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ABSTRACT
This paper deals with the numerical investigation of ratcheting on a rectangular beam and develops a ratchet diagram for bendingbending loading conditions. A dynamic nonlinear elastic-plastic finite element analysis was used to evaluate the occurrence of
ratcheting. Two kinds of loads were applied on the beam -primary loading and cyclic secondary loading. Distributed load on the
upper part of the cantilever beam acts as a primary load and cyclic displacement load at the free end of the beam act as cyclic
secondary loading on the beam. To find the ratcheting effect on the beam, Abaqus FEA software was used. In this paper, the
numerical analysis results are verified by the analytical results of Yamashita et al.’s bending-bending ratcheting. The effect of
frequency on the occurrence of ratcheting was also investigated. Finally, a ratcheting diagram for bending-bending loading has
been proposed.
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1. Introduction
Ratcheting is a dynamic cyclic inelastic
deformation or strain that can occur in a segment that is
exposed to varieties of mechanical load, thermal load, or
both [1]. It is a failure of material that can also occur by
dynamic loading or seismic loading [2]. Ratcheting is a
universal failure. It's anything but a failure at a point. A
ratcheting issue includes stress limits that endure changeless
steady development in measurements per cycle, which is
typically brought about by cyclic temperature that developed
bending stresses in pressure-containing walls. J. Bree in
1967, [3]described ratcheting as "Unsymmetrical cycles of
stress between prescribed limits will cause progressive
‘creep’ or ‘ratcheting’ in the direction of the mean stress".
Concerning material behavior, ratcheting is a conduct
wherein plastic distortion amasses because of cyclic
mechanical or thermal stress. Ratcheting is a dynamic,
gradual inelastic distortion portrayed by a move of the stressstrain hysteresis circle along the strain axis [4]. At the point
when the amplitude of cyclic stresses increased as far as
possible, the plastic misshaping that happens continue
gathering clearing route for a cataclysmic failure of the
structure. Nonlinear kinematic hardening which happens
when the stress state arrives at the yield surface is
considered as the fundamental component behind ratcheting.
A few components impact the degree of ratcheting including
stress amplitude, mean pressure, load condition, stress
proportion, plastic slip, load history, disengagement
development, and cell misshapenness [5].
Applying cyclic loading to pressure vessels may bring about
steady development in ratcheting. It is an unsatisfactory
physical condition from which a vessel must be secured.
Orders for safety against ratcheting failure on the plastic
basis are given in the ASME B&PV Code [6]. Two
assignments are included: (1) figuring of the most extreme
strain extend that is being cycled, and (2) exhibition of
plastic shakedown at the area at which the strain is greatest.

The shakedown prerequisite doesn't address failure however
a condition required for the utilization of strain-based
ratcheting configuration curves. Code orders for assurance
of vessels against ratcheting failure by plastic examination
offer no direction on how they are to be executed. The code
gives rules to the assurance of vessels from thermal stress
ratchet for loading that comprises of consistent stress on
which cyclic thermal bending stresses are superimposed.
These guidelines need not be fulfilled if ratcheting is
assessed by plastic examination.
The Bree diagram has been attached in the ASME B&PV
Code in the raised temperature Code Case N47 [6]. Figure 1
Shows the Bree diagram.

Figure 1: Ratchet diagram by Bree [7]
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The ASME Code (1986) rules [8] for controlling essential
loads in nuclear power plants perceive the distinction
between static and dynamic loads by permitting pressure
points of confinement to differ from the yield solidarity to
double the yield quality. At present, there are numerous
scientific and test investigations being led to assess this
criterion [9]. The consequences of this work demonstrated
that dynamic strains can essentially surpass the ASME Code
when piping is exposed to seismic loads. Under high
powerful cyclic loads, failure by ratcheting has been
observed [10].
In the structure of high-temperature parts of Fast Breeder
Reactors (FBR) which are exposed to the cycling of high
thermal load, the anticipation of excessive deformation by
thermal ratcheting is a significant subject. With respect to
thermal ratcheting, the Bree-type ratcheting which happens
under the combination of primary stress, for example, inner
weight and cyclic thermal stress is notable and has been
examined by Bree [3], O'Donnell and Porowski [11], and
Roche et al.[12]. The consequences of these investigations
are received by configuration codes, for example, ASME
Boiler and Pressure Vessel Code and RCC-MR.
Ratcheting due to thermal loading is a common
phenomenon in nuclear structure and there are lots of studies
have already conducted on this topic and design codes are
already taken care of this problem. But it is also seen that
ratcheting in the structure can occur due to dynamic loading
like seismic loading, but still this type of ratcheting is yet to
understand explicitly. This is why the current study focuses
on proposing a ratchet diagram due to bending – bending
loading condition with the effect of frequency of the
loading.
The main objective of this study is to develop a ratchet
diagram under primary bending with cyclic secondary
bending loading conditions for a rectangular beam. To
achieve this goal, the specific objectives are as follows 

