-drive end
bearing using frictionless constrain at extreme back pressure.

Material stress is a measure of the force per unit area acting on
a plane passing through the point of interest in a centrifugal
pump shaft (Richard Leach, 2018) . Strains are multiplied by
shaft material properties to define a new physical quantity and
the stress, which is directly proportional to the strains display
the distortional energy failure theory which is usually called the
Von Misses stress, or effective stress. The von misses effective
stress is compared to the material yield stress for ductile
materials and for brittle materials higher safety factor must be
used. Failure is mostly predicted to occur based on the
distortional energy stored in the centrifugal pump shaft material
and when the von Misses value reaches the yield stress. The
maximum shear stress is predicted to cause failure when it
reaches half the yield stress of the shaft (Akin, 2009) and
distortion of energy and failure may take place.
Distortion energy theory for centrifugal pump shaft fatigue
failure are always analysis using maximum stress values due to
the system combined loading of bending and torsion during
operation. Distortion energy theory are used to predicts failure
in a shaft especially in materials that are ductile. Most design
computation and modelling involved theory that are more
complicated as compared to other theories of failure.
According to the distortion energy theory, there are two types
of problems in fatigue design- components which are subjected
to completely reversed stresses leading to material strain, and
components subjected to fluctuating stresses which leads to
material straining, where the mean stress being zero in case of
completely reversed stresses. In a centrifugal pump shaft
experiencing backpressure such stress due to fluctuation causes
a straining problem in the shaft during operation and this often
leads to material fatigue and failure in the shaft during
operation. In most cases during centrifugal pump operation,
backpressure causes fluctuating stresses leading to subsequent
straining and shaft failure. There are mean stresses in the shaft
during operation that causes mean strain, the centrifugal pump
shaft mean stresses and straining can be purely tensile, purely
compressive or mixed depending upon the magnitude of mean
stress and strain subjected to the shaft during backpressure. In
the past such problem can be controlled using modified
Goodman diagram (Bhandari., 2010). The main setback faced
is lack of proper study on the theory of centrifugal pump shaft
failure during straining process when the shaft is subjected to
backpressure.

II.

METHODOLOGY

To model the condition for shaft design safety during
backpressure that causes high stress and straining that often led
to
material
fatigue,
the
principal
stress
maximum principal stress(σ1 ) ≤ permissiblestress(σper )
given as σper =

failure stress

factor of safety

=

𝑠yt
N

or

sut
N

are often used in the

modelling and computational process. For safety condition the
maximum principal stress should hold on the following
𝑠yt
s
condition given as σ1 ≤ or ut. This Theory are more
N
N
suitable for the safe design of centrifugal pump shaft made from
brittle materials under varying loading conditions such as triaxial, biaxial and hydrostatic stress because brittle materials are
weak in tensioning, unsuitable in any safe design of machine
components made of ductile materials because ductile materials
are weak in shear due to high stress and strain process. This
theory can be suitable for the safe design of machine
components made of ductile materials under following state of
stress conditions such as uniaxial state of stress given as (
σ
𝜏𝑚𝑎𝑥 = 1), biaxial state of stress when principal stresses is
2

σ

given as ( 𝜏𝑚𝑎𝑥 = 1) and hydrostatic stress condition (shear
2
stress and strain in all the planes is zero). The condition for
failure during back pressure defined the maximum shear stress
induced at a critical point under triaxial combined stress must
be greater than the yield strength in shear under tensile given as
𝜏𝑚𝑎𝑥 > 𝑠ys 𝑜𝑟

The theory of failure during back pressure help us to determine
the safe dimensions of a centrifugal pump shaft when it is
subjected to combined stresses and strain due to various loading
condition during back pressure. From such combined stresses
and straining the theories of failure during back pressure can
applicable in proper designing of a centrifugal shaft that are
impacted by material stresses and straining that leads to
material fatigue and failure when subjected to combined
loading conditions. The theory of failure during back pressure
will play a key role in establishing the relationship between
stresses induced under combined loading conditions, straining
due to the combined loading condition which impacts material
stability during backpressure. In most causes the material

𝑠yt

[1]

