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1 Introduction

1.1 Add-on Module RF-DYNAM Pro

Whether you are a beginner or already an expert user working with one of the previous RF-DYNAM
versions, everybody can quickly learn how to use the new add-on module. All the valuable hints
from our customers telling us about their everyday experience helped us to develop and improve
this add-on module. There are many new features available, which improves and enhances the
possibilities of a dynamic analysis.

The RF-DYNAM Pro module is split into four parts: The add-on module RF-DYNAM Pro - Natural
Vibrations is the basic module that performs natural vibration analyses for member, surface and
solid models. A multi-modal and multi-point response spectra analysis and a linear time history
analysis of the given structure can be performed with the module RF-DYNAM Pro - Forced Vibrations.
A nonlinear time history analysis is available in the add-on module RF-DYNAM Pro - Nonlinear Time
History. The add-on module RF-DYNAM Pro - Equivalent Loads covers the equivalent static force
analysis (based on the multi-modal response spectra analysis) in accordance to various building
standards.

We hope you enjoy working with RF-DYNAM Pro.

Your DLUBAL team

Natural Vibrations

RF-DYNAM Pro - Natural Vibrations determines the lowest eigenvalues of the model. The number
of the eigenvalues can be adjusted. Masses are directly imported from load cases or load combi-
nations (with the option to import the total mass or only the Z-component of loads). Additional
masses can be defined manually at nodes, lines, members or surfaces. Furthermore, you can
influence the stiffness matrix by importing axial forces or stiffness modifications of a load case or
a load combination.

The main features are listed below:
e Automatic consideration of masses from self-weight
e Direct import of masses from load cases or combinations

e Optional definition of additional masses (nodal, line, member, and surface masses as well as
mass moments of inertia)

e Combination of masses in different mass cases and mass combinations

e Pre-set combination factors according to EN 1998-1 CEN

e Masses can be neglected on arbitrary parts of the model

e Optional consideration of normal forces to modify the geometric stiffness matrix

e Stiffness modification (for example, you can import deactivated members or stiffnesses from
RF-CONCRETE)

e Consideration of failed supports or members possible as initial conditions

o Definition of several natural vibration cases possible (for example to analyse different masses
or stiffness modifications)

e Output of eigenvalue, angular frequency, natural frequency and period
e Determination of mode shapes and masses in FE mesh points

e Output of modal masses, effective modal masses, and modal mass factors
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e Visualization and animation of mode shapes
e Different scaling options for mode shapes

e Documentation of numerical and graphical results in the printout report

Four powerful eigenvalue solvers are available in RF-DYNAM Pro - Natural Vibrations:

Root of the characteristic polynomial

Lanczos method

Subspace iteration

ICG iteration method (Incomplete Conjugate Gradient)

The selection of the eigenvalue solver primarily depends on the size of the model.

After the calculation, the eigenvalues, natural frequencies and periods are listed. These result
tables are embedded in the main program RFEM. The mode shapes of the structure are tabulated
and can be displayed graphically or as an animation. All result tables and graphics are part of the
RFEM printout report. Moreover, exporting the tables to Excel is possible.

Forced Vibrations

RF-DYNAM Pro - Forced Vibrations is an extension of the add-on module RF-DYNAM Pro - Natural
Vibrations. Mechanical structures that are excited by transient or harmonic force-time or accel-
eration-time diagrams can be analysed using the modal analysis or the linear implicit Newmark
solver. Furthermore, a multi-modal and multi-point response spectra analysis can be performed.
The required spectra can be created according to the standards or individually. The add-on mod-
ule contains an extensive library of accelerograms from earthquake zones. They can be used to
generate response spectra.

The features of the time history analysis are listed below:

e Combination of user-defined time diagrams with load cases or load combinations (nodal,
member and surface loads as well as free and generated loads can be combined with functions
varying over time)

e Combination of several independent excitation functions possible
e Extensive library of earthquake recordings (accelerograms)

e Modal analysis based on the eigenvalue analysis or direct integration with the implicit New-
mark solver in the linear time history analysis available

e Modal analysis:
- Direct import of initial deformations from a load case possible
- Stiffness modifications from NVCs are taken into account

e Implicit Newmark solver:
- Independent of eigenvalue analysis
- The member type Dashpot provides the possiblity to model local linear viscous damping
elements with parallel connected linear spring elements (Kelvin-Voigt-Model).

e Structural damping using the Rayleigh damping coefficients or the Lehr's damping values
e Graphical result display in a time course monitor

e Export of results in user-defined time steps or as an envelope
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The features of the response spectra analysis are listed below:
e Response spectra of numerous standards (EN 1998-1 [1], DIN 4149 [2], IBC 2012 [3] etc.)
e Response spectra can be user-defined or generated from accelerograms
e Direction-relative response spectra approach
e Different response spectra can be assigned to different supports (multi-point option)

e Relevant mode shapes for the response spectra can be selected manually or automatically
(the 5% rule from EN 1998-1 [1] can be applied)

e Calculation is performed within RF-DYNAM Pro and is therefore linear

o Modifications of the stiffness matrix as defined in the Natural Vibration Cases are also used for
the calculation of internal forces and deformations

e Combination of the modal responses (SRSS rule or CQC rule) and combination of the results
from different excitation directions (SRSS or 100% / 30% rule)

The results from the time history analysis are displayed in a time course monitor. Here, you have
the possibility to superimpose different nodes or positions within one member. All results are
displayed as a function of time. The numeric values can be exported to MS Excel. In case of a time
history analysis, you can export results of a single time step or filter the most unfavourable results
of all time steps.

As the response spectra analysis is based on the eigenvalues and mode shapes and the internal
forces, deformation and further results are calculated internally within RF-DYNAM Pro, the calcula-
tion is purely linear, but the stiffness modifications as defined in the Natural Vibration Cases are
used for the whole analysis. Only result combinations are exported. A combination of the modal
responses and a combination of the results due to the components of the earthquake action are
done internally.

The input data of RF-DYNAM Pro and the exported load cases and result combinations are part of
the printout report.

Nonlinear Time History

RF-DYNAM Pro - Nonlinear Time History is an extension of the RF-DYNAM Pro - Forced Vibrations
module. Its GUI is fully integrated in the structure of that add-on module. It is extended by two
nonlinear time history solvers — the nonlinear implicit Newmark solver and the explicit solver.

This add-on module allows for nonlinear dynamic analyses to external excitations, either time
diagrams or accelerograms. Various excitation functions can be defined tabularly as harmonic
loads or as a function of time. An extensive library of accelerograms is available. This module
extension removes the limitation to linear systems in dynamics.

The main features are listed below:

e Combination of user-defined time diagrams with load cases or load combinations (nodal,
member and surface loads as well as free and generated loads can be combined with functions
varying over time)

o Definition of user-defined time diagrams in tabular form, as periodic or as a function term
e Combination of several independent excitation functions possible
e Extensive library of earthquake recordings (accelerograms)

e Nonlinear time history analysis either with the nonlinear implicit Newmark solver or an explicit
solver
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e Supported nonlinearities:
- Types of members (tension, compression members, cables)
- Member nonlinearities (failure, tearing or yielding under tension/compression, plastic hinge)
- Support nonlinearities (failure, friction, diagram, partial activity)
- Hinge nonlinearities (fixed options, friction, diagram, partial activity)
- Nonlinear material models

e The member type Dashpot provides the possibility to model local linear viscous damping
elements with parallel connected spring elements (Kelvin-Voigt-Model).

e Calculation independent of eigenvalue analysis
e Definition of structural damping via the Rayleigh damping coefficients
e Graphical result display in a time course monitor
e Export of results in user-defined time steps or as an envelope
The results from the nonlinear time history analysis are displayed in a time course monitor. All

results are displayed as a function of time. Results of single time steps or dynamic envelopes of all
time steps are available. All results can be exported to MS Excel.