To make a FEM model and validate it by the
theoretical result of Yamashita et al.’s model



To develop a ratchet diagram under primary
bending with cyclic secondary bending loading
condition for a rectangular beam



To analyze the effect of frequency on ratchet
occurrence condition

Figure 2: Model of a beam for ratchet analysis
Table 1: Dimension of FEA model
Length (mm)
140

2.1. Model
A rectangular beam has been used to conduct the
current study. The beam dimensions were taken from Md
Abdullah Al Bari et al.’s ratchet model [2]. The following
dimensions are used in this study. Figure 2 shows the FEM
model and Table 1 shows the dimensions of the FEM model.

Width (mm)
13

2.2. Material
Lead (Pb) had been used in this analysis. Lead (Pb)
is chosen because several previous studies on ratcheting
were also used this material. Furthermore, elastic perfectly
plastic material modeling had been used as material
modeling in this numerical analysis. The same material
modeling was also used by Bree and Yamashita et al. [13].
By using elastic perfectly plastic material modeling, the
complicated plasticity modeling could be avoided and the
proposed ratchet diagram could be used universally, without
considering any specific material property. Table 2 shows
the material properties of Lead (Pb).
Table 1: Material properties used in the FEA model
Young’s Modulus
(GPa)
14

Density
(kg/m3)
11340

Poisson’s
Ratio
0.42

Yield Stress
(MPa)
5

Figure 3. Shows the elastic perfectly plastic material
modeling of Lead (Pb), which is used in the current analysis.
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2. Methodology

4x106
Stress (Pa)

A dynamic nonlinear elastic-plastic finite element
analysis is carried out in this study. Numerical calculation is
done by using Abaqus software. The following are the
details of model and analysis conditions.
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6
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Figure 3: Elastic perfectly plastic material model
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2.3. Mesh
Mesh is a system that is framed of cells and points.
It can have practically any shape in any size and is utilized
to solve Partial Differential Equations. Every cell of the
mesh represents an individual solution of the equation
which, when consolidated for the entire system, brings about
an answer for the whole mesh. In Table 3 mesh properties
had been given. C3D4 element type had been used. C3D4 is
a universally useful tetrahedral element. Figure 4 shows the
C3D4 element which has four nodes and one integration
point.

1.0
Displacement (mm)

0.8
0.6
0.4
0.2
0.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Table 2: Mesh properties for FEM model

Time(s)

Approximate global size

0.001

Element shape

Tetrahedral

Element family

3D stress

Geometric order

Linear

Element type

C3D4

Mesh number

68961

Figure 6: Typical triangular waveform used as displacement
in FEA
The input loads and frequencies had been shown in Table 4.
Here six different distributed loads were applied as primary
load. For every distributed load six different displacements
had been applied. Displacement was used as a form of a
triangular waveform of 10 cycles shown in Figure 6. The
frequency of the displacement wave was also changed to six
different frequencies based on the natural frequency of the
beam.
The natural frequencies of the beam in different distributed
loads had been calculated by the following calculations as
well as by the Modal analysis in the Abaqus FEA. Both
methods give us almost the same values.
Natural
frequencies of the beam in different distributed load had
been
calculated
by
the
following
equation

fn 

Figure 2: C3D4 mesh element
2.4. Loading and analysis condition

Here,

A cantilever beam had been used for this numerical
analysis. The distributed load had been used as primary
loading and cyclic displacement had been used as secondary
loading at the free end.

kn
2

EIg
wl 4
f n = Natural frequency

kn = 3.52

E = Modulus of Elasticity

Free end

I = Area Moment of Inertia

Distributed load

g = Gravitational acceleration
w = Uniform load per unit length

Dynamic
displacement

l = Beam length
Table 4: Loads and frequencies used in the analysis
Fixed end

Figure 5: Constrain and loading condition of numerical
analysis
Figure 5, shows a cantilever beam, one end is fixed and a
cyclic displacement is put on the other end. A total of five
different distributed loads was applied on the model which
are 1.99 N/m, 9.95 N/m, 19.9 N/m, 29.85 N/m, 39.8 N/m,
and 47.76 N/m to get different occurrence conditions of
ratcheting. A typical cyclic displacement which had been
applied at the free end is shown in Figure 6.

