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1. UM Durability

1.1. Introduction

The present paper describes the CAE-based durability analysis that is being implemented in
Universal Mechanism software to predict the fatigue damage of parts of mechanical systems.
The dynamic simulation of parts is performed using Universal Mechanism. Flexible body repre-
sentation is considered using external finite element (FE) software. The present version of UM
supports two FE software — ANSYS and MSC.NASTRAN. The final durability post-processing
analysis is performed using the UM Durability module.

The analysis starts with the dynamical hybrid model in Universal Mechanism. The flexibility
characteristics of the structural parts are incorporated into UM model using a modal formulation
based upon component mode synthesis. Basically, this method represents the part’s flexibility
using a modal basis, which is optimized to account for constraint and force locations. The mode
shape displacements and stresses are calculated using the finite element programs ANSYS or
MSC.NASTRAN.

The UM Durability module combines the stress time history information generated during
series of numerical experiments in UM and the material fatigue strength characteristics to gener-
ate the predicted life distribution in the part.

Any durability analysis relies on three key inputs:

e  Stress loading data — time history of the stresses
e Material data — how the material reacts to repeated stress application at various stress levels
e  Durability parameters calculation method.

By employing the full finite element representation of the component in the UM model, the
local stresses are directly obtained as result of the UM solution. In the UM FEM module, flexible
body deformations are modeled as a linear combination of mode shapes. As long as the number
of mode shapes selected adequately the modal superposition will model deformations accurately
and efficiently.

The idea that the deformation of a flexible body can be represented by the sum of a number
of mode shapes scaled by appropriate factors can be extended to stresses in the body as well.
These factors or modal coordinates can be used as the scaling factors on the stress solution of
each mode shape and the superposition of these scaled stresses represents the body’s instantane-
ous stress state. If the superposition is performed at every node in the finite element model for
every time step in the UM solution, the stress time history is defined at every location.

Using the UM FEM tools the modal coordinate time history can be saved for every numerical
simulation in UM. Based on this modal time history and file with orthonormalized mode shapes
from ANSYS or MSC.NASTRAN the stresses at every node can be obtained.

When UM Durability is started, the user is prompted for the location of modal coordinate
time history files and orthonormalized mode shapes files, then the type of analysis required and
the material data to be used.

With all of the parameters set, UM Durability performs the stress at every node and then pro-
ceeds to multi-channel peak/valley extraction and rain flow cycle counting followed by the dam-
age sum.
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1.2. Stress loading analysis in UM Durability

Accurate stress time history for significant load cases is the basis for correct durability analy-
sis and life prediction. It can be obtained directly during full-scale experiments in various load
cases of the object. Such an approach has some disadvantages. There are quite high explicit costs
and time efforts, necessity of making several full-scale models that makes impossible using such
an approach in the beginning of the design process when cost of alteration is minimal. The alter-
native approach to estimation of stress time history is numerical simulation of dynamics of a me-
chanical system.

Approach to simulation of dynamics of hybrid mechanical systems according to Craig-
Bampton approach is described in Chapter 11 of UM User’s Manual “UM FEM module™.

1.2.1. Approach to stress loading data analysis

Basic steps of stress loading data analysis with Universal Mechanism are depicted in the fig-
ure below.

| Determination of the particular load cases

<:f‘ Load cases
\ 4

Creating UM models and running series of numerical experiments
(UM FEM and UM Optimization)

: N — <£‘ Stress time
u mﬁ‘m‘mﬁ U:UR',L\”’W‘VY NJHLJ J)M Ml'dlm WA hIStOI’IeS (STH)

Stress loading data analysis (UM Durability)

Lot it

b

ﬂwﬂ_ﬂ L mm—m <::“ Load blocks

STH is a stress time history at a node for the particular load case.
Load block is an internal term which means a record of stress loading parameters at a node
for the particular load case.
Load block contains the following data:
o STH statistics (maximum, mean, minimum, RMS values, etc.),
o STH cycle count,
o Distribution of stress loading parameters evaluated from the STH.
These data are destined for the preliminary selection of dangerous zones of the object and the
further durability parameters evaluation.

! Also available in the Internet at www.universalmechanism.com/download/2023/eng/11 um fem.pdf
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Basic steps of stress loading data analysis with UM Durability are depicted in the fig-
ure below.

Durability project creation
v
Load cases initialization Selection of data source type
— Adding load files to the project
— Selection of working stress
— Bounds of load cases time histories setting
A
Evaluation parameters setting Schematization parameters setting
|| Statistic parameters for evaluation selection
A
Stress loading parameters Source data verification
SN | |Stress time histories (STH) for load cases evalu-

ation

— Rain-flow schematization of STH

Two-parameter distributions of stress loading
parameters calculation

— Cycle count of STH calculation

— STH statistics evaluation
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1.2.1.1. Calculation of stress time history

Here let us consider an algorithm that is used to calculate the stress time history in Universal
Mechanism.

Calculation of stress tensor

To calculate the stress time history in a body this body should be represented in a model as a
flexible one. In terms of UM it should be introduced into a model as a flexible subsystem.

The stress history during numerical simulations could be obtained for so called sensors only.
The sensors are the nodes of FE-mesh for which matrices for calculating the stress tensor from
modal coordinates are prepared. Steps of preparing data for flexible subsystem are considered in
details in Chapter 11 of UM User’s Manual “UM FEM module”. To compute the stress tensor
the following expression is used:

= DEBE(xO)us = DEBS(xO)HEw = DEBE (xE)Z e, = Ehw = Hw (L.1)

where ¢f is a column matrix of stress components of i finite elements, B{ is a matrix that con-
nected strains of a finite element with nodal displacements, D; is a stiffness matrix of a finite
element, x; is a column matrix of coordinates of nodes of finite element, hj; is a part of j
eigenmode that corresponds to i finite element.

During numerical simulation modal coordinates of each flexible subsystem are saved to bina-
ry *.imc files with fixed time step. Matrices for all sensors of each flexible subsystem are in in-
put.fss.

Choice of stress component

Classical high-cycle fatigue theory lets estimate life predication for a part in the case of the
uniaxial stress state, where the stress tensor has the only nonzero component.

In most cases we have a complex stress state. If one of the components of the stress tensor is
much greater than others or all components of the stress tensor change proportionally we can use
the same methods to obtain the life prediction.

UM Durability lets the user a possibility to calculate damage characteristics based on various
stress:

o Absolute values of maximal principal stress

It is supposed that maximal stretching and pressing force make a contribution to fatigue load.
o Maximal principal stress
o Unsigned von Mises by principle stresses

The following expression is used:

o= \/% [(01 — 02)2 + (07 — 03)% + (01 — 03)?] (1.2)

o Unsigned von Mises by normal and shear stresses


11_um_fem.pdf
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o= \/% [(O’x - oy)z + (0y — 0,)2 + (o) — O'Z)2 +6(02, + 02, + 0,?2)] (1.3)

1.2.1.2. Process schematization

The fatigue analysis supposes the stress time history schematization as the necessary step.
The schematization represents the time history as a sequence of stress cycles with some calculat-
ed parameters.

The schematization procedure includes the following operations.

Search of the STH extremums

The stress time history is represented as a sequence of values with fixed time step, see Fig-

ure 1.1.
A

o " // \ /{‘\

v

At t
T

Figure 1.1. Stress time history

The following rules are used. If g;_; < g; = gj44 then the point with o;is maximum. If
0j—1 < 0; = 0j,1 then point o; is considered as minimum.
Schematization

The rainflow-counting algorithm (also known as the "rain-flow counting method") is used in
the analysis of fatigue data in order to reduce a spectrum of varying stress into a set of simple
stress reversals. For each half-cycle, an amplitude and a mean value are fixed.

The rainflow algorithm is as follows:
Reduce the time history to a sequence of (tensile) peaks and (compressive) troughs.
Imagine that the time history is a template for a rigid sheet (pagoda roof).
Turn the sheet clockwise 90° (earliest time to the top).
Each tensile peak is imagined as a source of water that "drips"” down the pagoda.

i O


http://en.wikipedia.org/wiki/Fatigue_%28material%29
http://en.wikipedia.org/wiki/Stress_%28physics%29
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5. Count the number of half-cycles by looking for terminations in the flow occurring when ei-
ther:
e It reaches the end of the time history, for example half-cycle that starts at peak 19;
e It merges with a flow that started at an earlier tensile peak; or
e It flows opposite a tensile peak of greater magnitude. For example half-cycle starts at
peak 1 and terminates opposite a greater tensile stress, peak 3.
6. Repeat step 5 for compressive troughs.
7. Assign a magnitude to each half-cycle equal to the stress difference between its start and
termination.
8. Pair up half-cycles of identical magnitude (but opposite sense) to count the number of com-
plete cycles. Typically, there are some residual half-cycles.

L 2

19

A 3
N K
1\ ‘

X(t) —————»

\\ // V 20

V . N/
10 \V

\ 4

t—»

Figure 1.2. Rain-flow cycle counting algorithm
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1.2.1.3. Stress loading parameters distributions

The aggregate of amplitudes and mean values of half-cycles which was obtained as a result
of the schematization is statistically analyzed. One- and two-parameter distributions are used in
UM Durability.

Basic principles of the distribution calculation procedure can be illustrated for the one-
parameter distribution.

Fundamentals

It is recommended that the number of intervals should satisfy to the inequality 14 < m < 32.

The distribution is formed in such a way that the maximal amplitude is the right bound of the
last interval in the block and the minimal amplitude is the left bound of the first interval. Num-
bering of intervals goes in the direction of increment of values. If the value of amplitude lays on
the interval boundary then this value is put to the interval with bigger number.

& D‘m A
<1> <j> <m>
—e ® *—>
. X
Xmin XI Xmax

Xmin 1S the minimal value,

Xmax 1S the maximal value,

D is the width of the interval,

<j> is the number of the interval,

X is the representative value of the interval.

Distributions forming

Two algorithms of distributions forming are realized in the UM Durability.

o Algorithm with automatic determination of width of intervals

Width of intervals is determined as A= % where a0 = Xmax — Xmin-
o Algorithm with preset width of interval
If the difference between maximum and minimum values is greater than a = A = m then all

values less than X,,,;, = Xmax — @ are included in the first interval.
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Representation of the results

UM Durability uses a correlation diagram of amplitude and mean values for the representa-
tion of stress loading parameters.

Every cell of the table corresponds to an interval with an amplitude o, and median oy,. Rows
correspond to intervals of mean values, columns — intervals of amplitudes. Relative parts of cor-
responding intervals of amplitude and mean value are in cells of the table.

4 Damp
O_or_mm < >

Oa_max o,

S

N,
>

C7m_min

<1> <1>

lAmed N

s tEEEEEE EEEEEEEY |

O_m Q@-----—--"qd-—————— |- =

v

<m> <m>

Om_max
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1.2.2. Source data preparing

The stress time history at some or all points of a structure is source data for fatigue analysis.
To determine stresses in any part of a mechanical system during dynamics simulation in UM, it
needs that such a part should be represented as a flexible subsystem.