The input data of RF-DYNAM Pro and the exported load cases and result combinations are part of
the printout report.

Equivalent Loads

RF-DYNAM Pro - Equivalent Load:s is an extension of the RF-DYNAM Pro - Natural Vibrations add-on
module. With this module, seismic analyses can be performed with the multi-modal response
spectrum analysis. The required spectra can be created according to the standards or user-defined,
from which the equivalent static loads are generated.

The main features are listed below:
e Response spectra of numerous standards (EN 1998-1 [1], DIN 4149 [2], IBC 2012 [3] etc.)
e Input of user-defined response spectra
e Direction-relative response spectra approach

e Relevant mode shapes for the response spectra can be selected manually or automatically
(the 5% rule from EN 1998-1 [1] can be applied)

e Generated equivalent static loads are exported to load cases, separately for each mode and
direction

e The calculation of these load cases is performed in RFEM. Thus, a non-linear calculation can
be performed.

e Stiffness modifications that are applied in the Natural Vibration Cases are not automatically
applied in the Load Cases

e Combination of the modal responses (SRSS or CQC rule) and combination of the results from
different excitation directions (SRSS or 100% / 30% rule)

e Results envelopes with maximum and minimum results or signed result in accordance to a
dominant mode shape

Equivalent static loads are generated separately for each relevant eigenvalue and excitation direc-
tion. They are exported to static load cases, and a static analysis is performed in RFEM. Those load
cases are quadratically combined in result combinations, followed by the combination of different
excitation directions.

The input data of RF-DYNAM Pro and the exported load cases and result combinations are part of
the printout report.
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1.2 Using the Manual

Topics like installation, graphical user interface, evaluation of results, and printout are described in
detail in the manual of the main program RFEM. This manual, however, focuses on typical features
of the RF-DYNAM Pro add-on module.

The sequence and structure of the manual follows the input and results windows of the module.
In the text, the buttons are given in square brackets, for example [Edit]. At the same time, they
are pictured on the left. The expressions that appear in dialogue boxes, windows, and menus are
set in jtalics.

At the end of the manual, you find the index. If you do not find what you are looking for, you can
use the search option for our Knowledge Base to find a solution among the articles on dynamics.
The FAQ pages are also highly recommended. Furthermore, you can watch the recorded Webinars
and study the Verification Examples.

1.3 Opening the RF-DYNAM Pro Module

In RFEM, you have the following possibilities to start the add-on module RF-DYNAM Pro.

Menu

To open the add-on module, select
Add-on Modules — Dynamic — RF-DYNAM Pro

on the RFEM menu.

Add-on Modules | Window Help

‘ T 9 > PR E | iy B R R R A
Design - Steel v WEBERAGSF  RAZ -2 1T=
Design - Concrete 3
Design - Timber 3
Design - Aluminium 4
Dynamic 4 { RE-DYMAM Dynamic analysis (Basic, Addition |, Addition 11}
Connections 4 { RF-D¥MAM Pro Dynamic analysis
Foundations 4
Stability k
Towers 4
Others 3
External Modules 4
Stand-Alone Programs 3

ﬂgure 1.1: Menu Add-on Modules — Dynamic — RF-DYNAM Pro

If RF-DYNAM Pro was opened before and is your current module, you can also select

Add-on Modules — Current Module.

[ N ©DLUBAL SOFTWARE 2020

EEE
8


www.dlubal.com/en/support-and-learning/support/knowledge-base
www.dlubal.com/en/support-and-learning/support/faq
www.dlubal.com/en/support-and-learning/learning/webinars
www.dlubal.com/en/downloads-and-information/examples-and-tutorials/verification-examples

i

1 Introduction

Dlubal
Navigator
Alternatively, you can open the add-on module in the Data navigator via
Add-on Modules — RF-DYNAM Pro.
When you right-click on the add-on module to open its shortcut menu, you can add RF-DYNAM
Pro to your Favourites (see Figure 1.2).
Project Mavigator - Data o X
ETS RFEM "
E@ Framework_Screenshots_ NVC_ESF
- Model Data
- Load Cases and Combinations
G- Loads
@~ Results
----- | Sections
----- ] Average Regions
----- | Printout Reports
@#-J Guide Objects
[—]\j Add-on Modules
=28 Favorites
RF-STEEL Members - General stress anal
RF-STEEL EC3 - Design of steel member
= RF-CONCRETE Members - Design of co
m RF-DYMAM - Dynamic analysis (Basic, &
RF-STABILITY - Stability analysis
@ RF-MOVE-Surfaces - Generation of mov
&
-J=] RF-STEEL Surfaces - General stress analysis |
RF-STEEL AISC - Design of steel members a
RF-STEEL IS - Design of steel members accc
RF-STEEL SIA - Design of steel members act
ﬂgure 1.2: Data navigator Add-on Modules — RF-DYNAM Pro
Panel
If RF-DYNAM Pro results are already available, you can also open the add-on module via the panel.
|'Q.| To display the panel, select the RF-DYNAM Pro case in the drop-down menu of the main program
RFEM and make the results visible with the [Show Results] button. If the panel is not shown, you
| | can activate it by clicking the [Panel] button.
RE-DYMAM Pro Use the [RF-DYNAM Pro] button in the panel to re-open the add-on module.
Panel X
Matural vibration
ul]
1.00000
[ 050909
0.81818
072727
0.63636
0.54545
0.45455
036364
0.27273
018182
0.03091
0.00000
Max @ 1.00000
Min : 0.00000
RF-DYNAM Pro
2
E o 4

ﬂgure 1.3: Panel with [RF-DYNAM Pro] button
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When you start the add-on module, a new window opens. The window is organized in several
tabs and sub-tabs which you should go through from left to right when you enter data for the first
time. Not all tabs are shown right from the beginning, some tabs belong to special settings that
appear as soon as you have selected the corresponding check boxes.

The first window that appears when you open RF-DYNAM Pro is shown in Figure 2.1.

RF-DYNAM Pro Input Data bd

File Settings Help

General Mass Cases  Mass Combinations Matural Vibration Cases Response Spectra  Accelerograms  Time Diagrams  Dynamic Load Cases

To Activate

Options: Required add-on module:

[AINatural vibrations RF-DYNAM Pro - Natural Vibrations
[]Mass combinations
[]Respanse spectrum analysis / RF-DYNAM Pro - Forced Vibrations
Linear time history analysis
Response spectra
Accelerations
Time diagrams
E“INonlinear time history analysis RF-DYNAM Pro - Nenlinear Time History

Accelerations
Time diagrams

[]Respanse spectrum analysis with RF-DYNAM Pro - Equivalent Loads
generation of equivalent loads

Comment

D & Details Check OK & Calalate Cancel

ﬁgure 2.1: Module Window General Data

In the General tab, you decide which of the add-on modules of RF-DYNAM Pro you want to activate.
You can analyse natural frequencies and mode shapes of the structural system with RF-DYNAM Pro -
Natural Vibrations. With RF-DYNAM Pro - Forced Vibrations, you can perform a multi-modal response
spectrum analysis or a linear time history analysis. A time history analysis under consideration of
the defined nonlinearities in your model is possible with RF-DYNAM Pro - Nonlinear Time History.
The module RF-DYNAM Pro - Equivalent Loads offers you a multi-modal response spectrum analysis
with the export of equivalent static forces.