Case
No.
1
2
3
4
5
6
7
8

Distribut
ed load
[N/m]
1.99

Natural
frequency
[Hz]
59.16

9.95

54.92

Input frequency
[Hz]
0.25fn
0.5fn
1fn
1.5fn
2fn
3fn
0.25fn
0.5fn

14.79
29.58
59.16
88.74
118.33
177.49
13.72
27.45
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29.85

39.8

47.76

38.83

31.71

27.46

25.07

36

54.92
82.37
109.83
164.75
9.7
19.41
38.83
58.24
77.66
116.49
7.92
15.85
37.71
47.56
63.41
95.12
6.86
13.72
27.4
41.18
54.91
82.37
6.26
12.53
25.07
37.6
50.13

3fn

75.2

3. Result and discussion
3.1. Understanding ratcheting
Ratcheting can be understood by strain vs time
history graph or integration point vs stress graph. Figure 7
shows strain vs. time graph where the black line represents a
ratchet occurrence condition and the blue line represents as
not ratchet occurrence condition. The input loading for the
ratchet occurrence condition of ratcheting which is shown in
Figure 7 was 1.99 N distributed load and a natural frequency
of 59.165 Hz. And the secondary lateral deflection was 2.11
mm. In this condition, yielding starts at the first cycle, and
after that cycle yielding increased continuously. So, plastic
strain increased continuously and reached 0.67% after 10
cycles. The maximum plastic strain had been calculated in X
direction near the fixed end of the beam. This is indicating
that ratcheting is happening in the structure. In Figure 7 for
the blue line, the same conditions had been applied except
the secondary loading which was placed only 1.5 mm. The
plastic strain is not increasing in every cycle and the
maximum axial strain reached only 0.17% after 10 cycles of
loading. So, there is no ratcheting in the second case.
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Not ratchet condition
0.6
0.5
Strain%

19.9

1fn
1.5fn
2fn
3fn
0.25fn
0.5fn
1fn
1.5fn
2fn
3fn
0.25fn
0.5fn
1fn
1.5fn
2fn
3fn
0.25fn
0.5fn
1fn
1.5fn
2fn
3fn
0.25fn
0.5fn
1fn
1.5fn
2fn

0.4
0.3
0.2
0.1
0.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Time(s)

Figure 7: Strain vs. Time graph
Ratcheting can also be understood by observing the stress
distribution in the beam. Here, Figure 8 shows the
integration point vs stress graph. In Figure 8, the black line
represents the ratchet occurrence condition and the red line
represent not ratchet condition. 1.99 N distributed load and
1.41 mm of cyclic deflection at a natural frequency of
59.165 Hz had been applied for the black line. For this
condition, stress data was taken in six integration points
along the thickness direction of the beam. All six elements
reached the yield stress, half is in tension and another half is
in compression. This condition indicates that ratcheting has
occurred in structure. In Figure 8, all applied conditions
were the same for the red line, only lateral deflection was
put 1 mm and, in this condition, none of the six elements are
in yield stress. So, there is no ratcheting in structure.
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Not ratchet condition
6
5

Stress (Pa)

9
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17
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4
3
2
1
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Figure 8: Integration point vs. stress graph

3.2. Validation
This numerical analysis was based on Yamashita et
al’s theoretical bending–bending ratcheting analysis [13]. In
his work, Yamashita and his team proposed a ratchet
diagram for a rectangular beam for similar loading
conditions as the current study. Figure 9 shows Yamashita’s
ratchet diagram.

International Conference on Mechanical, Industrial and Energy Engineering 2020
19-21 December, 2020, Khulna, BANGLADESH

Yamashita et al. made their ratchet diagram by analytical
method. They did their study on a rectangular cantilever
beam model. The distributed load was applied on the top of
the beam as the primary load and cyclic lateral deflection
load was applied at the free end.
In this numerical analysis, a similar beam model is created
to show the validation of Yamashita’s ratchet diagram by
numerical analysis. From Figure 10, between X = 0 to X =
0.5, values of secondary stress parameter Y for both
Yamashita’s ratchet line and the analysis result of the FEM
model are almost the same. After X = 0.5, the deference
between Yamashita’s ratchet line and our FEM model’s
ratchet line is increasing and the deference is maximum at X
= 0.75. After X = 0.75, the deference between Yamashita’s
ratchet line and the FEM model ratchet line is again
decreased. The maximum deviation is recorded by 8.84%.
The reason behind this deviation between Yamashita’s
theoretical ratchet line and the FEM model ratchet line is
mainly because Yamashita et al. solved the ratchet problem
analytically whereas the current study solved it numerically.
Another cause of deviation might come from the frequency
effect, in Yamashita et al.’s study frequency effect was
ignored but in the current study, the frequency effect is
taken into consideration. For comparing the analytical result
and numerical result, the natural frequency of the beam of
59.16 Hz had been used.
Figure 9: Yamashita’s ratchet diagram for bending-bending
loading conditions [13]

5

Yamashita et al. plotted their ratchet diagram in a nondimensional stress parameter plot similar to the Bree
diagram. The following are the definition of nondimensional stress parameters.