N

The condition for safe design during back pressure can be
defined by looking at the condition of failure during back
pressure given as the 𝐌𝐚𝐱𝐢𝐦𝐮𝐦 𝐏𝐫𝐢𝐧𝐜𝐢𝐩𝐚𝐥 𝐬𝐭𝐫𝐚𝐢𝐧 (𝛆𝟏 ) >
𝐘𝐢𝐞𝐥𝐝𝐢𝐧𝐠 𝐬𝐭𝐫𝐚𝐢𝐧 𝐮𝐧𝐝𝐞𝐫 𝐭𝐞𝐧𝐬𝐢𝐥𝐞 𝐭𝐞𝐬𝐭 (𝛆 𝐘𝐏 )𝛆𝟏 >
𝒔
(𝛆 𝐘𝐏 )𝐨𝐫 𝒚𝒕 𝒘here E = Young’s Modulus of Elasticity. The
𝐄
condition for safe design during back pressure
Maximum Principal strain ≤ Permissible strain is given as
Permissible strain =
Yielding strain under tensile test
Factor of safety
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ε1 ≤

𝑠𝑦𝑡

𝟏

[3]

𝜀2 = [𝜎2 − 𝜇(𝜎1 + 𝜎3 )]

The Tri-axial state and Bi-axial state during shaft operation are
given as

𝜀3 = [𝜎3 − 𝜇(𝜎1 + 𝜎2 )]

𝟏
E

EN

[𝜎1 − 𝜇(𝜎2 + 𝜎3 )] ≤

[𝜎1 − 𝜇(𝜎2 + 𝜎3 )] ≤

𝑠𝑦𝑡
EN

𝑠𝑦𝑡
N

E
𝟏

E

[𝜎1 − 𝜇(𝜎2 )] ≤

Where E is the young’s modulus in the system during operation
and from equation (9 -11) the principal equation of shaft strain
rate during backpressure can be defined as

[5]

𝜀1 =

𝑑𝑡 E

𝜀2 =

𝑑𝑡 E
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N

III.

The strain energy per unit volume can be given as
Strain energy per unit volume up to Elastic limit (E. L) =
[7]

The tri-axial strain energy during operation can be defined as
Total Strain Energy per unit volume(T. S. E./vol) =
1

𝜎 .𝜀
2 1 1
𝟏

𝜀1 = [𝜎1 − 𝜇(𝜎2 + 𝜎3 )]
E

1

1

2
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+ 𝜎2 . 𝜀2 + 𝜎3 . 𝜀3

𝑑
𝑑

𝟏

( [𝜎1 − 𝜇(𝜎2 + 𝜎3 )])
𝟏

( [𝜎2 − 𝜇(𝜎1 + 𝜎3 )])
𝟏

( [𝜎3 − 𝜇(𝜎1 + 𝜎2 )])

[12]
[13]
[14]

RESULTS AND DISCUSSION

An Auto desk fusion 360 was used in the current study to
analyze the strain the shaft experienced during backpressure.
The material strain revelaled a change in length of the pump
shaft from original length due to induced backpressure during
operation as shown in Fig. 2 to Fig. 10. The material
proportionality constant depends on the shape and composition
of the pump shaft and the direction of the back pressure during
operation. During simulation process, the force due to
backpressure was induced on the pump shaft leading to material
fatigue and failure due to abnormal stresses and strain as shown
in Fig. 2 to Fig. 10. In the current study, the stress and strain
that lead to subsequent material deformation due to
backpressure was computed and simulated in 3 direction (X, Y
and Z). Deformations that are applied perpendicular to the cross
section are normal strains, while deformations applied parallel
to the cross section are shear strains. To analyze the obtained
results revealed in the study, different colors are used and these
color depicts different material failure mode as shown in
table 1.

Strain energy per unit volume at yield point.

𝜎 .𝜀
2 E.L E.L

𝑑

Equation (1-14) are solved simultaneously with an Auto desk
fusion 360 when the shaft was subjected to back pressure
intensity, stress and strain and the shaft was constrained to a
drive end bearing and non-drive end bearing using frictionless
constrain at extreme back pressure and the following results are
revealed as discussed in the study.

From equation (4) to (6) the total strain and strain energy can
be computed in the shaft during backpressure. The total strain
Energy theory or Beltrami-Haigh predicts the failure of a
centrifugal pump shaft subjected to any combination of loads
when the strain energy per unit volume of any portion of the
stressed member reaches the failure value of strain energy per
unit volume as determined from an axial or compression test of
the same material. The total strain energy per unit volume is
given by the sum of the energy component due to three
principal stresses and strains. The condition of failure during
back pressure is given as Total Strain Energy per unit volume >

1

[11]

[4]

Bi-axial state, 𝜎3 = 0
𝑠𝑦𝑡

[10]

[8]

[9]

Table 1: Material failure mode classification during simulation process
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and material failures are being initiated but at the very low rate
and therefore the material is stable with little possibility of
fatigue and failure during backpressure. As the stress intensity
increases from Fig. 3 to Fig.10 the material experience high
stress and strain intensity and the possibility that the material
can experience fatigue and failure start increasing. From the
observed results the material revealed different growth of initial
failure modes from the key zone where the stress intensity in
the material is very high and the stress and strain start
propagating externally. The modelled shaft deigned in this
study can withstand backpressure and the possibility of
material failure due to material fatigue is very limited as shown
in Fig. 2 to Fig. 10.