Add-on modules that were not purchased can be opened, but they run only as a demo version.
You can also activate a 90-day trial version of those add-on modules.

Natural Vibrations

This option is selected by default because a natural vibration analysis of the structure is required
in most cases. The tabs Mass Cases and Natural Vibration Cases belong to this option by default.
When you select the Mass combination check box, the corresponding tab appears (see Figure 2.1).
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EEE
10



i

Dlubal

Details

IIﬁE

Chedk

| oK &Caleulate

oK

Cancel
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Forced Vibrations

With this module, you can either perform a multi-modal response spectrum analysis or a linear
time history analysis. When you select both (Response spectra and Accelerations), you can generate
response spectra from an acceleration-time diagram. The Response Spectra tab appears when
Response spectra option is selected, the Accelerograms tab appears when Accelerations option is
selected. The Time Diagrams tab appears when the Time diagrams option is selected. The Dynamic
Load Cases tab is available for all three options of the RF-DYNAM Pro - Forced Vibrations module.

Nonlinear Time History

With this add-on module, a nonlinear linear time history analysis can be performed. The user
interfaces of the linear and the nonlinear time history analyses are identical. The Accelerograms
tab appears when Accelerations option is selected, the Time Diagrams tab appears when Time
diagrams option is selected. The Dynamic Load Cases tab is available in both cases.

Equivalent Loads

This option allows the generation of equivalent static forces in accordance with various design
standards (EN 1998-1 [1], IBC2012 [3] and many others). The Response Spectra and the Dynamic
Load Cases tabs belong to the module RF-DYNAM Pro - Equivalent Loads.

2.1 Structure of Main Tab Window

The module window of RF-DYNAM Pro always contains the following buttons:

The [Help] button gives direct access to the manual and further on-line help. The help system can
also be reached by Help — ... or by pressing the function key [F1].

To change the units or number of decimal places of any input data or results, you have direct
access to the Unit and Decimal Places dialogue box as known from the main program RFEM. It can
also be reached by the Settings — Units and Decimal Places menu. This is further discussed in
Section 2.13 and Section 4.7.

In the Details dialogue box you define global settings that apply to whole dynamic calculation
performed in RF-DYNAM Pro. This dialogue box is also accessible by Settings — Details. The
settings are explained in Section 2.12.

To check the input data, click [Check]. This does not perform the calculation and the module
window stays open.

To perform the calculation and exit the RF-DYNAM Pro module, press the [OK & Calculate] button.

To save the input data and exit the RF-DYNAM Pro module, press [OK]. The calculation is not
performed.

To exit the module without saving the new data, click [Cancel].

As shown in Figure 2.1, the main tabs that are available are General, Mass Cases, Mass Combinations,
Natural Vibration Cases, Response Spectra, Accelerograms, Time Diagrams, and Dynamic Load Cases.
Beside the General tab, all main windows are structured in a similar manner. This is explained
using the Mass Case Window shown Figure 2.2,

On the left hand side of each main window, you have a list of existing cases together with their de-
scriptions. Itis marked by an orange box in Figure 2.2. Those can be Mass Cases, Mass Combinations
or Natural Vibration Cases, for example.

At the bottom of this list, marked with a red box in Figure 2.2, you find several buttons to create
new cases, copy existing cases or delete existing cases.

There are also buttons to select all cases, deselect all cases, and to invert the selection of cases.

© DLUBAL SOFTWARE 2020
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lass Case Type

MMPermanent ~

Imposed - category A-B (independent, p=0.5)
Imposed - categery C {roofs p=1.0)

Imposed - category C (dependent, p=0.8)
Imposed - categery C (independent, p=0.5)

Imposed - categery F

051 Snow (H>1000 m a.5.l. or Finland, Norway, Iceland, Sweden)
Bridges with the heavy traffic (roads)

Bridges with the heavy traffic (raiays)

2 Input Data 2

In the right part of the main window, you find the number of the selected case together with the
case description at the top (marked by a blue box in Figure 2.2). In the description box, you can
enter a case description manually or choose one from the drop-down list. Below you find the main
entering area for your input data which firstly opens in the General sub-tab. Some more sub-tabs
may appear depending on the selected check boxes.

In the General sub-tab, you can enter a comment. This space is marked by a green box in Figure 2.2.

2.2 Mass Cases

In RF-DYNAM Pro you have the possibility to define several Mass Cases. The Mass Case window is
shown in Figure 2.2,

RF-DYMAM Pro Input Data

File Settings Help

General MassCases  Mass Combinations Matural Vibration Cases Response Spectra  Accelerograms  Time Diagrams — Dynamic Load Cases

Existing Mass Cases MC No. Mass Case Description
MC1 Self-ieight [ 2] Imposed Load - Top Level -
)i Imposed Load - Top Level
MC3 Imposed Load - Bottom Level General Nodal Masses Line Masses  Member Masses  Surface Masses
Mass Case Type Sum of Masses
|Imposed - category A-B (roofs, p=1.0) ~ | Self-weight: [ka]
- 46100.00
Masses Components of LC/CO: _ [kal
[1¥rom self-weight of structure; R et
From force components of: Modes: 4100.00 | [kg]
(® Load case: Lines: 14000.00 | [ka]
‘LCZ—Imposed Load, top level ~ || Members: 11500.00 | kal
(O Load combination: Surfaces: [ka]
Total mass: 75700.00 | [kg]
Manually define additional masses at:
Center of total mass
Modes
Coordinates X, Y, Z: 7.35,2.42, -5.83 [m]
Lines
Members
Surfaces
Comment
[E= e (x| @
e =
D @& Details Check OK & Calculate Cancel

ﬂgure 2.2: Module Window Mass Cases with General tab — MC2 is selected and all four options to define
additional masses are selected to show the sub-tabs

The mass case number is set automatically and cannot be edited. If a mass case is deleted later,
the numbers do not change. You can enter a description manually, or you can choose one from
the drop-down list.

2.2.1 Mass Case Type

Choose one of the mass case types from the drop-down list. This is especially important when you
use Mass Combinations (see Section 2.3). Combination factors are then pre-set in accordance with
EN 1990 CEN [4] and EN 1998-1 CEN [1].

2.2.2 Masses

Select the From self-weight of structure check box when you want to include the self-weight inde-
pendent of any load case defined in RFEM. This option is shown in Figure 2.2.

You can import masses from a load case or load combination defined in RFEM by selecting the
From force components check box. Choose the relevant Load case or Load combination from the
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lists. Load types like forces and moments will be imported. Additionnally, the types Pipe content -
full and Pipe content - partial can be converted into masses.

The factor to modify loads of load cases, which can be set in the calculation parameters of RFEM
(Edit — Load Cases and Combinations), is not applied in RF-DYNAM Pro. To increase the masses
by a factor you have to employ Mass Combinations described in Section 2.3.