Yamashita et al.'s analytical result
Numerical result

4

Y

3
2

Here X =
Y=

𝜎𝑃
𝑆𝑌

𝑆𝑦

Here, 𝜎𝑃= Bending stress due to distributed force calculated
elastically
𝜎𝑑 = Bending stress due to lateral deflection
calculated elastically
Bending stresses had been calculated by the following
equations
𝜎𝑝=

𝑀𝑝 𝐶

𝜎𝑑=

𝑀𝑑 𝐶

1

𝜎𝑑

𝐼

𝐼

Here, Mp = Moment due to distributed force calculated
elastically
Md = Moment due to lateral deflection calculated
elastically
C = Distance from the neutral axis.
I = Moment of inertia

0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
X

Figure 10: Validation of FEM result by Yamashita et al.’s
analytical result

3.3. Proposed ratchet diagram
Yamashita et al. took the stress base approach to
identify ratcheting [13]. When every element of a structure
at yield stress, Yamashita identifies this phenomenon as
ratcheting. This phenomenon is also called the plastic hinge.
Numerical ratchet diagram had been proposed by following
the stress-based approach so that it had been validated by
Yamashita’s work.
Figure 11 shows the proposed ratchet diagram developed by
using the stress base approach. For the stress-based
approach, the occurrence of ratcheting is understood by
Figure 7. For input distributed loads and frequencies, Table
had been followed. Here, ratcheting has occurred when
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every element (integration point) is at-least touches the yield
stress of the material. Six ratchet lines for six different
frequencies such as natural frequency, 0.25fn, 0.5fn, 1.5fn,
2fn and 3fn had been developed.
Here, fn = Natural frequency

In natural frequency, dynamic displacement was very high
than static displacement. So that, a bump was created at the
natural frequency. It indicates that the ratcheting effect on a
structure was higher at the natural frequency than any other
frequencies.

The natural frequency of the beam had been calculated by
modal analysis in Abaqus.
The ratchet line for natural frequency is at the bottom of
other frequencies. So, it indicates that the ratcheting effect is
higher in natural frequency because every element of the
structure is at yield stress at lower cyclic displacement than
other frequencies. So, values of Y are less at the natural
frequency and higher at other frequencies.
fn
0.25*fn
0.5*fn
1.5*fn
2*fn
3*fn

5
4

Y

Figure 12: Amplification factor graph

3

4. Conclusions

2
1
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
X

Figure 11: Proposed ratchet diagram

3.4. Effect of frequency on ratchet occurrence
The frequency effect on ratchet occurrence
condition can be described by using the amplification factor
graph by Md Abdullah Al Bari et al. [2] Amplification
factor graph has been shown in Figure 12. Different
dynamic displacement had been added to the numerical
model at the free end and dynamic displacement was
calculated. Static displacement had been calculated from the
distributed load at the free end of the beam. The ratio of
dynamic displacement and static displacement had been put
at the ordinate and the ratio of input frequency to the natural
frequency at abscissa.
The amplification factor graph can be divided into three
areas for three different ranges of frequencies. The first area
consists of a frequency range of 0 to 0.5. In this area value
of dynamic displacement was lower than static
displacement. That’s mean frequency effect is low for 0fn to
0.5fn. In the second area, dynamic displacement was higher
than static displacement. So, in the second area frequency
effect was higher. This second area was for a frequency
range of higher than 0.5 to 1.5. Area three was for frequency
higher than 1.5 to 3. In this area, dynamic displacement was
very low than static displacement. So, the frequency effect
was very low for very high frequency.

In this research, a non-linear dynamic elasticplastic analysis was carried out by Abaqus numerical
software. An FEA model of a rectangular beam was
prepared to develop a ratchet diagram and the beam model
had been validated by Yamashita et al.’s analytical beam
model. It is seen that the current FEA model predicts the
result of Yamashita et al.’s analytical model. Stress base
approach had been applied to develop and propose ratchet
diagrams. A strong frequency effect of input secondary load
is observed in the ratcheting diagram. The effect of
frequency is also analyzed by the amplification graph. It is
seen that at the natural frequency the effect of dynamic
loading is highest.
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