As a result of numerical experiments of a hybrid mechanical system the following files are
created:

<Name of a flexible subsystem>.imc is a binary file that contains time history of modal co-
ordinates of the flexible subsystem.

<Name of a flexible subsystem>.tmc is a text header file that contains information for work-
ing with corresponding *.imc file.

A pair of *.imc/*.tmc files includes the time history of modal coordinates and input.fss file
includes matrices for computation of stress tensor components in nodes of FE-mesh of a struc-
ture based on modal coordinates.

It is recommended that the stress history to be statistically reliable should contain no less
than 1000 picks and valleys.

In most cases it is impossible to represent real working conditions of the investigated struc-
ture with the help of just one load case. For example a road vehicle runs with various velocities
and loads as well as various irregularities also should be considered. The more detailed numeri-
cal experiments repeat real working conditions more accurate will be results of the durability
analysis. UM Durability lets us represent working conditions with the help of a set of load cases
which form working conditions with some weight coefficients.
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1.2.2.1. Load cases description

You can add/delete load cases to/from a durability project in the Durability wizard, see the

Stress loading analysis | Source data | Load cases tab sheet. Every load case is represented by
the corresponding *.tmc file.

- Durability calculation wizard

e H®E
General Sress loading analysis | Durabiity analysis |
Sowce dats IHndegm.pg] Seitings | Calculation | Fesuls |

Dt souice ype | Modal coordinate filefz). ["tmc) =l
Object Load cases | Siress combination | Stress time histories | Time intervals |

b =

N: Caplion | Directory |Fi=m

1 Load case 1 E-AUMZ Nibaostand\VibrostandS caniwibrostand'. 1.imc

2 Load case 2 E-\UM7 (Nibaostand\Wibrastands can'wibrostandh 2tmc

3 Load caze 3 EAIM DNV ikeostand\VibrestandS canfwibrostand', Jame

4 Load case 4 {E-AUMY (Wikwostand\Vibrostands$ can\wibrostand, 4 tmc

Dielete

Load captions From ™.t File
Save caphions to * .tk file, ..

Load coeffickents from *. bt File
Save coefficients bo *. bt File

_ oo |

Figure 1.3. Load case list

To add a load case click the “plus” button, see Figure 1.3, and then select the *.tmc file
(*.tmc files are created as results of the numerical simulation of hybrid system dynamics).
If the selected *.tmc file is created for the hybrid model that contains several flexible subsys-

tems then the corresponding dialog appears. Only one flexible subsystem might be analyzed in
the Durability wizard at the same time.

mn Choice of flexible susbsystem

Selected load file consists information about several flexible subsystemns. You should select only one of them for analysis.

Subsysten caption | Object name Drirechory Data Tirne: M nodes [ M finite elements | M modal coordinates |
hites ind0 D hzimulation. . (0" 8 26:40 909 b
Beam 2 bteststressstraindd  Dvhsimulation...

402 16

oK ] |

Figure 1.4. The choice of flexible subsystem
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If at least one load case is defined then all added *.tmc files are checked for the identity of
flexible subsystem. If a new file refers to a different flexible subsystem then the corresponding
error message appears.

If new file contains data for several flexible subsystems then the identical subsystem is se-
lected automatically.

Every load case takes a row in the list of load cases and is characterized by the following da-
ta.

Caption is equal to the file name by default, can be changed by the user.

Directory is the path to the directory that contains the selected *.tmc file.

File name is the *.tmc file name that actually describes the stress state in the part for the load
block and gives stress history.

The context menu of the Load cases sheet is depicted in the Figure 1.3 and lets the user a
possibility to control the list of load cases and save/load captions to/from text files.
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1.2.2.1.1. Usage of the results of multivariant calculation

When the number of separate load cases for representing real working conditions is quite
high (decades and hundreds) it is extremely useful to use multivariant calculations (scanning pro-
jects) to realize the number of numerical experiments according to the durability analysis pro-
gram. Scanning is the one of the tools that are implemented in the UM Optimization module.

Finished scanning project for the hybrid model with one of more flexible subsystems con-
tains corresponding set of *.imc/*.tmc files: {N.imc; N.tmc}, where N is the internal index of a
numerical experiment within the scanning project.

The user can export results of all numerical experiments of the scanning project as load cases
to the Durability wizard, see the Fatigue tab sheet of the Scanning wizard.

As soon as you select the necessary flexible subsystem to export for the durability analysis
the Data export button becomes enable. Click it to open the Durability wizard and start export.

: scanl 2 - Processing of results =B ﬂ

Famalies | Objectve function | Wizard of graphs | Wizard of suraces | Wizard oftables  Fatigue |
Prapaning data to expont for fatigue astimaton

Select aflcable subsysterm o expart

Marme Objectname | Path Date Time M nodes M elementz | N modal coonds
FlemibleFrame  Boge 1 200171 200k 139:05:74 bk 35534 30

Diata export .. |

Closa

Figure 1.5. Scanning: export results for durability analysis

If the Durability wizard at the moment is not empty then the corresponding confirmation
appears, see Figure 1.6.

x

"j Current project is not empty, Do you want to clear it?
-

Yes Mo Cancel

Figure 1.6. Export results: confirmation

Select Yes to replace the durability project with new data. You can also not to clear the pro-
ject of the durability analysis but just add new load cases to the current project. To do that select
No and after successful checking of the flexible subsystem identity new load cases will be added
from the scanning project.
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1.2.2.2. Choice of stress combination

Classical S-N damage accumulation rules permit to evaluate durability parameters only for
details worked in case of uniaxial stress state whereas most parts are exposed to multiaxial stress
state.

There are several rules for stress tensor reducing to uniaxial stress. The
Stress loading analysis | Source data | Stress combination tab allows choosing a stress com-
ponent/combination for the further evaluation, see Figure 1.7.

Dbiectl Load cazes  Stress combination I Stress time histariesl Time intewalsl

—Select stress combination

% Max Sbs. principle stesses

" May. principle stresses

= Min. principle stresses

" Ungigned von Mises by principle stresses
" Unsighed von Mises by normal and shear stesses
% nomal stress

¥ nomal stress

7 nomal stress

 H shear stress

Y7 shear stress

7 2 shear stress

—Shess time history evaluation algarithm
% mean values from finite elements

£ finite element with masimum FS

Figure 1.7. Choice of stress combination

The user can assign the following values for the stress combination:
Max. Abs. principle stresses (signed)

Owork = 01, if lo1| = |os|
Owork = 03, Lf loy| < |os|
Max. principle stresses
Owork = 01
Min. principle stresses
Owork = 03

Unsigned von Mises by principle stresses

1
Owork = 5 [(01 — 03)? + (0, — 03)? + (01 — 0,)?]

Unsigned von Mises by normal and shear stresses

1
Owork = E ’ [(Gx - O'y)z + (ox —0,)* + (O'y - Uz)z +6- (O}?y + O-;z + O-)?Z)]
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Component of stress tensor (f.e., stress g, in coordinate system of the flexible subsystem)

Owork = Ox
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1.2.2.3. Stress histories plotting

For visual control of the selected stress combination at FEM nodes for different load cases
the user can use the Stress loading analysis | Source data | Stress time histories tab, see Fig-
ure 1.8.

Dbiecll Load casesl Shess combination  Stress time histories I Tirmne inlewalsl

—Select stress combination Thig interface allows you to calculate and plot stress time hiztories
~ L. for any node. Select strezs combination, a load case and a node
bax. Abs. principle stresses number. Then drag over the field below to a graphic window.

" Max. principle stresses Laed cama
" Min. principle stresses |2 Load case 2 j
&+ Unsigned von Miges by principle stresses Meels g

" Unsigned von Mises by nomal and shear stresses |-| ZI | Calculate I

€ normal stess

T pre To plat the stresz time hiztory drag over this
% field to a graphic window

" 7 nomal stress
7Y shear stress
7 2 shear stress
{7 7 shear stress

—Stress time history evaluation algorithm
% mean values from finite elements

= firite element with masimum RS

Figure 1.8. Selection of stress history to plot

To plot the stress history the user should select working stress, load case and number of node
and click the «Calculate» button.

Loading of *.imc file for the selected load case starts. Then evaluating of the stress history at
the node is realized.

If the flexible subsystem doesn’t contain the node with the selected number or *.fss file of
the subsystem doesn’t contain data for the stress history evaluation at that node the following
message is generated.

«

"f Finite-element model doesn't contain node with number 11000001

-

OK

ﬂ

"f Flexible subsystem doesn't contain source data for stress evaluation at node 21 |
L

OK
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To plot a stress history it is necessary to open a standard graphic window and drag the %

field over it, see

i

Figure 1.9.

To plot the strezs time hiztory drag over this

field to a graphic window \

\

|~ Plots M=l
Yarables
. Wode 2; SEQVT LoaNcase 1
[ Stress. MPa
| S 00900000
i Time, s
0 oz 04 0B 08 1
| | Ex=t  [Ev=6 | 4

Figure 1.9. Stress histories plotting

The evaluated stress history is a standard graphical variable and can be used for a Statistics
calculation or for usage in the Table processor, see Figure 1.10.

f

Tao plat the stress time history drag over this
field to a graphic window

Histogram

‘ariables
Power spectral density I

Integral law I

Spectum module I

Spectrum phase

P ] B |

Carelation function
Statistics

| Length of zam... | Mean

[ RMs

[ Min

| b &

5001

2775953 2513870

36627.93 8831905

\ N =] R
W ariables
Mode 2; SEQVT.
\ BE Processor of variables

N . .
Table processor | Transformation of variables I

M=l 3

‘ariables

[l ode 2, SEQVT Load case 1

[ _3Max_Mean
[ _3Man_Zero
[ _dMan_Mean
At an_Fero
qral

[] LastOrdinate

Stress, M Pa

E [ Max
B [] Maxdbs
[w] Mean

Mindbz
RS

Mean |F|MS |MinAbs |

Min |

pIEN] 2775959

25138636 | 36627988

36627.933

Time, 5]

0.4 05 0.3 1

[Ex=t  [y=6 |

Figure 1.10. Stress history graph usage
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1.2.2.4. Time intervals of the load cases stress histories setting

Imc files contain records of time histories of FEM modal coordinates, generated with user
defined time step size. A load case can be presented with the whole stress time history or with
the part of it. The part of time history can be defined with two time points: t; is the start time and
t2 is the finish time of the stress history as it shown at Figure 1.11 below.

| 108

0.8; -------------------- T=t _t v’ ------------------- S

n.4H T S e R EEEE L R R e RRRRREEEEEEEEE R ERRREELEEEEEERPEER] EEEEEEEEEEE

H H X H
0.s 1.2 16 2 24

0.4

Figure 1.11. Time interval of stress history

For example that option can be used in the following cases:

e cutting of the beginning of time history, which contains transient process if the load case
describes a steady-state process;

e cutting of the end of time history, which contains a steady-state process if load case de-
scribes a transient process (e.g. starting duty load case), etc.