When you import a load case that contains self-weight of the model, make sure that the From
self-weight of structure check box in this tab is cleared. Otherwise you will double the self-weight
of the model.

In Section 2.2.4, global settings in RF-DYNAM Pro are described that influence the mass import
from Load Cases.

In addition, or as an alternative to the previously described options to import masses, it is possible
to define nodal, line, member, or surface masses. Depending on the check boxes you select,
additional sub-tabs will appear as shown in Figure 2.2. The settings within those sub-tabs are
detailed in Section 2.2.5 and Section 2.2.6.

2.2.3 Sum of Masses

On the right hand side of the window, the sums of masses are shown to double-check the input of
self-weight, imported masses from load cases or combinations, and additional masses. The total
mass and the resulting centre of mass of the selected Mass Case are indicated as well.

Possibly neglected masses (see Section 2.2.4) are not reflected in the sum of mass. Here, full masses
are presented.

2.2.4 Global Settings for Mass Import in Details

The Details dialogue box controls the global settings which influence the import of masses. In
particular, it is the type of mass conversion and the option to neglect masses. Those settings
are global, i.e. they act on all defined Mass Cases in RFE-DYNAM Pro. For further details on Details
dialogue box, see Section 2.12.

Mass Conversion Type

You can determine whether Full loads or only Z-components of the forces in both Z-directions or
only in the direction of gravity are imported. The available options are shown in Figure 2.3.

Mazs Conversion Type
(®) Z-components of loads
() Z-compaonents of loads (in direction of gravity)

() Full loads as mass

ﬁgure 2.3: Section Mass Conversion Type in Details dialogue box

The third option imports full loads regardless their direction. This is the only way to import masses
from horizontal earth pressure.

When different loads are acting on one FE-node, the load resultant is built first. It is then imported
to RF-DYNAM Pro.

The direction of gravity is defined in the direction of the global Z-axis when the positive orientation
is defined downwards. It is defined against the direction of the global Z-axis when the positive
orientation is defined upwards. The settings shown on the left can be found in the Edit — Model
Data — General Data menu of RFEM.
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Neglect Masses

It is possible to neglect masses from parts of the model. For this, select the Neglect masses option
as seenin Figure 2.4.

Neglect Masses

Meglect masses. .. =

ﬁgure 2.4: Section Neglect Masses in Details dialogue box

With the button, you open the Neglect Masses dialogue box (see Figure 2.5). There you can
define which masses of nodes, members, lines and surfaces are to be neglected.

Neglect Masses
Modes Members Lines  Surfaces
No. List Direction of Mass ~
of Nodes U Uy Uz X o 0z Comment
3,65.2023,34,
2
3
4
5]
[
7
8
9
10
11
12
13
14
il
16
17
18
13
20
2 Y]
Select supports only * él i"' a a
Cancel

ﬁgure 2.5: Dialogue box Neglect Masses for masses on nodes, members, lines, and surfaces

You can enter a list of nodes (members, lines and surfaces) manually or pick them graphically by
using the L] button. The filter button [Select supports only] turns blue when activated; it is useful
for the selection of supports. If this filter is active, you can select the whole model, but only the
supported nodes (members, lines or surfaces) will be selected.

You can decide which directions of masses are to be neglected by selecting the relevant check
boxes for displacements uy, uy and u, and rotations ¢y, ¢y and 5.

In the Sum of Masses section of the Mass Case tab (see Figure 2.2), the neglected masses are not
visible. There always the full masses are shown. The neglected masses on the single FE-nodes can
be checked in the result table 5.6 Masses on Mesh Points (see Section 4.1).

I}% You can find an example of the neglecting masses feature in the Knowledge Base - 001222.
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2.2.5 Additional Nodal Masses

The Nodal Masses tab is shown in Figure 2.6. It is available when the Manually define additional
masses at nodes option has been selected in the General tab.

‘ General | Nodal Masses |Line Masses I Member Masses I Surface Massesl

Additional Masses of Nodes

Mo List Mass Mass moment of inertia A
of Nodes m kka] Ixkgm?] | Iykgm?] | Izkam?3] Comment
1 25.8.19.22.33, 500.00 0.00 0.00 0.00
2 |4 100.00 5184.00 625.00 500.00
4
5
6
7
8
9
10
11
12
13
14
15
16
17
13
19
20
Fal
2
23
24
25
26
Fij
28 v
z 410000 [kg]
EY

ﬂgure 2.6: Module Window Nodal Masses

You can enter a list of nodes manually or use the [ function to select the relevant nodes in the
work window.

The masses m [kg] can be defined manually. They act in the directions defined in the Natural
Vibration Cases (see Section 2.4.3).

In addition, the Mass moment of inertia |y, |y, and |, can be defined to model more complex mass
points (i.e. rotation of a machine can approximately be considered).

The buttons beneath the table provide common table functions as described in the RFEM manual,
Section 11.5.

The table entry can be stored in a library and can be opened whenever needed. The [Save] button
opens a dialogue box where you can enter a file name.
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2.2.6 Additional Line, Member and Surface Masses

In addition to nodal masses, you can define line, member or surface masses manually. The cor-
responding sub-tabs appear when the check boxes for additional masses at Lines, Members or
Surfaces have been selected in the Mass Cases tab (see Figure 2.2). The table to enter additional
line masses is shown in Figure 2.7.

General | Nodal Masses | Line Masses |Member Masses I Surface Massesl

Additional Masses of Lines
Mo List Mass A
of Lines [kag/m] Comment

1 2,6.12.42,54,86,98 500.00
3
4
5
6
7
8
g

v

I [ 14000.00 [kg]
] [=]F] E] [] E]H]

ﬂgure 2.7: Module Window Line Masses

As the tables to enter member and surface masses are very similar, they are not explicitly shown
here.

A list of lines (members or surfaces, respectively) can be entered manually or by using the [
function which makes it possible to select the objects graphically in the work window.

Line and member masses are provided in [kg] per unit length. Surface masses are given in [kg] per
unit area. They can be defined manually and act in the directions defined in the Natural Vibration
Cases (see Section 2.4.3).
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Classification of Load Cases and Combinations
According to Standard: National annex:
ElEN 1990 v | |EECEN ==

[[] Create combinations automatically
®) Load combinations

Result combinations (for linear analysis only)

2.3 Mass Combinations

Mass cases can be combined to mass combinations. This is done in analogy to load cases and load
combinations in RFEM as described in the RFEM manual in Section 5.5.1. The Mass Combinations
tab only exists when the corresponding check box has been selected in the General tab (see
Figure 2.1). When you open the Mass Combinations tab for the first time, a mass combination is
pre-set and the existing mass cases are listed with the combination factors set by default.

The module window with mass combination MCO1 containing self-weight and imposed load mass
cases is illustrated in Figure 2.8.