From table 1 it is shown that different failure rate is normally
observed due to varying loading condition of stress and strain
during backpressure. The color description presented on table
1 as revealed by an Autodesk fusion 360 revealed five different
colors. The blue color revealed negligible failure in the shaft
during operation. Green revealed the possibility of failure but
at a low failure rate during operation. Green is the initiation
phase in material failure during backpressure. Yellow revealed
a possibility of medium failure due to the initiation of failure
revealed by green. The orange represents a possibility of high
failure occurrence during backpressure and red revealed
extreme failure mode due to backpressure. Figure 2 revealed
the shaft being subjected to a backpressure of 10 MPa and the
material starts to suffer from stress that increases material strain

Figure 2 Strain effect on the shaft at a stress of 10 MPa during backpressure

Figure 3 Strain effect on the shaft at a stress of 20 MPa during backpressure

Figure 4 Strain effect on the shaft at a stress of 30 MPa during backpressure
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Figure 5 Strain effect on the shaft at a stress of 40 MPa during backpressure

Figure 6 Strain effect on the shaft at a stress of 50 MPa during backpressure

Figure 7 Strain effect on the shaft at a stress of 60 MPa during backpressure

Figure 8 Strain effect on the shaft at a stress of 70 MPa during backpressure
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Figure 9 Strain effect on the shaft at a stress of 80 MPa during backpressure

Figure 10 Strain effect on the shaft at a stress of 90 MPa during backpressure

Figure 10 Strain effect on the shaft at a stress of 100 MPa during backpressure

The results shown in Figure 2 to Figure 10 revealed an icrease
in backpressure during pump operation have an impact on
gradually change of length especially on the shaft spindle. It is
observed that the green color are being destributed on the
surface area of the spindle showing low strain on the pump
shaft and the key way duirng operation. That is the critical zone
experiencing high change in length represented by a red dot
showing extreme strain ranging from 1.74e-05 to 0.001744.

The more back pressure is increased the higher the strain on the
zone experiencing maximum stress and strain and the
possibility of material failure increases. The observed results
shows that strain is directly proportional to back
pressure,meaning when the back pressure is increased to high
rate, the higher the pump shaft will strain and the posibility of
material fatigue and subsequent failure increases.
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relationship between back pressure and pump shaft strain
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Figure 11 Strain effect on backpressure during operation
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Figure 12 Stress effect on strain during backpressure

The obtained results in Fig.11 and Fig.12 revealed that the
material stress is linearly related to strain by Hooke's law. The
proportionality of the relationship is acknowledged as the
material's elastic modulus due to increase straining on the
material during backpressure. If the back pressure is small the
ratio of the stress and strain will remain proportional as shown
in Fig.11 which revealed linear relationship between stress and
backpressure. At this stage there is no possibility of material
experiencing fatigue and failure during operation. The results
revealed by Fig.11 revealed a straight line until to the yield
strength of 207MPa is attained but since we are dealing with
highly gradually increased back pressure, pump shaft will
experience elastic deformation but the ratio of stress and strain
will not be proportional meaning beyond elastic limit, the pump
shaft will experience plastic deformation. Figure 12 revealed an
increased in stress led to an exponential increase in material
straining, not the shaft does not experience plasticity during
backpressure. Therefore, the design shaft can withstand
backpressure during operation.

IV.

CONCLUSION AND RECOMMENDATION

The aim of this paper was to study the stress and strain in a
centrifugal pump shaft during backpressure. To achieve the aim
of the study the relevant models for stress and strain were
established under defined sets of condition. The derived models
where analyse and simulated theoretically with an Auto desk
fusion 360 and the following results were revealed. It was
shown that the pump shaft shows low possibility of failure rate
at the keyway slot. It was also shown that as when the shaft was
subjected to more stress and strain the due to increase in back
pressure the initial failure zone in the material start propagating
throughout the shaft spindle. It was also revealed that as the
stress intensity increases the material experience high stress
and strain intensity and the possibility that the material can
experience fatigue and failure start increasing. It was however
revealed that that the material stress is linearly related to strain
by Hooke's law. It could be concluded that modelled shaft
deigned in this study can withstand backpressure and the
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Goran Vukelic 1, *. a. (2016). Predicted Fracture Behavior of
Shaft Steels with.

possibility of material failure due to material fatigue is very
limited.
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