Note. Working stress history time interval T = t, — t; is used for load case cycle count
per second value evaluation. This value can have a great influence for durability
parameters of the investigated part.

To define the bounds of time  histories of the load cases the
Stress loading analysis | Source data | Time intervals is used, see Figure 1.12.

I:Il:uiectl Load casesl Stress u:u:uml:uinatiu:unl Strezs ime higtories  Time intervals |

Mz Caption Left bound [zec) Right bound [zec]
1 Load caze 1 1] E

2 Load case 2 1] 7

3 Load case 3 0 E

4 Load case 4 1] 10

Figure 1.12. Time intervals setting
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Time intervals can be defined by the user at the fields of the table loaded from *.txt file or
saved to *.txt file.
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1.2.3. Node group initialization

Durability evaluation of a structure requires a preliminary choice of most dangerous zones of
the structure and fatigue resistance properties in these zones. Accordingly, a notion of a group of
nodes is introduced. The group is a set of nodes with equal resistance properties. Preliminarily
the choice of node groups is based on the analysis of structural and technological features of the
object (often according to regulations).

The Stress loading analysis | Node groups tab is used for preliminary setting these data.

General  Stress loading analysis | Durability analysisl

Source data  Mode groups | Settingsl Ealculatiu:unl Hesult&l Node group list

Z

&dd mew group

GGroup propetties
Delete selected group Del

Figure 1.13. Group of nodes

By default all nodes of a FEM model are placed in the All FEM nodes group. Use the o

and = buttons as well as commands of the popup menu to add or remove node groups. Group
properties are set in the window which can be opened with the help of double click on the select-
ed row of the group.

@ Group properties [All FEM nodes] E3

Propetties | Node list
Group caption I.t‘-‘«ll FEM nodes
Ok I Cancel |

Figure 1.14. Group properties

The window includes Properties and Node list tabs. The Properties tab is used to assign the
caption of the group.
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¥ Group properties [All FEM nodes]
Properties Mode list I

| Add
—Mode list of the group
Nods 1 Nods 10 Node 19 Node 28 Node 37 Delete
Nade 2 Nade 1 e a0 Nede38 | —
Nade 3 Node 1 JEGEEEIEEES Maode 39
Mode 4 Mode 1 e —— . Mode 40
Node 5 Node 1 Delete selecked nodes I Node 41
il Mode B TR Delete all nodes Node 42
Maode 7 Maode 11 Mode 43
Hl:lle! E: de: -I LEIEIEI I'Il:lle |i5t FI’DITI *.t}(t FIlE de: 44
Mode 1! Sawe node lisk ko * Ext File MHaode 45
_>|

0k | Cancel

Figure 1.15. Node list of the group

The Node list tab contains the list of nodes. The popup menu is used for editing this list.
Each FEM node can be included in one group only. If the user includes a node in more than
one list, the message about an error occurs.

«

9, MNode: 11854 is already included at the group: All FEM nodes. Delete node from source
“‘4/ group?

Note. Choice of nodes for the durability analysis is rather difficult in most cases. Ac-
cordingly, the user can modify the node list after stress loading analysis using the
Durability analysis | Fatigue resistance tab.
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1.2.4. Stress loading analysis options

The stress loading analysis procedure includes the computation of the stress history statistics
and the schematization process for all nodes included in node groups.

According to the computation results depending on the selected options two-parameter load-
ing blocks are calculated for all operating regimes.

Stress loading evaluation parameters are placed at the Stress loading analysis | Settings tab.

1.2.4.1. General

Durability calculation wizard - e\um 70\ vibrostand' vibrostand_4.dur

e | ®E
General Stress loading anabsis | Durabilty anslysis |

General ] Settings for carage-building method |

Filtering stress bme hestones

[~ Use filter ]

Schematizabion

Diztnbution calculation method Iji'undetechm of & shiezs interval width ﬂ
Irterval count 0

[ Igreore cycles with amplitudes becs than half a stress interval width

Close |

Figure 1.16. General settings of the stress loading analysis

The stress loading analysis | Settings | General tab allows you to set the following options
of the stress loading evaluation procedure:

e Filtering stress time histories

This option allows filtering the stress history process before start of the schematization pro-
cess. If Use filter is on click the Set filter parameters button to select the filter type and set its
parameters.

Note. The procedure that displays stress histories on the Source data | Stress time histo-
ries tab uses this filter if the filter is switched on.

e Schematization

The distribution calculation method combo box allows to choose one of two available
methods of the calculation of the stress loading parameters distribution, see Sect. 1.2.2.3. "Stress
histories plotting"”, p. 1-18.
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The interval count value defines interval count of stress loading parameters distribution. In-
creasing of this value makes the distribution description more accuracy. According to regularities
the interval count value can be set from 14 to 32.

The stress interval width (MPa) field allows setting fixed interval width of the stress load-
ing parameters distribution. It is used if the corresponding distribution calculation method is se-
lected.

Ignore cycles with amplitude value less than half of interval width. This options gives an
ability to ignore loading cycles with small amplitudes.

Note. Usage of this option is not recommended if the automatic interval width evalua-
tion method is selected.

1.2.4.2. Complementary settings

The stress loading analysis | Settings tab contains tabs which allows setting additional stress
loading evaluation parameters used in the durability prediction algorithm.

1.2.4.2.1. Stress loading evaluation parameters for carriage-building method

The stress loading analysis | Settings | Settings for carriage-building method tab allows
to set the central frequency evaluation algorithms. These values are used in the carriage-building
method of the durability analysis, see Figure 1.31, Figure 1.17.

General Stress loading analysiz I Diurability analysis |

I Calculation | Results I

General Settings for cariage-building method |

Central frequency calculation algarithm:
[¥ Calculate by count of intersection with rmean walue of stress time history

v Irtegral evaluation by spectum

Higher frequency in the integral over spectrum [Hz) I 25

Figure 1.17. Carriage-building method

The following algorithms can be selected:

Calculate by intersection with mean value of stress count
= m
fe = 54 Where

Nm IS an intersection with mean value count of stress history process;
T is time interval of stress history process.
Integral evaluation by spectrum
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fmax

fo= || r2-gaf where

g(f) is the normalized spectrum of stress history process;
™ is the high bound value of the integral.
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1.2.5. Stress loading calculation results

Results are presented at the Stress loading | Results tab and include statistic parameters of

stress history processes and schematization results.

1.2.5.1. Node list

Stress loading | Results | Node list allows to get information about general loading charac-

teristics at FEM nodes for the load cases.

General Stress lnading analysis | Diurahility analysis I
Source datal Mode grnupsl Settingsl Calculstion Results |

Hode list |Separate node | Distributions | Wisualization |

Chapter 13. UM Durability

Load case
|1. Load caze 1 j =
Node...l tin. streszs (MPa) | tdax. strezs [MPal | Mean stresz (MFPal | RMS of stress [MPa) | Centr... | Centr... | I:Dmmentl tinir -
181 -22 BEE 21.703 1.255 7.064 0.o0 21.94 Standa.. 0.001
182 21137 20,356 1.025 £.473 0.00 21.90 Standa.. 0.00F—
a4 8.519 ekl .00 21.88 Standa...
184 15,632 15.013 0.545 4626 000 21.85 Standa.. 0.001
185 12934 12.458 0.268 3.7EE 0.o0 21.81 Standa.. 0.001
186 9759 9639 -0.036 2833 000 21.81 Standa.. 0.001
187 2218 2.249 -0.150 067 000 21.62 Standa.. 0.001
188 -5.887 5,480 0.228 1.785 0.o0 21.87 Standa.. 0.001
183 -2.801 2.848 0125 0.9z2 0.o0 21.90 Standa.. 0.001
190 -6.185 5.958 0175 1.979 000 21.86 Standa.. 0.001
191 9143 8.952 -0.019 2,760 000 21.74 Standa.. 0.001
152 -11.494 11.3M -0.186 3332 0.o0 21.63 Standa.. 0.001
133 14141 13918 -0.377 3934 000 21.64 Standa.. 0.001
194 -17.008 16.906 -0.629 4543 000 21.62 Standa.. 0.001
195 -19.698 13.688 -1.039 5063 000 21.43 Standa.. 0.001
196 -21.797 21.877 1.412 0443 0.o0 21.24 Standa.. 0.001
197 22978 23170 -1.504 5703 000 21.29 Standa.. 0.001
‘IISB 23126 23.473 -1.447 5784 DI.DD 21.41 Standa.. 0.000™
4 3

Figure 1.18. Stress loading: results

Each row of the table corresponds to stress loading parameters of a FEM node. The following

data are displayed for the selected load case:

Stress time history (STH) process statistics

e  Minimum stress

e  Mean stress

e  Maximum stress

e RMS value of the process

e Central frequency of the process
STH schematization results

e Load block comment (distribution type, see Sect. 1.2.1.3. "Stress loading parameters distri-

butions", p. 1-10)
e  Minimum cycle amplitude value
e  Maximum cycle amplitude value
e  Minimum cycle mean value
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e  Maximum cycle mean value
e Cycle count, detailed from the STH

To sort the table data by one of these parameters just click the corresponding column header.

The popup menu allows selecting columns for displaying at the table. It gives a possibility to
export a table to a text file.

v Minimum stresses

v Maximum stresses

v Mean stresses

v NEL

v Central frequence (intersections with mean)

Stress history statistics * . .
v Central frequence (integral evaluation)

Schematization '
e .
Export to *,txt file v Comment

v Minimum stress amplitudes

v Maximum stress amplitudes

v Minimum mean values

v Maximum mean values

v Cycle count from stress history
v Cycle count per second of work

Figure 1.19. Stress loading: results

1.2.5.2. Stress loading data for a FEM node

Stress loading analysis| Results | Separate node shows results of stress loading evaluation
for any particular FEM node and allows relative comparison of the load cases parameters. The
list of displayed parameters is equal to the parameter list defined at table Stress loading analy-
sis | Results | Node list, see Figure 1.18.

General Stress loading |Durabi|ity|
Source datal MNode grDupsl Settingsl Calculation Fesulis |
Mode list  Stress loading data for 2 FEM node | Distributians | Yisualization

Mode number:
|1 Z] =

Loa. |Min .. |Max.. | Mea. [RM. | Cent. | Com.. | Mini.. | Mexi.. | Mini.. | Maxi.. | cyel. |
Dure.. 0000 0417 0257 0129 1875 Stn. 0010 0208 0014 0241 19500
Dura.. 0068 0409 0270 0125 2000 Stan. 0066 0170 0238 0342 10000
Corm.. 0000 0417 (hone) (none) (none) Stan.. 0010 0208 0014 0342  (nhone)

Figure 1.20. Results for particular node
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1.2.5.3. Distributions

The stress loading analysis | Results | Distributions tab is used to represent the information
about the stress loading parameters distribution at FEM nodes for the defined load cases in tabu-
lar and graphical forms.