RF-DYNAM Pro Input Data

File Settings Help
General Mass Cases Mass Combinations Natural Vibration Cases  Response Spectra Accelerograms  Time Disgrams  Dynamic Load Cases
Existing Mass Combinations MCO No. Mass Combination Description
B MCO1 | Self-Weight + Imposed Loads I 1] Self-Weight + Imposed Loads “
General
Existing Mass Cases Mass Cases in Mass C
1.00 MEMENCT . i Sefi-Weight
0.30 I MC2 Imposed Load - Top Level
015 MC3 | Imposed Load - Bottom Level
>
=
<
R
v [=a ] EE v
Comment
f=]]l= x| | “|[@
D |im Details Check OK & Callate Cancel

ﬂgure 2.8: Module Window Mass Combinations with all existing mass cases selected for mass combination

You can add selected or all mass cases to a mass combination by using the buttons shown on
the left. By doing so, the mass cases move from the left to the right list. Combination factors are
pre-set automatically by RF-DYNAM Pro, but can be changed manually.

Similarly, you can remove single or all mass cases from a mass combination by using the buttons
shown on the left.

The combination factors are pre-set in accordance to EN 1990 [4] and EN 1998-1 [1]. Those factors
can be adjusted manually by entering a value or choosing a value from the drop-down list. As
regulated in [1] Section 3.2.4, additional masses beside the self-weight have to be considered to
calculate inertia effects.

Z Gy “+7 Z Yei Qu (2.1)

where Gy ; are the permanent loads and Q, ; any imposed load. ¢ ; are the combination factors
for the imposed loads defined as

wE,i =@ wz,i (2.2)
where 1), ; are regulated in EN 1990 Table A.1.1 and ¢ are provided in EN 1998-1 Section 4.2.4.

The combination factors may be regulated differently in each National Annex of EN 1998-1 or
other international building standards.
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Self Weight

Calculate

5 Delete Results
Delete

Set "To Solve’

Set ‘Not To Solve’'
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2.4 Natural Vibration Cases

The Natural Vibration Cases tab is the centrepiece of the RF-DYNAM Pro - Natural Vibrations
module. It is essential for the response spectrum analysis and the time history analysis based on
modal decomposition (modal analysis).

In this tab, you set how many eigenvalues you want to calculate, define which masses are used and
in which direction they act. You also set the eigenvalue solver, the type of mass matrix and define
how the mode shapes are scaled. This is also the place where you define stiffness modifications or
import axial forces as an initial condition.

The General tab of the Natural Vibration Case window is shown in Figure 2.9.

RF-DYNAM Pro Input Data

File Settings Help
General Mass Cases  Mass Combinations Matural Vibration Cases  Response Spectra Accelerograms  Time Disgrams  Dynamic Load Cases
Existing Natural Vibration Cases NWVC No. Natural Vibration Case Description To Solve
NVCL | Self Weight I 3] Self-Weight + Imposed Loads ]
NVC2 Imposed Loads
I VC3 | Self-Weight + Imposed Loads General  Calculation Parameters
NVC4 Self-Weight + Imposed Loads - Stiffru Settings
Number of lowest eigenvalues to Py
calculate: E id
[[]5earch for eigenvalues greater i =1 (H2]
than: =
Scaling of Mode Shapes
@ Jujl = Vlux? +uy? +uz2) =1
(O Max fus, uy, uzh =1
OMax fux Uy, Uz Ox 9y, 92 =1
O™ Mug=1
Comment
&l [ AEE L ‘@
D |im Details Check OK & Callate Cancel

ﬁgure 2.9: Module Window Natural Vibration Cases with General tab

For each natural vibration case NVC, you can set various calculation parameters as shown in
Figure 2.10.

The number of the natural vibration case is set automatically and cannot be edited. When a case
is deleted later, the numbers do not change. You can decide whether the specific NVC is to be
calculated or not by selecting or clearing its To Solve check box.

You can calculate each NVC separately by using the shortcut menu and apply Calculate. The colour
of a NVCis grey when no results of this natural vibration case are available. It turns green as soon
as the calculation is finished and results are available. For more information, see Section 3.3.
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RF-DYNAM Pro Input Data bd

File Settings Help

General Mass Cases  Mass Combinations Matural Vibration Cases  Response Spectra Accelerograms  Time Disgrams  Dynamic Load Cases

Existing Natural Vibration Cases NVC No.
NVC1 Self Weight ‘ 4 |
NVC2 Imposed Loads
MNVC3 Self-Weight + Imposed Loads

Self-Weight + Imposed Loads - Stiffr

Natural Vibration Case Description To Solve

v\

Self-Weight + Imposed Loads - Stiffness Medification

General Calculation Parameters
Acting Masses Internal Divisions
(C) Mass case: Edit FE mesh settings =]

IEMMC?2 - Imposed Load - Top Level
Stiffness Modifications

() No stiffness modification
() Global stiffness modification from RFEM

@:import awial forces, faling members, surfaces and supports,
sfiffness modifications, sxira options and deactivations from:

(®) Mass combination:

‘ MCO1 - Self-Weight + Imposed Loads w |

In direction
X &%
= =y
kz Mz

About axis

(®) Load case:

| WELC1 - selfweight -

Load combination:
Type of Mass Matrix

() Diagonal matrix (translational DOFs)

() Diagonal matrix (ranslational and torsional DOFs)
(®) Diagonal matrix (translational and rotational DOFs)
() Consistent matrix

O Unit matrix

Method for Solving Eigenvalue Problem
(®) Root of the characteristic polynomial
(J)Lanczos

() Subspace iteration

(O 1CG iteration

=] | =

8/ BW B2 K

Details Check OK & Calculate Cancel

D| [om

ﬂgure 2.10: Module Window Natural Vibration Cases with Calculation Parameters tab

2.4.1 Number of Eigenvalues

In the General tab (see Figure 2.9), you define the number of lowest eigenvalues to be calculated.
The maximum number of eigenvalues is limited to 9,999 in RF-DYNAM Pro, but is also limited by
the structural system. The number of available eigenvalues is equal to the degrees of freedom
(number of free mass points multiplied by the number of directions in which the masses are
acting).

It is possible to calculate eigenvalues only above a certain value of natural frequency f to reduce
the number of produced results.

Be careful with this option and study the lowest eigenvalues of the system first. To evaluate the
importance of each eigenvalue, the Effective Modal Mass Factors are useful (see Section 4.1.4).

2.4.2 Scaling of Mode Shapes

The mode shapes can be scaled to any arbitrary value. The first three options are all a good

choice for a satisfying illustration of the mode shapes. The option |uj| =, /u? + u}f +u?=1

scales the magnitude of the mode shape vector u; (only translational parts) to 1. The option

Max{uy,uy,u,} = 1 chooses the maximum translational part of the mode shape vector and sets it
to 1. The option Max{uy,uy,u,,ox,0y,¢7} = 1 considers the complete mode shape vector includ-
ing the rotational parts, chooses the maximum and sets this to 1. For all those three options, the
scaling is done separately for each eigenvalue i.

The option {u;}"[M]{u;} = 1is always used internally for time history or response spectrum analy-
ses, regardless the choices set here. The modal masses m; are 1 kg for each eigenvalue when using
this scaling option (see Section 4.1).

No matter which scaling option is chosen: the translational mode shapes uy, uy and u, are dimen-
sionless and the rotational mode shapes ¢y, ¢y and ¢, are provided in [1/m]. The resulting mode
shapes are discussed in Section 4.1.2.
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Indirection  About axis

M1 M1
[y [y
Mz Mz

ISy

Type of Mass Matrix

(") Diagonal matrix (translational DOFs)

() Diagonal matrix {translational and torsional DOFs)
(®) Diagonal matrix (translational and rotational DOFs)
() Consistent matrix

() Unit matrix

2.4.3 Acting Masses

For each natural vibration case (NVC), a Mass case or Mass combination can be imported. Select it
from the respective list in the Calculation Parameters sub-tab (see Figure 2.10).

You have to define the direction in which the masses are acting. The masses act in the global
translational X, Y, or Z-direction when you activate the corresponding check boxes, or rotationally
about the global X, Y, and Z-axes.

Those settings change your mass matrix: You will get different resulting mode shapes and frequen-
cies. To perform a planar calculation of your structure, consider only masses acting in one global
direction at a time. The planar simplification requires a regular structure. For a three-dimensional
analysis, consider masses acting in all global directions.

2.4.4 Type of Mass Matrix

Five different types of mass matrices are available in the Calculation Parameters tab as shown in
Figure 2.10.

Diagonal matrix

When the type of the mass matrix M is chosen to be diagonal, the masses are lumped to the
FE-nodes. The entries in the matrix are the lumped masses in the translational directions X, Y, and
Z. Masses rotating about the X, Y or Z-axis are considered depending on the type of diagonal
matrix. There are three different types of diagonal mass matrices available:

- Diagonal matrix (translational DOFs)

Only masses in the translational directions X, Y, and Z are considered. The check boxes about axis
are not available. The diagonal mass matrix M is structured as follows:

M = diag <M1,X7M1,Y7M1 2My e My o ) (2.3)
where n = 1... FE-nodes and j = X, Y and Z directions
- Diagonal matrix (translational and torsional DOFs)

The masses in the translational directions X, Y, and Z as well as the masses acting about the
longitudinal axis of a member or surface are considered, if the check boxes about axis have been
selected. The direction that is taken into account depends on the local longitudinal directions
of the members and surfaces. The diagonal mass matrix M on a specific FE-point with mass m is
structured as follows:

M = m-diag (1,1,1,Y? + 22, X> + Z*,X> + Y?) (2.4)

where X, Y, or Z are the distances to the centre of total mass provided in the Mass Case tab described
in Section 2.2. The manually defined mass moments of inertia Iy, Iy and I, as provided in the Nodal
Mass table (see Section 2.2.5) are also considered when acting in longitudinal direction.

- Diagonal matrix (translational and rotational DOFs) This type of mass matrix considers all
degrees of freedom. The masses in the translational directions X, Y, and Z and rotational directions
X, Y, and Z are taken into account. The diagonal mass matrix M on a specific FE-point with mass m
is structured as follows:

M = m - diag (1,11, (Y2 + Z%) + Iy, (X2 + Z2) + Iy, (X2 + Y2) + 1) (2.5)
where X, Y, or Z are the distances to the centre of total mass (provided in the Mass Case tab

described in Section 2.2), and |y, Iy, or I, are the mass moments of inertia (defined in the Nodal
Mass table described in Section 2.2.5).
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Consistent Mass Matrix

The consistent mass matrix is a full mass matrix of the finite elements. Thus, the masses are not
simply lumped to the FE-nodes. Shape functions are used instead for a more realistic distribution
of the masses within the FE-elements. With this mass matrix, non-diagonal entries in the matrix
are considered, which means that mass rotation in general is taken into account. The structure of
the consistent mass matrix is as follows (neglecting the shape functions here for simplicity):

100 0 0 0
010 0 0 0
M—pm. |0 01 0 0 0 (2.6)
0 00 Y2+22 —XY —XZ
0 00 —XY X+22 -—vZ
0 0 0 —XZ —-YZ  X?+ V2]

where the mass m and the distances X, Y, or Z refer to the centre of total mass given in the Mass
Case tab described in Section 2.2.

Unit Matrix

The unit matrix overwrites all the previously defined masses. A unit matrix is a consistent matrix
with diagonal members of 1 kg. By using the Unit matrix, the mass at each FE-point is set to 1 kg.
Translations and rotations of the masses are considered. This mathematical approach should only
be used for numerical analyses. More details about matrix types and especially the use of the unit
matrix are provided by Barth and Rustler [5].

2.4.5 Eigenvalue Solver

Method for Solving Eigenvalue Problem — There are different methods available to solve the eigenvalue problem. The choice is dependent
@ Root of the characteristicpolynomial gy the size of the structural system considered and is more a question of performance than of
anzcos . . .

accuracy. The methods are all suitable to determine accurate eigenvalues.

() Subspace iteration
(O 1CG iteration . . .
Root of the characteristic polynomial
This is the analytic solution of an eigenvalue problem, see for example [6] or [7]. It is solved using
a direct method. The main advantage of this method is the precision of higher eigenvalues and
that all eigenvalues of a model can be determined. For large structures this method can be quite
slow.

Lanczos

The method by Lanczos is an iterative method to determine the p lowest eigenvalues and cor-
responding mode shapes of large models. In most cases, this algorithm allows to reach a quick
convergence. It is possible to calculate n-7 eigenvalues (n = degrees of freedom of the system).
For further details see Bathe [6].

Subspace Iteration

The subspace iteration is appropriate for large FE-models where you want to calculate only a few
eigenvalues. All required eigenvalues are determined in one step. The computer memory limits
the number of eigenvalues that can be calculated by this method. For further details see Bathe [6].

ICG Iteration

This method is also suitable for large models where only a few eigenvalues are required. But here
the eigenvalues are calculated successively. Therefore, the number of required eigenvalues is
proportional to the computing time. Theoretically, all eigenvalues of a model can be calculated.
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Stiffness Modifications
() No stiffness modification
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@ Load case:
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2.4.6 FE Mesh Settings

The button shown on the left links directly to the FE mesh settings of the main RFEM program. The
FE Mesh Settings dialogue box is also available under Calculation — FE Mesh Settings in RFEM.
Further details about the FE mesh and the parameters that can be adjusted are explained in the
RFEM manual, Section 7.2.

Members that are not integrated into surfaces are not divided into FE-nodes by default. When a
diagonal mass matrix is used, the mass of the member is lumped to the two end nodes. When
those end nodes are supported, you might not be able to calculate eigenvalues. In this case, you
need to activate the member division in the FE mesh settings.

2.4.7 Stiffness Modifications as Initial Conditions

Stiffness modifications can be imported from a specific Load case or Load combination. In detail
this means the following:

e Geometric stiffness matrix due to the influence of axial forces is added to the stiffness matrix
of the structure. This can be employed to approximately consider the P-Aeffect for the
calculation of frequencies, or to evaluate the influence of pre-stressing cables. Theory and
example when and how to consider the P-Aeffect can be found in FAQ 002316.

e Failed members, surfaces and supports due to the defined non-linearities in RFEM are im-
ported as initial conditions. Therefore, failed parts of the model are not available for the
calculation of eigenvalues. An example how this feature can be used to study the influence
of tension members in RF-DYNAM Pro is given in FAQ 002237.

e Stiffness factors for materials, cross-sections, members and surfaces are applied also in the
eigenvalue analysis when those are activated in the Calculation Parameters of the LC or CO.

e The factors set in the Modify Stiffness tab of the LC or CO will be applied in RF-DYNAM Pro.

e The Extra Options settings of the LC or CO can be used to import the stiffness from the add-on
module RF-CONCRETE.

e Import of deactivated members, surfaces and solids. This modifies the structural system that
is analysed in RF-DYNAM Pro.