1.2.5.3.1. Tabular performance

e  Stress loading analysis | Results | Distributions | Two-parameter distribution
Table shows the distribution of cycle mean and amplitude values. Cells of the table enclose
relative count of cycle which correspond to mean and amplitude value intervals of cells.

Two-parameter distribution |Amp|itude wvalue distribution | hean value distribution |

Amplitude values [ 1 2 3 4 5 ii
hean values Interval width (MP4[0.009928..0.02977][0.02977..0.04961] | [0.04961..0.06945] | [0.06945..0.08929] | [0.08529..0.1091]
Y Interval width (MPalue (MPa) 0.01985 0.03969 0.05953 0.07937 0.08921
1 [0.01407..0.03661] [0.02544 1.01 0.00 0.00 0.00 0.00
2 [0.03661..0.05955] [0.04815 0.00 0.00 0.00 0.00 0.00
3 [0.05955..0.058229] [0.07082 0.00 1.01 0.50 0.00 0.00
4 [0.08228.0.105] |0.09365 0.00 0.00 1.01 0.00 0.00
5 [0.105.0.12768]  |0.1164 0.00 0.00 0.50 0.50 0.00 =
[« | _>|_|

Figure 1.21. Two-parameter distribution

e  Stress loading analysis | Results | Distributions | Amplitude value distribution
Table presents the distribution of cycle amplitudes calculated from the two-parameter distri-
bution of stress loading parameters.

Twa-parameter distribution  Amplitude value distribution | tean value distribution |

M | Stessinterval (MP...| Median value (MPs) | Probability (%) | Cycle count |
1 [0.00992819.0.0297.. 0.0198486 1.01 2.00
2 [0.0297689.0.04960.. 0.0396593 1.01 2.00
3 [0.0496097.0.06945.. 0.0595301 2.01 4.00
4 [0.0694504.0.08929.. 0.0793708 1.01 2.00
5 [0.0892912.0.10913.. 0.0992116 151 3.00
B [0.109132.0.128973] 0.119052 1.01 2.00
7 [0.128973.0.148813] 0.138893 1.01 2.00
B [0.148513.0.168654] 0.158734 151 3.00
9 [0.168654.0.185495] 0.178575 59.70 178,50
10 [0.188495.0.208336] 0.198415 0.25 0.50

Figure 1.22. Amplitude value distribution
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e  Stress loading analysis | Results | Distributions | Mean value distribution
Table shows the distribution of cycle mean values calculated from the two-parameter distri-
bution of stress loading parameters.

Twa-parameter distribution I Armplitude value distribution  Mean value distribution |

N | Stress interval (MPa) | Median value (MPa) | Probability (%) | Cycle count |
1 [0.0140709.0.03680.. 0.02544 1.01 2.00
2 [0.0368092.0.05954. D.0481783 0.00 0.00
3 [0.05895474.008226. 0.0709156 151 3.00
4 [0.0822857.010502. 00936548 1.01 2.00
5 [0.105024.00127762) 0116383 1.01 2.00
6 [0127762.001505] 0139171 1.01 2.00
7 [0.1505.0173239) 016187 1.01 2.00
8 [0.173239.0.195977) 0164608 1.01 2.00
9 [0.195977.0.216715] 0.207346 1.26 250
10 [0.218715.0.241454]  0.230084 91.21 181.50

Figure 1.23. Mean value distribution
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1.2.5.3.2. Display of stress loading parameters distributions for a FEM node

To make a plot of the stress loading parameters distribution for different load cases the fol-
lowing steps are necessary:

e select the Stress loading analysis | Results | Distributions tab or the Durability analysis
| Results | Distributions page;
e selecta FEM node number and a load case;

e click the ™ putton at the top panel of the tab or select the «Show as histogram» option
from the popup menu.

General Stress loading | Durabiliy |

Source datal Made gruupsl Seﬁingsl Calculation Results |
Mode Iistl Stress loading data for a FEM node  Distributions |Visualizati0n |
Load case: Mode number:
|1.W0rk mode 14mc j [1 4 = &
Two-parameter distribution |Amp|itude value distributiunl tean value distributiunl
Amplitude values [N 1 2 3 4 ﬂ
Mean values Intersal wiclth (MP[0.009928..0.02977)[0.02977..0.04961] |[0.04961..0.06945] ([0
[l Interval width (MPdvalue (MPa) 0.01985 0.039R9 0.05953 0.l
1 [0.071407..0.03681]|0.02544 1.0 0.00 0.00 0.l
2 [0.03681..0.05955] | 0.04815 0.00 0.00 0.00 IR
3 [0.05955..0.08229]|0.07092 0.0o 1.0 0.50 0.l
<] | i

Figure 1.24. Mean value distribution

The following window is used for plotting stress loading parameters distributions. This win-
dow contains the following tabs:

e Two-parameter distribution tab
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m Stressload parameters distribution - |I:I| ﬂ

Load case=[1. DuraTesttmc]; Mode 1; Cycle count=193.00

{ Two-parameter distribution | Amplitude distribution | Distribution of means

IR(] N

Relative parts (%
o
=

I mes g 149 0.219
Amplitude values (mﬁﬂa‘ﬂ 0.188

Figure 1.25. Two-parameter distribution

Amplitude distribution, Distribution of means and Reduced amplitude distribution
(this tab is enabled if the window was opened from the durability results tab).

m Stressload parameters distribution - |EI| ﬁ
Load case=[1. Work mode 1.tmc]; Mode 1; Cycle count=139.00
Two-parameter distibution | Amplitude distibution | Distibution of means
Felative part ! : ' i i |
e R e e S i BT
Y NS S AR N— UUURRIRU: T SO 0 SRR S B
i ; ; i Stress [HF‘a]
i 0oz .04 005 e 01 01z 014 01G NET 0z

Figure 1.26. Amplitude distribution
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1.2.5.3.3. Display of stress loading parameters for the FEM

Using the Stress loading | Results | Visualization tab you can visualize stress loading pa-
rameters values at FEM nodes and select node lists for the further durability analysis.

Durability calculation wizard - e um 70\ vibrostand' vibrostand_4.dur
= = RS
Gieneral Stress loading analysis | Durabiity analysis |

Source dala] Node grnq:usl Setl'ngs] Calculation Fesuls ]

Node st | Separate node | Distibutions  Visuslization |

Load caze:

| 1. Load caze 1 ﬂ
Select data fior viswalization:

H aximal strecs [MPa ﬂ

Show

Cloze |

Figure 1.27. Visualization of results of stress loading

The user can select a load case and data for visualization from the corresponding combo box-
es, see Figure 1.27.

The animation window is used for displaying. The color scheme corresponds to values of the
selected stress loading parameter. Figure 1.28 shows the distribution of maximum values of
equivalent stresses at FEM nodes.

0.00E+00 3.00E+00 6.00E-+00 9.00E+00 1.20E+01
I

Figure 1.28. Maximal stress distribution
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The user can change display options with the help of the popup menu of the animation win-
dow.

2+ Orientation v
Grid b
Rotation style b

Coordinate system
w Perspective

[] Background color...
Window parameters...

v Additional positioning buttons
v FEM mesh image buttons
Select colors..,

Select FE nodes...

The popup menu contains additional options for the following operations:

e «Select colors...»
This option can be used for the selection of the color scheme. The user can define colors for
different values of the displayable parameter.

Paint properties |
—Paint propertie
Minimal swalue: 0.0
b aRirnal walue; B.BEE+0M
High bound: | 5.5EE+001 1
Low bound: | 0.000 ™ |
Murnber of szale points: IE |ZI
—Calor
. Color far minirmal walue
. Color far maximal walue

Apply | Cancel |

Figure 1.29. Maximal stress distribution
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e «Select FE nodes...»

This command is used for defining and marking out nodes in the node list. A node can be se-
lected by mouse, by coordinates or by node number. A new window appears.

my Selection of nodes - |I:I|ﬂ
List of flexible subsystem Modes in group:4
- Maodes selected:4
IUmObJEd j List of nodes in group:
W _
“Search node 1.Mode 1 (-1.000, 0.005, 0.010)

2. Mode 2 (-1.000, 0.005 -0.010)

3. Mode 54 (-0.280, 0.005,-0.070)

™ byindex " by coordinates EE\\S 4. Mode 217 (-0.980, 0.005, 0.000)
Select all
. 1
05 Cancel selection
b -0.980 L - 0005 {Z: 0.aoo . . .
_J u u I— Save list on nodes in *.txt file

Selected node
M 217 #: -0.980 ' 0.005 Z:0.000

Searchl Add I Clzar | Close |

Figure 1.30. Node selection for marking

The selection of a node can be made:
o by the node number (input the node number at the field «N:»);

o by the node coordinates (input the node coordinates at the flexible subsystem CS at
the fields «X:», «Y:», «Z:»);

o by mouse (if L button is pressed).

After the search criterion is defined click the Search button and add the obtained node to the
list by clicking the Add button. To mark out the added node the user should select it from the
right list, see Figure 1.30 (nodes 1, 2, 54, 217 are checked and will be displayed).

The popup menu of the node list allows the following actions:
e Selectall

e Cancel selection
e Save node list in *.txt file

The node list can be saved in text file for the later usage in the initialization of node groups,
see Sect. 1.2.3. "Node group initialization”, p. 1-22.

Note. Node groups can include a great number of FE nodes at the preliminary stage of

investigation. With the help of this option the user can correct initially defined
node lists for the later durability analysis.
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1.3. Durability analysis in UM Durability

UM Durability enables the S-N analysis in compliance with the following methods.

o Carriage-building method
o S-N Simple method

This chapter includes description of the general sequence of the calculation.

1.3.1. Durability analysis procedure

In the Figure 1.31 below, the basic stages of the durability analysis are depicted.

Stress loading analysis

v
Choice of durability parameters Choice of the life prediction or safety factor
calculation method and evaluation method

initialization of method parameters| | [The initialization of method parameters
—|(life-time unit selection, setting the design life
time)

| _[Operational condition description (setting the
combination of precalculated load cases, corre-

v sponded to life-time unit)
Initialization of L

Correction of node lists (if necessary)

parameters of node groups

Setting of fatigue resistance properties for

v node groups
Durability parameters —
. Source data verification
calculation

— | [(Stress loading data preparing (cycle count per
life-time unit evaluation, reduced amplitude dis-
tributions calculation, etc)

Evaluation of durability parameters according to
the selected method

Figure 1.31. Stages of durability analysis
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The durability analysis procedure includes several stages. UM Durability suggests the fol-
lowing order of operations:

e  Stress loading analysis

The stress loading data analysis is carried out according to the sequencing described at
Sect. 1.2. "Stress loading analysis in UM Durability", p. 1-5.

e Choice of durability analysis method and initialization of method parameters

The calculation method is usually predefined by investigation demands. The user should also
define a life-time unit and set data for load cases to the life-time unit reduction.

e Correction of node groups and fatigue resistance properties for them

The durability parameters calculation is based on the results of stress loading analysis for se-
lected nodes. The user can regroup nodes for the durability analysis or exclude some of them
from the list.

e Durability parameters calculation

Various methods of durability evaluation might be used to get estimation of various durabil-
ity parameters, for example safety factors, life-time, path length, etc.
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1.3.1.1. Choice of durability analysis method and initialization of method parame-
ters

Each of durability calculation methods realized at the UM Durability program module has its
own characters. Selection of the method is usually based on demands to object characters and

investigation results.
The Durability analysis | Evaluation method tab is used to select method and assign meth-

od parameters, see Figure 1.32.

General I Stress loading analysiz  Durability analysis |

Evaluation method | Fatigue resistance Ealculatel Fiesultsl J

Evaluation method Carmiage-building method j |

Stress loading description I Diurakility exvaluation parameters I

Strezz loading data source bpe IHeduced amplitude distribution j
—Reduced amplitude distibution
Mean stress correction methad IG::u:u:Iman j
Lower-range amplitude value [MPa] I 20 E] " Set as a part of fatigue strength
Fart af Fatigue: strength I )=

—HRelative parts of load case
Life-tirme vt ISE:::::nd af wark, j

Set relative partz of the operational regimes per the selected life-time Linit I

—LCycle count evaluation algarithn

Ealuation algorith I j
Eentral frequency evaluation I j
algarnthm

Central frequency of process [Hz) I 23 EJ

Figure 1.32. Durability analysis method selection

1.3.1.2. Life time unit features

In general, all the methods demand the stress loading description. Data for the selected nodes
for the load cases (operational regimes) were calculated at the stage of stress loading analysis

To evaluate durability parameters the user should select life-time unit and define the relative
part of each of the load cases per this unit. Further analysis is based on these data.

UM Durability allows using several kinds of life-time units. Each of them has its own fea-
tures.

Second of work life-time unit

If this life-time unit is selected the user should define relative parts of operational regimes
represented with load cases in working time of the object.
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Let n~k> be the number of stress load cycles evaluated from the stress time history (STH)
which presents the k load case.

Cycle count per second of work for the k load case is calculated according to the following
equation

<k>

<k> _ Nyeal
Ngee” = k> where

tk>, t5%> are initial and end time points of k load case STH, see Sect. 1.2.2.4. "Time inter-
vals of the load cases stress histories setting™, p. 1-20.

Cycle count per second of work ns$L8> is evaluated according to the following equation

<CLB> _ <k> ,.,<k>
Ngpe”~ = z C Nsse , Where

k

C<k> is a k-load case relative part.

Relative parts of the load cases per operation time of the object can be defined in the follow-
ing window (Set relative parts... button), see Figure 1.33.

xRelative parts of the operational regimes in life-time
P2 Load caze STH length [zec) Relative part
1 Load caze 1 10.0000076293945 01
2 Load caze 2 10.0000076293945 0
3 Load caze 3 10.00000762939345 ns
el L0ad coefficients From *.Exk File
4 10.0000076293945

Save coefficients to *.kxk file I £

k. | Cancel |

Figure 1.33. Setting relative parts of load cases per operation time. Second of work life-time unit.

The STH time interval value is evaluated according to STH bounds defined at the stage of
load case description, see Sect. 1.2.2.4. "Time intervals of the load cases stress histories setting”,
p. 1-20. These values cannot be changed in this window.

Relative parts can be set manually in the rows of the table or loaded from a text file with the
help of the popup menu, see Figure 1.33.
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Path length life-time unit
Cycle count per kilometer of path length in k operational regime ng<> is calculated accord-
ing to the following equation

<k>
<k> __ Nreal

Nem = W, where

L<¥> is a path length (in meters) corresponds to the stress time history (STH) which presents

the k load case.
Cycle count per kilometer of path length ngc 5> is evaluated according to the following
equation

<CLB> _ <k> .., ,<k>
Niem - Z C Niem
k

The length values L<¥> and the relative parts of the load cases per operation path length C<¥>
can be defined in the following window, see Figure 1.34.

myRelative parts of the operational regimes in botal path length =] B
P2 Load caze Path length [meters] Relative part
1 Load caze 1 200 01
2 Load caze 2 200 01
3 = = 500 ns
Load path length walues Fram *.Ext File
4 Save path length values to * bxt il 500 E
Load coefficients from *.txt File
Save coefficients to *.kxk file

Ok, | Cancel |

Figure 1.34. Setting relative parts of load cases per operation time. Path length life-time unit.

User defined life-time unit

The user can define a life-time unit (only if the S-N Simple durability calculation method is

used).
In this case the user should define a repeat count of the load cases STH per the life-unit.

Cycle count per user defined unit in k operational regime n3*> is calculated according to the
following equation

ng = R ngl,

Cycle count per life-time unit ng“8> is evaluated according to the following equation

ngCLB> = Z R<¥> - nsk= where
k
R<F> is the repetition number of the k-load case STH per life-time unit. These values can be
defined in the following window, see Figure 1.35.
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m Load cases STH repetition numbers per life-time unit ngﬂ
[l Load case RFepetition nurnber

1 Wark mode 1.tmc 1

2 Work mode 2.tmc 1

Load coefficients from *.txt file
Save coefficients in *.txt file

()4 | Cancel |

Figure 1.35. Setting relative parts of load cases per operation time. User defined life-time unit.
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1.3.1.3. Fatigue resistance properties initialization for node groups

Node groups are preliminary defined at the stage of stress loading data analysis, see
Sect. 1.2.3. "Node group initialization", p. 1-22. To evaluate durability parameters fatigue re-
sistance properties for nodes must be defined.

Fatigue resistance properties depend on several factors such as material properties, loading
type, position of the control node (the control node is used for durability estimate in dangerous
zone), etc.

The Durability analysis | Fatigue resistance tab is used for operations with node groups,
see Figure 1.36.

Generall Stress Inading analysic  Durability analwsis |

Evaluation method — Fatigue resistance | Ealculalel Hesultsl

cD:; =

Mode group | Total n... | I aterial | Sfaft... | Tatal ... | Sfaft... | Variati...l Safet.. | Safet... | Residu... |
MNode group 1 827 Steel Na 1 210 1.4E0 1438, 007 1.20 10E.. &

Mode group 2 100 Steel No 4 210 1.500 1400, 010 1.70 g23m3 3
Modegroup 3 55 Steel No 8 200 2700 74074 007 1.70 43573 3

Figure 1.36. Setting fatigue resistance properties of node groups

Use left mouse button double-click at the node group row from the list to set the group data.

Select the Properties tab of the Group properties window to define the fatigue resistance of
the group, see Figure 1.37.

mn Group properties [Top plate]
Propettes | Node it

Caption |T|:up plate

M aterial Istee| Mol LI Add new material I

Loading bpe IEenu:I LI E dit material I
—5-M curve descrption

S-M curve type [Model Mo 5 - Piecewise linear approsimation LI Plat 5-M curve |

Sf0: Fatigue strength of a specimen: F=-1 [MFa) 4110 =

EE  Total fatigue strength reduction coefficient IW Calculate |

Sk Fatigue strength of the group: B=-1 [MFa) .

SE: Coefficient of varation of the fatigue stength of the group I 01 E] I.ﬁ.lhitrar_l,l LI

Mel: Base cycle count [miliohs) IW

B1: Slope of 5-M curve first line IW

B2 Slope of 5-N curve zecond line I 0.0z ﬁl

Rezsidual/temperature strezs [MPa) IW

Ok I Cancel |

Figure 1.37. Setting fatigue resistance properties of node group
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The user should select material from the Material database (see Sect. 1.3.1.3.1. "Material
database", p. 1-44) with the help of the Material combo box or define a new one with the Add
new material button. To control or edit the material properties one can click Edit material but-
ton.

The S-N curve type is set according to the selected durability analysis method.

The fatigue strength of the material defined in the database is shown at the Fatigue strength
of a specimen field.

The Total fatigue strength reduction coefficient shows the ratio between the fatigue
strength of the material and the fatigue strength of the group.

If properties which are defined in the database correspond to the investigation of a standard
specimen the user can correct these properties by a set of coefficients. The coefficient list de-
pends on the selected method and can include size factor, surface treatment factor, surface finish
factor, material heterogeneity factor, etc. Click Calculate to define values of these coefficients.

Fatigue strength of the group is evaluated from the fatigue strength of the material and total
fatigue strength reduction coefficient values.

Coefficient of variation of the fatigue strength of the group value is used for the probabil-
ity of no-failure effect consideration.

Select the Node list tab of the Group properties window to correct node lists of the previ-
ously defined groups. The user can also add & or delete = some of these groups, see
Sect. 1.2.3. "Node group initialization", p. 1-22.

Note. Durability parameters can be evaluated only for nodes, which have been included
in any node groups at the stage of the stress loading analysis.
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1.3.1.3.1. Material database

The database is intended to keep the user-defined library of characteristics of materials that
you often use. By default, the database is empty.

o =

@ Material database E@
ar = T

Al list | Default databaze I Added. . |

b aterial 5-M analyziz
2 Steel Mo 1 s “og
Steel Mo 2 v Yes
Steel Ho 3 e ez
Steel Mo 4 v ez
Steel Ho B v ez
Steel Mo B w Yes
Steel Mo 7 — Yes
Steel Mo 8 o Yes
Steel Mo 9 v Yes
Steel Mo 10 e Yes
Steel Mo 14 v Yes

Figure 1.38. Material database window

Use buttons from the top tool panel to create (*), delete (=) or copy (¥) material proper-
ties records.

Double-click at any row opens Material properties window.

Mechanical properties defined by uniaxial tension test can be set at the Common properties
tab.

Material properties - Steel No 1 [ x|

Common properties | S-h anal_l,lsisl

Caption
|SteelNa 1

Comment

I.-'l'-.IID_I,I sheel

Static strength parameter
YYield strength [MPal | 295
Ultimate strength [MPa] | 430

Ok, | Cancel |

Figure 1.39. Material properties window
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For the description of S-N fatigue resistance properties S-N curves are used. S-N curves set
functional dependence between regular stress loading parameters (cycle range, cycle amplitude)
and destruction cycle count.

These dependences are the results of experimental investigations which are usually carried
out with polish standard specimens in different load conditions. The user can define S-N curves
described material fatigue resistance properties for Bend, Stress/strain and Torsion loading.

1.3.1.3.2. S-N curve mathematical models

There is a great variety of S-N curve mathematical models based on different ways of statis-
tical approximation of experimental data. Durability evaluation methods defined at
UM Durability use the following S-N curve models.

Model Nol — Straight line in logarithmic scale

This model is used in the carriage-building method and can be described with the following
functional dependence:

o™ - N = const, where

o is the cycle amplitude value of regular stress loading process;

N is the loading cycle count led to the destruction of a specimen or the crack size increasing
to predefined value;

m is S-N curve inclination index.

The cycle count which leads to the destruction (N) can be evaluated from the loading ampli-
tude value (o) according to the following equation:

o_1\™
N =N,- (7> , Where

Ny is a basic cycle count;

o_ is endurance limit (fatigue strength) of a specimen.