The calculation parameters of a load case or load combination that are relevant for RF-DYNAM Pro
are shown on the left hand side. The check boxes Materials, Cross-sections, Members, and Surfaces
activate the modifications made in the material, cross-section, member, and surface dialogue
boxes in the main program RFEM (see RFEM manual, Sections 4.3, 4.13, 4.17, and 4.4). Further
details on the calculation parameters of load cases are given in the RFEM manual, Section 7.3.

Global stiffness modifications can be imported from RFEM independently of any LC or CO. Those
global modifications import the material partial factor -y, cross-section, member and surface
modifications that are changed in RFEM (see RFEM manual in Sections 4.3, 4.13,4.17, and 4.4).

In RF-DYNAM Pro, those stiffness modifications are initial conditions. The calculation within RF-DY-
NAM Pro - Natural Vibrations is fully linear. You can activate the initial conditions as shown in
Figure 2.10.

When you want to consider axial forces only, make sure that no stiffness modifications are activated
in the calculation parameters of the imported LC or CO.

When you want to study deactivated members only, make sure you create a load case containing
no loads but the stiffness modifications you are interested in.

A figure describing the complexity of this feature is provided in the Knowledge Base - 001023.
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2.5 Response Spectra

A response spectrum is a plot of the maximum peak response to a specified input illustrated
usually versus the natural period of single degree-of-freedom (SDOF) oscillators. It is produced by
calculating the response to a specific input (i.e. average of several earthquake motions) for a family
of SDOF oscillators each having a different natural period but the same damping value. There
are computational advantages in using the response spectra method and it is a very common
method described in building standards. But you should be aware that it is only an approximate
method that calculates maximum internal forces of your system. For further details on the response
spectrum analysis, see for example Wilson [8] and Tedesco [9].

RF-DYNAM Pro offers the multi-modal and multi-point (only with RF-DYNAM Pro - Forced Vibrations)
response spectrum method. Ready to use response spectra curves are available in building stan-
dards, many of those are implemented in RF-DYNAM Pro. RF-DYNAM Pro can generate a response
spectrum from any given accelerogram (only available with RF-DYNAM Pro - Forced Vibrations).

ﬂg The Response Spectra tab is only available when the Response spectra or the Equivalent loads options
have been selected in the General tab shown in Figure 2.1. This tab belongs either to the add-on
module RF-DYNAM Pro - Forced Vibrations or to the module RF-DYNAM Pro - Equivalent Loads.

In RF-DYNAM Pro, you have three options to enter response spectra: according to a building
standard, user-defined, or generated from an accelerogram. The Response Spectra tab is illustrated
in Figure 2.11.

RF-DYNAM Pro Input Data

File Settings Help

General Mass Cases  Mass Combinations Natural Vibration Cases Response Spectra Accelerograms  Time Diagrams  Dynamic Load Cases

Existing Response Spectra RS No. Response Spectrum Description

: | RS1 EN1998-1 CEM Horizontal Design Spe ‘ 1 | EN1998-1 CEN Horizontal Design Spectrum ~

E Rrs2 EN1598-1 CEM Vertical Design Spectr.

Gen RS3 From Accelerogram General
User RS4 User-defined Definition Type Code Parameters  Table
(®) According to Standard: Mational Annex: [ Type of Spectrum ~
Type of Spectrum Design spectn.
EN 1998-1:2010 CEN
|ﬂ V‘ |ﬂ e Type of Spectrum 1
Spectrum direction Horizontal spec
O User-defined [ Earthquake action
. Reference peak ground ace | agr 1.50 | [m/s2]
(O Generate from acceleration: Impartance factor . 12
H/w AC1 - From Library - UK Earthquake = Design ground acceleration | ag 1.80 | jm/s?]
[=] Parameter for 1 of response spectrum
Ground type C
Soil factor s 1.150 |
Lower limit of area of constz | Ta-+ 0.20|[s
Upper limit of area of constz | To+ 0.60 (s
Walue defining the beginning | To-H 2.00 | s]
E Factors v
K X SR

Salmis?]| ol T:0-205; Sa: 345 mis?

3.00
2.50
2.00
1.50
1.00
0.50

I i
— T:3.39 5; Sa: 0.36 mis?
025 0.50 0.95 100 125 150 1.75 200 225 250 275 3.00 3.25 475 5.00 T[=]

Comment

el v E X V=

D Details Check OK & Calculate oK. Cancel

ﬁgure 2.11: Module Window Response Spectra with General tab — option According to Standard selected,
showing Code Parameters
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2.5.1 Response Spectra According to Building Standards

The parameters according to a building standard can be entered to generate a response spectrum.
The list of available building standards is provided in Figure 2.12.

Definition Type

(®) According to Standard: Mational Annex:
BN 1998-1:2010 ~| |EBlCEN ~
TTAS1170.4 Australia
(T =M CFE sisma 08 Mexico
- CIRS0C 103 Argentina
9 DIN 4149-1:19681-04 Germany
9 DIN 4149:2005-04 Germany
B DREBC2-43 Algeria
Definition Type B DTRRPAZS Algeria )
& EN 1998-1:2010 European Union
(®) According to Standard: National Annes: Bl B 50011 - 2001 China
Bl GB 50011-2010 China
I EN 1998-1:2010 v = 13c 2000 vl
o (CEN European Union = IBC 2009 - ASCE/SEI 7-05  USA
() User-defined BEnNBN  Belgium = IBC 2012/15 - ASCE/SEL 7-10 USA
i CSN Czech Republic == 15 1893: 2002 India
(") Generate from acceleration: Som Germany I+ NBC 2005 Canada
LinF France = NCSE-02 Spain
A\ ACL-FromLibrary -UKER R UM Ttaly B NCh 433 1996: 2012 Chile
—=ONORM Austria = NSR - 10 Colombia
Elne Portugal 1 0 NTC 2008 Italy
sk Romania [ 0.G. 23089 +0.G. 23390 Turkey
emsSTH  Slovakia S 5ANS 10160-4 2010 South Africa
@msIST  Slovenia = 5BC 301:2007 Saudi Arabia
o ICYs Cyprus 3 51A 261/1:2003 Switzerland
Zi=Bs United Kingdom 3 514 261/1:2014 Switzerland
H=Ens MNorway — ONORM B 4015:2007-02 Austria 4

ﬂgure 2.12: List of implemented international and European building standards that regulate the earth-
quake design of structures and provide formulas for response spectra

Select a Standard from the drop-down list; the Code Parameters and their default values (see
Figure 2.11) change depending on the chosen standard. The parameters can be selected from
drop-down lists or entered manually depending on the type of parameter and depending on the
chosen building standard.

Many standards distinguish between a linear design spectrum employing the ductility factor g and
an elastic response spectrum employing a damping correction factor . Note the drop-down menu
to choose between these types of spectra. Please note also the drop-down menu to distinguish
between horizontal and vertical response spectra definitions. The cells that are not editable
are determined by another parameter already set. For example in EN 1998-1 CEN [1], the ground
classes A to E determine the parameters Tg, T- and Tp; those parameters cannot be edited manually.

Ug When you change the ground type to Other, you can adjust the parameters Ty, T and T, manually
for the response spectra in accordance to EN 1998-1 [1].