These parameters can be defined in the following form fields:

Endurance limit amplitude of specimen: B=-1 (MFa) I 211 I
Base cycle count (millions of cycles) I 10 I
S-M curve inclination index I 5.88 I

Model No2 — Piecewise linear approximation

This model is used in the common machine-building method and can be described with the
following functional dependence:

o_1\™
Ny - (—) ,IpU O = 0_4
N = o ,where

Ny - (0_1) ,IpU 0 < 0_4
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N is the loading cycle count led to the destruction of specimen or the crack size increasing to
predefined value;

o_, is the cycle amplitude value of regular stress loading process;

Ny is the basic cycle count;

mj, m, are S-N curve inclination indices.
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These parameters can be defined at the following form fields

Endurance limit amplitude of specimen: B=-1 [MFa] IW
Baze cycle count [millions] IW
5-M curve inclination indes: first ine IW
S-M curve inclination index: second line IW

Model No3 — Hyperbolic approximation

This model is used in the locomotive-building method and can be described with the follow-
ing functional dependence:

O,—0
N = - ———, where
0_0_1

N is the loading cycle count led to the destruction of specimen or crack size increasing to
predefined value;

o_, Is the cycle amplitude value of regular stress loading process;

o, is ultimate strength of material;

p 1s specimen constant.

These parameters can be defined at the following form fields

Endurance limit amplitude of specimen: B=-1 (MFa) I 2110 I
S-M cunve canstant of specimen (125) I 0.56 I

Model No 5 — Piecewise linear approximation
This model is similar to Model 2. VValues o_;, m;, m, are replaced with the following:
SAI1 is the virtual stress amplitude intercept:

b
SAIL = ;- NJ*

bi, b, are slopes of S-N curve lines in the logarithmic scale:

b1=1/m1’ b2=1/m2

These parameters can be defined at the following fields.

5S4l Stress amplitude intercept [P a] Iw
B1: Slope of S-M curve: first line IW
Mez1: Fatigue tranzition paint [milions of cocles] IW
B2 Slope of 5-M curve: zecond line IW

Sk Endurance limit armplitude of specimen: B=-1 [MPa] 210 &=
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1.3.1.4. Reduced amplitude distribution calculation

Fatigue resistance properties of standard specimens are usually investigated for regular sym-
metric stress cycle. In these cases, S-N curves describe dependences between amplitude of the
symmetric stress cycle loading and the life-time of the specimens. At the same time stress load-
ing of the most of construction elements is not symmetrical.

Two methods are usually used to consider the asymmetry of stress cycles.

e The first method is used in the case of regular stress loading. Fatigue strength characteristics
are determined using the Haigh diagram, and loading is defined with the help of amplitude
distribution.

e The second method bases on the one-parameter reduced amplitude distribution forming.
Reduced amplitude of the asymmetric stress cycle is the amplitude value of symmetrical cy-
cle led to the damage which equals to the damage from the asymmetric stress cycle. This re-
duction procedure is used if mean value of stress cycle is positive. It supposes that compres-
sive stresses have not influence on the fatigue strength of the structure. This method is im-
plemented in UM Durability.

UM Durability uses the following methods of mean stress effect evaluation:

o Kinasoshvili
Kinasoshvili’s model uses the following formula for mean stress correction:

Oqr = 04+ 0y, Where

w is the coefficient of sensitivity to cycles asymmetry.

o Soderberg

Ua

04 r = — -, where

(-()
Oy
g, is the tensile yield point.
o Gerber

g,

Ogr = z where

o, 1s the ultimate tensile strength.

Goodman



Universal Mechanism 10 1-49 Chapter 13. UM Durability

The distribution of reduced amplitudes is formed based on the correlation table and mean
values according to the following algorithms.
e For each cell of the correlation table with non-zero value the central values of median and
amplitude intervals are calculated.
e Then the mean stress correction procedure is executed that gives us reduced amplitudes as a
result. Then the distribution of reduced amplitudes is formed.

Values of temper or temperature stresses are considered. In this case their values are added to
medians of intervals.

If the low limit of damaging amplitude o™ is used then all amplitudes which are less than
this limit are not considered during forming the distribution.
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1.3.1.5. Durability analysis results performance

The user can display durability parameters calculated for the FEM nodes included in the
groups for the operational conditions described with the combination of the load cases. The user
can also display the results, evaluated for the particular operational modes.

Results are presented in the Durability analysis | Results tab.

1.3.1.6. Node list

Durability analysis | Results | Node list allows to get information about general loading
characteristics and durability parameters at the FEM nodes for the selected particular operational
regime or for the Combined stressload block, see Figure 1.40.

Generall Stress loading analysis  Durability analysis |

E waluation methodl F atigue resistancel Calculate  Results |

Node list | Separate nndel Stress lnading parametersl Visualizationl

Load caze:

IEombined streszload block ;I 1=}
Nu:u:le...l Mode group | bd axima... | Equivalenl...l Cycles .. | D amage. .. | zecohds | Life-time. .. | Safety .. | Redu... | Safet.. | Carnrment Al
932 Mode group 1 48,406 26.037 42,2425 0.0851 1.18E09 367 1.5 FEA 1.597 Evaluation is—1
93 Mode group 1 B3.E51 29133 43.04 0,168 BAEEDE 186 h.82 g2 1.75 Evaluation is
930 Mode group 1 15.253 7.ERZ2 44,0493  EB.EE-05 151E12  473E0S  1.48E04 216 E.ES Evaluation is
979 Mode group 1 37.751 21611 45,4257 0.0306 327E03 1.02E03 3.8 E1.4 234 Evaluation is
978 Mode group 1 B4.053 36390 45,8578 0.EBZ 151EDE 472 1.48 104 1.39 Evaluation is
977 Mode group 1 27.043 14,394 41,5068  0.00256 J391E10 1.22E04 0 382 40.3 357 Evaluation is
976 Mode group 1 41.670 22611 430616 00378 2EB4ED9 827 258 E3.7 226 Evaluation is
975 Mode group 1 41.446 21.844 41,7537 0.0299 3ME0S 1.04E03  32E E1.2 235 Evaluation is
974 Mode group 1 70.852 39.697 415351 1 1E08 .3 0.977 1 1.29 Evaluation is
973 Mode group 1 14.636 7829 441334  7HEE-05  1.32E12  413E0R 1.29E04 221 E5 Evaluation is
972 Mode group 1 E5.255 35.883 39,9303 053 1.89E08 583 1.84 99.7 1.44 Evaluation is
971 Mode group 1 14.555 8.248 45,414 0000106 9.46E11 296E0E  9.23E03 234 E14 Evaluation is
a7 Mode group 1 54.434 30,756 41.0463 0.22 4R4E08 142 4.44 859 1.67 Evaluation is
969 Mode group 1 34.826 15.048 415702 0.0133 FHIEDS  23B5E03 T34 R3.3 27 Evaluation is
968 Mode group 1 E3.E815 35.935 39,75 0.533 1.88E08 587 1.83 99.8 1.44 Evaluation is
967 Mode group 1 59.400 33656 41.108 0.375 2E7TEDE 834 281 94 1.53 Evaluation is
966 Mode group 1 57.962 32361 41,6019 030 332E08 104 324 q0.6 1.59 Evaluation_isILI
“| | r

Figure 1.40. Durability evaluation results. Node list.

e  Maximum stress (MPa)
Right bound of the reduced amplitude distribution evaluated from the selected load case
stress time history

e Equivalent amplitude of the reduced amplitude distribution (MPa)

The amplitude of regular loading led to the damage which equals to the damage resulted
from irregular loading described with the reduced amplitude distribution (the cycle count of reg-
ular loading is equal to the cycle count of irregular loading).

e Cycle count per life-time unit
e  Damage accumulated per life-time unit
e Life time (in terms of the life-time unit)
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e Life time (years)
e  Safety factors
e Reduced equivalent amplitude (MPa)

These parameters are evaluated according to the selected analysis method, see Sect. 1.3.
"Durability analysis in UM Durability", p. 1-36.
e Comment

If the durability parameters evaluation at the node is successful then comment is «Evaluation
is successful»

1.3.1.7. Durability parameters for a particular node

The Particular node tab allows to display results of the durability parameters evaluation at
the selected FEM node. The parameter list is equal to the parameter list, defined at table Dura-
bility | Results | Node list, see above.

1.3.1.8. Stress loading parameters

The Durability analysis | Results | Stress loading parameters page allows to get tabular
and graphical information about the reduced amplitude distribution (see Sect. 1.3.1.4. "Reduced
amplitude distribution calculation™, p. 1-48) at the particular node for the defined load cases.

1.3.1.8.1. Tabular performance

The table shows the distribution of reduced amplitudes calculated from the two-parameter
distribution of stress loading parameters according to the selected mean stress effect evaluation
method, see Figure 1.41.

Generall Stress loading analysiz  Durability analysis |

Evaluation methu:u:ll Fatigue resistancel Calculate  Results |
Node list | Separate node  Stress loading parameters | isualization |
Load caze: Maode number:
|1. Speeding up ;I |'IEE % = E
Mo | Interval width [MFa] | tedian ztrezs [MPa) | Probability, % | Cycle count | -
1 [0.188564. 0.5468... (03677 72498 h3ihb2
2 [0.548835..0.9051... 0725971 253 1.85
3 [0.905107.1.26338] 1.08424 1.62 1.11
4 [1.26338.1.62160]  1.44251 202 1.48
4] [1.62165.1.97332]  1.80073 303 222
B [1.97952.2.33819] 215906 379 2748
7 [2.33819. 2 69646] 251733 227 167
a [2.69645. 3.05474] 28706 227 167
| [3.08474 3413011 323387 051 037
10 [341301.3.77128]) 359214 1.0 n74

Figure 1.41. Durability evaluation results. Stress loading parameters.
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1.3.1.8.2. Reduced amplitude distribution for a FEM node performance

To plot the reduced amplitude distribution for a FEM node for the particular load cases the
following steps are necessary:
e select the Durability analysis | Results | Stress loading parameters page;
e select the FEM node number and the load case (to plot the distribution for the combination
of the load cases select the Combined stress loading block item);

e click ™ button at the top panel of the page or select the «<Show as bar chart» option from
the popup menu.

The following window will be opened automatically, see Figure 1.42.

mn Stressload parameter distribution
Load caze=[1. Speeding up]; Mode 156; Cycle count=1598.00

Two-parameter distibution I Amplitude distribution I Distribution of means | Distribution of reduced ampltudes I

Relative par't
L R o MU -
. g s A S
|:|.2_ O
 arm— | 1 ; | | H 1 1 | 1 — l_EltrESS[-MPa]
1] 1 o 3 4 5 E 7

Figure 1.42. Durability evaluation results. Distribution of reduced amplitudes

This window is also used for the displaying the stress loading parameters distributions, see
Sect. 1.2.5.3.2. "Display of stress loading parameters distributions for a FEM node", p. 1-31.
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1.3.1.9. Durability parameters visualization for the FEM

Use the Durability analysis | Results | Visualization tab to get the visual representation of
the durability parameters values at the FEM nodes included in the groups, see Figure 1.43.

General I Stress loading analysis  Durability analysis |
Evaluation methu:u:ll Fatigue resistancel Calculate  Results |

Mode Iistl S eparate nu:u:lel Stresz loading parameters  Yisualization |

Select data for visualization

Load caze:

|1. Speeding up LI

Show |

Figure 1.43. Durability evaluation results. Visualization.

Select data for visualization and the load case from the corresponding combo boxes and click
the Show button.

The animation window is used for the displaying. Color scheme corresponds to values of the
selected durability parameter. The user can change display options or select a list of nodes with
the help of the popup menu of the animation window, see Sect. 1.2.5.3.3. "Display of stress load-
ing parameters for the FEM", p. 1-33.
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1.4. Durability evaluation methods

1.4.1. Carriage-building method

This method is based on the Russian carriage-building regulations. It also includes several
additional evaluation algorithms.
Characteristic parameters of the method are the following:
e  Stress loading can be described with an amplitude distribution or with a spectral characteris-
tic of the loading process (RMS value of the process).
e The durability evaluation is based on the linear damage accumulation Palmgren-Miner rule.
e S-N curve describes with a single line in double logarithmic scale (Model Nol, see
Sect. 1.3.1.3.2. "S-N curve mathematical models", p. 1-45).
e The results of the analysis are the reduced equivalent amplitude, the life-time or the life-path
length.
This issue includes controls descriptions, design parameters and evaluation algorithms.

1.4.1.1. Stress loading description

The Stress loading description is based on the results of stress loading analysis, see Sect. 1.2.
"Stress loading analysis in UM Durability"”, p. 1-5.

The Durability analysis | Evaluation method | Stress loading description tab is used for
the description.

Generall Stress loading analpsiz  Durability analysis I

Evaluation methad | Fatigue resistancel Ealculatel Hesultsl

Ewaluation method IEaniage-huiIding method j

Stress loading description I Durability evaluation parameters I

Stress loading data source tupe IHeduced amplitude distribution j
—Reduced amplitude digtibution
tean stress comection method IGerber j
Lower-range amplitude walue [MPa) I 0 _ﬁ] [" Set as a part of fatigue strength
Part of fatigue stiength I 0
—Relative parts of load case
Life-time unit |Secand of wark =l
Set relative partz of the operational regimes per the zelected life-time unit |

—Cycle count evaluation algorithm

Ewaluation algarithm IEentraI freqency: autodetection for each of the load cases j
EEII;tlrita}!ll'rnnaquenc-IrI vallafion Calculate by count of intersection with mean walue of stress

Central frequency of pracess [He] I 2.3

Figure 1.44. Stress loading description
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Stress loading data source type

The carriage-building method suggests two types of stress loading data description.

In the first case, stress loading data are described with reduced amplitude distribution. The
second variant of the description is based on the spectral characteristic of loading process (RMS
value of loading process).

Note. Russian regulations prescribe to use spectral characteristics only for narrow-band
loading process with normal distribution of stress values. Otherwise we should
use amplitude distribution.

Durability evaluation in terms of kilometers of path is available only for the first
variant of stress loading data description.

Mean stress effect calculation method?

The user can select one of the mean stress effect calculation algorithms, see Sect. 1.2.1.3.
""Stress loading parameters distributions”, p. 1-10.

Lower-range amplitude value (MPa)*

This value is used at the procedure of the reduced amplitude distribution evaluation, see
Sect. 1.2.1.3. "Stress loading parameters distributions™, p. 1-10.

The lower-range amplitude value can be set as defined value or as a part from fatigue
strength of the group (check box Set as a part from fatigue strength).

Life-time unit

The user can select second of work or kilometer of path length as a life-time unit.
To describe operational conditions the user should click the button Set relative parts of the
operational regimes per the life-time unit and set the corresponding values in the window.

Cycle count evaluation algorithm

The carriage-building method suggests second of work or kilometer of path length as a de-
sign unit. Accordingly, the durability evaluation algorithm should define cycle count per second
of work or per kilometer of path length.

There are several ways of cycle count per second value definition. We can use the central
frequency of the process evaluated from stress histories on one of the three available methods,
see Sect. 1.2.4.2.1. "Stress loading evaluation parameters for carriage-building method", p. 1-
25, or directly define this at the field Central frequency of the work process.

“This option is available only for stress loading data description in the form of reduced amplitudes
distribution, see Stress loading source data type
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Note. The evaluation of central frequency values takes place during the stress loading
analysis procedure. Consequently, corresponding controls of the preliminary
stress loading analysis should be selected, see Sect. 1.2.4.2.1. "Stress loading
evaluation parameters for carriage-building method", p. 1-25.

Alternatively, cycle count per second or cycle count per kilometer value can be evaluated on
the base of stress history schematization results.

1.4.1.2. Durability evaluation algorithm parameters

Durability analysis | Evaluation method | Durability evaluation parameters tab is used
for setting controls of the durability prediction algorithm.

Stress lnading description  Durability evaluation parameters |

—Probability of no-failure
[ | | 50 (g
1 935
—Optiak
Fatigue damage accumulation madel ILinear damage accurmulation model [Palmgren-kiner rle) j
Reduction coefficient (zec of workAvear] I 2200000 E]
[+ Calculate safety factor
Designed life time [year] I 3z E]

Figure 1.45. Durability evaluation parameters
Probability of no-failure

This parameter defines the fatigue strength value. The fatigue strength of the group has nor-
mal distribution with mean value §f and coefficient of variation vs¢. These values are defined for

each of node groups (see Sect. 1.4.1.3. "Fatigue resistance properties", p. 1-57) and used for the
fatigue strength evaluation:

Sp=5;- (1 —Zy- vsf),where

Z, is a normal distribution quantile for probability P.
Reduction coefficient

This value is used for the conversion of the selected life-time unit to a year of work.

If the result unit is a path length, this coefficient is equal to kilometer of path length per year
value.

If the result unit is a second of work, this coefficient is equal to seconds of work per year
value.
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Russian regularities suggest the following equation for seconds of work per year value (B)
evaluation:

3.~

10° -3
B = 365 -TC,Where

3. is design average daily path length, km/day;
V is average speed of carriage motion, m/s.

Designed life time (year)

The carriage-building durability analysis method permits to evaluate reduced equivalent am-
plitude and object usage safety factor, see Sect. 1.4.1.4. "Evaluation procedure", p. 1-58.

To make these evaluations available the user should click Calculate safety factor check box
and set the Design life-time value.

1.4.1.3. Fatigue resistance properties

The carriage-building method uses Model Ne/ of S-N curve description, see Sect. 1.3.1.3.2.
"S-N curve mathematical models™, p. 1-45.
Fatigue resistance properties for node groups can be defined on the Durability | Fatigue re-

sistance tab, see Sect. 1.3.1.3. "Fatigue resistance properties initialization for node groups"”,
p. 1-42.
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Figure 1.46. Group properties
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The group properties window (Figure 1.46) lets the user select material of the group from
material database, make correction of the fatigue strength value and variation coefficient, set
permissible value of safety factor and define temper value for the group nodes.

Fields Fatigue strength of material specimen, Base cycle count and S-N curve incline in-
dex are filled in automatically according to values defined for material of the group at the mate-
rial database, see Sect. 1.3.1.3.1. "Material database", p. 1-44.

Total fatigue strength reduction factor (Figure 1.47) Cr can be defined as a value or calcu-
lated with the following equation:

— Cheterogeneity ) Ctreatment

Cf:CO'

- M, where
Csize * Crinish

C, is efficient stress concentration factor which considers decreasing of fatigue resistance
properties owing to local geometry features;

Cheterogeneity 1S Material heterogeneity factor;

Ctreatment 1S SUrface treatment factor;

Csize 1S Size factor;

Crinisn 1S surface finish factor;

M is additional multiplier used for other factors description.

To define all these factors the user should click the Calculate button and fill in fields of the
following window.
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Figure 1.47. Total fatigue strength reduction factor

1.4.1.4. Evaluation procedure

This section is dedicated to the description of durability parameters evaluation algorithms
and results of the carriage-building method.

Note. The method uses linear Palmgren-Miner damage accumulation rule. Fatigue re-
sistance properties of the material are described with the Model Nel S-N curve,
see Sect. 1.3.1.3.2. "S-N curve mathematical models™, p. 1-45.
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Let us consider the main stages of the evaluation procedure. Let the stress loading data is de-

scribed with the reduced amplitude distribution:

Reduced amplitude distribution evaluation for all node groups. This evaluation (see.
Sect. 1.2.1.3. "Stress loading parameters distributions”, p. 1-10) uses the preliminary evalu-
ated distributions of stress loading parameters. Reduced amplitude values are evaluated ac-
cording to the selected mean stress effect calculation algorithm (see Sect. 1.4.2.1. "Stress
loading description”, p.1-62) and pre-defined residual stress values (see Sect. 1.4.2.3.
"Fatigue resistance properties”, p. 1-65). Lower-range amplitude value is also taken into
account (see Sect. 1.4.2.1. "Stress loading description™, p. 1-62).

Equivalent amplitudes o4%> evaluation. Equivalent amplitude (o5%) is an amplitude of a

regular loading resulted in damage, equals to the damage, resulted from the k-load case irregular
loading.

Mo bd e

l

Oak> = m\/z k> - g %>  where

o> is characteristic value of the i-interval of the reduced amplitude distribution which
performs the k-load case;

t=%> is a relative part of cycles evaluated from the k load case STH which parameter values
allow to relate them to the i interval;

m is the Model Nol S-N curve parameter.

Damage per the life-time unit D% for the load cases evaluation.

Two estimates are used:
value, calculated on the base of fatigue strength value, evaluated without safety factor (used
for reduced equivalent amplitudes evaluation)

<k> <k>\M
D<k> _ Nynit . Og.e
unit —
NO 0_1

value, calculated on the base of fatigue strength value, evaluated with safety factor (used for
durability evaluation)

n<k> [ g<k> m
k> unit a.e
DS = — <— [n]) where
unit[n] ’
Ny 0_1

<k> is a cycle count per the life-time unit;

o_, Is a fatigue strength;

No is a base cycle count;

[n] is a reserve coefficient, see Sect. 1.4.1.3. "Fatigue resistance properties”, p. 1-57.
Damage per life-time unit evaluation

n
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<CLB> _ <k> . n<k> p<CLB> _ <k> . p<k>
Diynic ~ = Z C Dinit» Dunit[n] - 2 C Dinit [n]’ where
k k

C<*> is a relative part of the k-load case operation time or operation path length.

e  Cycle count per life-time unit evaluation
<CLB> _ <k>, ., <k>
Nynit - Z C Nynit
k

Reduced equivalent amplitude evaluation. Reduced equivalent amplitude is amplitude of
regular loading with the cycle count which equals to the base cycle count resulted in damage
which is equal to the value, which can be accounted in case of design life-time non-regular

loading, described with the combination of the load cases.

Ore = JB (Te] - D - 0o1 = ’“jB AT ) €5 D oy =

k

_ m\/B - [T.] Z C<k> nl<”11¢>t z g<k>. (0_<k>)m where
_— i i t ’

k i

o B is life-time units per year (e.g. seconds per year);
[T.] is the design calendar life-time of the object, see Sect. 1.4.1.2. "Durability evalu-

ation algorithm parameters”, p. 1-56.

o

e Safety factor of reduced amplitude value
0_1

NRpe =

OR.e
e Durability evaluation (in terms of life-time units)
m
-1} .
1 ()
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T, = L, T, = Lk—m
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e  Safety factor of design life time
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ST

Let us consider the main stages of the evaluation procedure if RMS values for the stress load-

ing description are used:
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e Reduced equivalent amplitude evaluation.

N unit

Ope = \/ 7] .A.Z C<k>.n<k>. (§<k>)m where
0
k

A=27 % F(mT”) is function of m;

S=k>is RMS value of STH, which presents the k-load case.

e Safety factor of reduced amplitude

e Durability (in seconds of work)

(f)

T.. =
CeK A- Zk C<k>. nc<e11<<> . (S§k>)m

e Calendar life-time

TC — TSEC
Bsec/year
e Safety factor of design life time
Tc
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1.4.2. S-N method

The S-N method has the following features:
e  Stress loading data are described with stress loading amplitude distributions.
e Durability evaluation is based on the linear damage accumulation rule of Palmgren-Miner.
e The S-N curve is described with two straight lines in double logarithmic scale.
e Life-time in terms of seconds of work or kilometers of path length or user defined unit is the
result of the calculation.
This issue includes controls descriptions, design parameters and evaluation algorithms.

1.4.2.1. Stress loading description

Stress loading description is based on the results of stress loading analysis, see Sect. 1.2.
"Stress loading analysis in UM Durability”, p. 1-5, and has the following properties.

The Durability analysis | Method | Stress loading description tab is used for the descrip-
tion.

¥ Durability calculation wizard

= =
General | Stress loading analysis  Durability analysis I
Evaluation method | Fatigue resistance | Calculate | Results |

Evahuation method |S-N method =
Stiess loading desciiption | Durabilly evalustion parameters |

~Reduced ampltude distiibution
Mean stress comechon method |Eerber _1]
Lower-range ampliude value [MPa) | 1] [~ Set az a part of fatigue strength

Fart of Fatigue strength I 0 g

—Dperational regimes relative parts
Life-time unit |User defined life-time unit |
Life-time unit caption Idefault unif

Set relatree parts of the operational regimes per the selected life-time urit |

Figure 1.48. S-N method
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Mean stress correction method

The user can select one of the mean stress correction algorithms, see Sect. 1.2.1.3. "Stress
loading parameters distributions", p. 1-10.

Lower-range amplitude value

This value is used for the evaluation of loading reduced amplitude distribution, see
Sect. 1.2.1.3. "Stress loading parameters distributions", p. 1-10.

Lower-range amplitude value can be set as a defined value or as a part from fatigue strength
of the group (check box Set as a part from fatigue strength).

Life-time unit

The user can select seconds of work or kilometers of path length as a standard life-time unit
or define his own one.

In the Life-time unit caption box you can specify your own life-time unit caption.

To describe operational conditions the user should click the Set relative parts of the opera-
tional regimes per the life-time unit button and set the corresponding values in the appeared
window.

1.4.2.2. Durability evaluation algorithm parameters

The Durability | Method | Durability evaluation parameters tab is used for setting param-
eters of the durability prediction algorithm.

General | Shess loading analysis  Durability analysis |

Evvaluation method | Fatigue resistancel Ealculatel Hesultsl

Evaluation methad

Strezs lnading description  Durability evaluation parameters I

—Probability of no-failure
| J | 0 &
1 935
—Optior
D'amage accumulation model ILinear damage accumulation model [Palmaren-tdiner nile] j
Reduction coefficient | 3 200 000
v Calculate zafety factor
Cezigned life time [vear] I a2

Figure 1.49. Durability evaluation parameters
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Probability of no-failure

This parameter defines fatigue strength value. Let the fatigue strength of the group has the
normal distribution with a mean value § and a coefficient of variation v,,. These values are de-

fined for each of node groups (see Sect. 1.4.1.3. "Fatigue resistance properties", p. 1-57) and
used for the fatigue strength evaluation:

Sp=5;- (1 —Zy- vsf),where

Z, is normal distribution quantile for probability P.

Fatigue damage accumulation model

Carriage-building method uses linear Palmgren-Miner damage accumulation rule.
Reduction coefficient

This value is used to convert design units to calendar time. If the result unit is path length,
this coefficient is equal to kilometer of path length per year value.

If the result unit is second of work, this coefficient is equal to seconds of work per year val-
ue.

Russian regularities suggest the following equation for the evaluation of seconds of work per
year value B:

3.

10° -3
B = 365" 7 C,where

3, is design daily average path length, km/day;
V is average speed of carriage motion, m/sec.

Safety factor evaluation

For the evaluation of safety factor, the design life-time value is necessary. This value along
with the reduction coefficient lets the program evaluate the design life-time in terms of design
units.

The definition of this value makes available the calculation of reduced equivalent amplitude.
For the description of the evaluation algorithm see Sect. 1.4.1.4. "Evaluation procedure", p. 1-
58.
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1.4.2.3. Fatigue resistance properties

The S-N method uses Model Ne5 of the S-N curve description, see Sect. 1.3.1.3.2. "S-N curve
mathematical models”, p. 1-45.

Fatigue resistance properties for node groups can be defined on the Durability | Fatigue re-
sistance page, see Sect. 1.3.1.3. "Fatigue resistance properties initialization for node groups",
p. 1-42.

The Group properties window lets the user select material of the group from material data-
base, make correction of the fatigue strength value and variation coefficient, set permissible val-
ue of safety factor and define temper value for the group nodes.

[ Group properties [All FEM nodes] Ei
Fropetties | Node it

Caption |40l FEM nodes
b aterial IStEEI j Add new matenal
Loading type I Bend j

—5-M curve description
SN eurve type Itodel Mo § - Pizcewise linsar approsimation j | Plat 5-H curve I
Sf0; Fatigue strength of a zpecimen: R=-1 [MPa] 2105
Kf. Total fatigue strength reduction coefficient IW Calculate I
Sk Fatigue strength of the group: B=-1 [MPa] 280 &=
SE: Coefficient of wariation of the fatique strength of the part I 1] _ﬁ] I.-i'-.rl:uitrary j
M1: Baze cycle count [millions] IW
B1: Slope of 5-M curve first line IW
B2 Slope of 5-N curve second line I 0.05 ﬁl

—Satety factor of the fatigue strength

Walue I 1 ﬁ] S afety factor iz uzed for durability ervaluation.
Residual/temperature strezs [MPa) I 1] ﬁl

OE. | Cancel |

Figure 1.50. Durability evaluation parameters

Fields Fatigue strength of material specimen, Base cycle count, S-N curve incline index
are filled in automatically according to the values defined for material of the group at the materi-
al database, see Sect. 1.3.1.3.1. "Material database”, p. 1-44.

Total fatigue strength reduction factor can be defined as a value or calculated with the fol-
lowing equation:

K =T —2 M wh
= K, - ——— M, where
! 7 Ky * Ko
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K, is efficient stress concentration factor which considers decreasing of fatigue resistance
properties owing to local geometry features;

K, is surface treatment factor;

K,, is size factor;

K. is surface finish factor;

M is additional multiplier used for other factors description.

To define all these factors, the user should click the Calculate button and fill in the fields of
the following window.

[y Calculation of total fatigue strength reduction factor =] E3
Result |07
Stress concentration factar I.-i".rl:uitrar_l,l jl 1 _@
Surface treatment factor igh termpering treatment [0, 7] .
Size factar I.-i".rl:uitrar_l,l jl 1 .@
Surface finizh factar IP.;.|i3h (1.0 jl 1 [
kuiltiplier I 1 ﬁl
Ok, | Cancel |

Figure 1.51. Durability evaluation parameters

Permissible value of safety factor can be defined manually at the following field.

The value, defined at the field «Residual/temperature stress», is taken into account at the
evaluation of reduced amplitude distribution, see Sect. 1.2.1.3. "Stress loading parameters dis-
tributions”, p. 1-10.
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1.4.2.4. Evaluation procedure

This section is dedicated to the description of durability parameters evaluation algorithms
and results of the S-N method.

Note. The method uses linear Palmgren-Miner damage accumulation rule. Fatigue re-
sistance properties of the material are described with the S-N curve in the Model
MNe5 form, see Sect. 1.3.1.3.2. "S-N curve mathematical models", p. 1-45.

Let us consider the main stages of the evaluation procedure with the user defined life-time
unit:

e Reduced amplitude distribution calculation for all nodes of all groups is based on the pre-
liminary evaluated distribution of stress loading parameters (see. Sect. 1.2.1.3. "Stress load-
ing parameters distributions™, p. 1-10), according to the selected mean stress effect calcula-
tion algorithm (see Sect. 1.4.2.1. "Stress loading description™, p. 1-62) and defined residu-
al/thermal stress values (see Sect. 1.4.2.3. "Fatigue resistance properties™, p. 1-65). Lower-
range amplitude value is also taken into account (see Sect. 1.4.2.1. "Stress loading descrip-
tion", p. 1-62).

e Damage per life-time unit for the particular work modes.

<k> <k>

n t;
<k> __ unit i
D3t = E —N(O'<k>) ,where
7 i

a) nox>is cycle count per life-time unit;

b) 0% is characteristic value of the i-interval of the reduced amplitude distribution which
performs the k-load case;

c) t~*> is the relative part of cycle count of the k load case, which parameter values allow
them to relate to the i interval,

d) N(o) is the cycle count of regular loading with ¢ amplitude, which results in destruction
of the detail. This value is calculated according to Model Ne5 S-N curve description, see
Sect. 1.3.1.3.2. "S-N curve mathematical models", p. 1-45.

e  Equivalent amplitudes o5%> evaluation. Equivalent amplitude (o5%>)is an amplitude of a
regular loading resulted in damage, equals to the damage, resulted from the k-load case ir-
regular loading.

n<k> n<k> t<k>
D<k> umt unlt

unit — <k> z | <k>
N (O’a e ) N (a )

Accordingly,
£<k> -1
o =o{ (5
i i

e Damage per design unit.
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<CLB> _ <k>
Dunit - E Dunit'
k

e Cycle count per design unit for work condition.

<CLB> _ <k>
Nynit - Z Nynit where

k

e Durability (in terms of life-time units)

1

s

e Calendar life-time.

T

TC = E

o Safety factor of life-time.

TC

TlT =