The resulting response spectrum is illustrated in the graphic seen in Figure 2.11. The tool tip of
your mouse shows information about the displayed values. The values of the generated response
spectra are listed in the Table tab as shown in Figure 2.13.

Code Parameters | Table

Period Acceleration A
No. Tisl Salm/s?]
1 0.0000 1.3800
2 0.0500 1.8975
3 0.1000 24150
4 0.1500 29325
5 0.2000 3.4500
3 0.2500 3.4500
7 0.3000 3.4500
2 0.3500 3.4500
9 0.4000 3.4500
10 0.4500 3.4500
11 0.5000 3.4500
12 0.5500 3.4500
13 0.6000 3.4500 ]
® K Step: 0.05 =] [ D B (|

ﬁgure 2.13: Tabulated values of generated response spectrum

The values can be exported to Excel. The time Step should be adjusted before exporting the data.
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2.5.2 User-Defined Response Spectra

Any kind of response spectrum can be defined by entering the period T and corresponding accel-
erations S, [m/s?] in the Table shown in Figure 2.14.

General

Definition Type Table
() According to Standard: National annex: Period Accelerstion
No. 2]
EEN 1998-1:2010 | fa=t TE Sal/s?]
1 0.010 0.300
= & 0.050 1.000
(®) User-defined 3 0.100 2.000
= 4 0.500 2.000
() Generate from acceleration: 5 10.000 0.300
A a1 = .000 0.300
7
*® X SFEIRENES
Zw
S

167
1.43
1.19
0.85
0.71
0.48
0.244

[T: 0.01 = 5a: 0.30 mis2

.78 252 126 0p1 126 2562 377 502 623 755 881 1007 11.96 1384 16.73 17.62 19.54] 2140 T[]

Figure 2.14: User-defined entry of response spectrum by defining Period T [s] and Acceleration S, [m/s%]

User-defined response spectra can be stored in a library and can be opened whenever needed.
The [Save] button opens a dialogue box to enter a file name.

@ You can export your user-defined response spectra to Excel or import response spectra from Excel
by means of the respective buttons.

2.5.3 Response Spectra Generated from Accelerograms

The response spectra can be automatically generated from a given accelerogram.

[@ This option is only available when Accelerations have been selected in the General tab shown in
Figure 2.1. This option belongs to the add-on module RF-DYNAM Pro - Forced Vibrations.

The available options to generate response spectra from an acceleration are shown in Figure 2.15.

General

Definition Type Table
() According to Standard: Mational annex: Period Acceleration ~
No. 2
HE 1995-1:2010 By TEl Salm/]
1 0.0100 1.1745
= 2 0.0104 1.2072
() User-defined ) 0.0107 12953
® & — 4 0.0111 0.9733
®) Generate from acceleration: 5 00115 16630
e\ AC2 - From Library - Italy Earthquake v | | [ 0.0119 1.1163
7 0.0123 1.1960
Damping: 0.05 [+ [%] 8 0.0128 1.0006
9 0.0132 1.3166
Number of periods: 200 |5 10 0.0137 1.0856
< 11 0.0141 1.1181
Min time: 0.0100 [~/ [¢] 12 0.0146 1.1320
Max time: 10.0000 [ [5] I 52 Lt hd
Direction: Ox @y Oz ® K ] a =

T

= . ram
Sa [mis2] T-0.18 5; Sa: 1458 mis

.88 126 063 01 095 158 221 283 2346 409 472 535 598 661 724 787 850 913 975 1070 T[s]

ﬂgure 2.15: Generated response spectrum from acceleration with graphics and tabular values
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The [Edit] button links to the Accelerogram tab described in Section 2.6 where you can define
acceleration-time diagrams or load accelerograms from a library of earthquake recordings. When
accelerograms are already defined, you can select the relevant entry from the drop-down menu.

Dlubal

Damping: 5.00 5 [%]

You can adjust the parameters as seen on the left. The generated response spectrum is illustrated
in the graphic below, and the values of period T and acceleration S, are listed in the table (see

B Figure 2.15). Both will be updated as soon as you change one of the parameters.
I

Mumber of periods: 200 5

Min time: 0.0100

IR

Max time: 10.0000

The viscous Damping d [%] is the damping of the SDOF oscillator family for which the maximum
system responses are calculated. The larger the damping is set, the fewer accelerations will be
generated.

The Number of periods determines the number of steps between the minimum and maximum
time (period), and determines therewith the number of data points generated.

The Min time is the period of the first SDOF oscillator considered for the calculation. You see the
results in the first row in the table shown in Figure 2.15. The Max time is the period of the last SDOF
oscillator considered for the calculation. You see the results in the last row in the table shown in
Figure 2.15.

orection: (% @ (Jz  The response spectra generated might be different in each direction as the accelerograms might
be different in each direction. You can change the displayed response spectra in the graphic and

table by using the radio buttons shown on the left.

You can export the generated response spectra to MS Excel.

2.6 Accelerograms

Accelerograms are acceleration-time diagrams usually recorded from previous earthquakes. In
RF-DYNAM Pro accelerograms can be used to generate response spectra or to perform a time
history analysis. In both cases the system can be excited on all or some supports.

The Accelerogram tab is shown in Figure 2.16.

RF-DYNAM Pro Input Data

File Settings Help
General Mass Cases  Mass Combinations  Matural Vibration Cases  Response Spectra Time Diagrams  Dynamic Load Cases
Existing Accelerations AC No. Acceleration Description
W ACT From Library - UK Earthquake ‘ 2 | From Library - Italy Earthquake ~
AC2 From Library - Italy Earthquake
Mdigsr AC3 User-defined General
Definition Type Accelerogram
@®F " brary: Time Time Acceleration ~
om acceleroaram fhrary: Step ths] axim/s? | aylma?] | azins?]
| Ancona - station: Ancona-Palombina; 1972-6-:‘ [ K} 1 0.00 000 om 000
2 0.01 0.01 0.02 001
O User-defined 3 0.02 002 0.03 001
- 4 0.03 £0.02 0.03 -0.02
Step size: ~| (5] 5 0.04 0.01 0.03 0.01
[ 0.05 0.01 0.03 0.01
7 0.06 0.0 004 -0.m
8 0.07 003 £0.02 -0.08
] 0.08 003 £0.00 -0.08
10 0.09 0.01 0.0 0.08
11 0.10 0.02 0.01 0.27
12 on 003 0.m 024
13 0.12 0.02 0.00 003
14 0.13 001 £0.00 026| v
" K ==
T J[Eam0s s tswme | @x
Or
1.00 Oz
0.50-
0.00-
.00 1800 2000 7200 2400 2600 2800 3000 t[s]
-0.50-
-1.00
450
Comment
al[& R @&
D |im Details Check OK & Callate Cancel

ﬁgure 2.16: Module window Accelerograms with General tab
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)]

Search by: Filter
(Oseismicevent  [pae v
@® station
from: tor
Daie: 01011970 v/ 01.01.1990 v

The Accelerogram tab is only available when Accelerations have been selected in the General tab
shown in Figure 2.1. This tab belongs to the add-on modules RF-DYNAM Pro - Forced Vibrations
and RF-DYNAM Pro - Nonlinear Time History.

In RF-DYNAM Pro, you can load accelerograms from a library or enter them manually.

2.6.1 Library of Earthquake Recordings

RF-DYNAM Pro provides a library with a large number of existing and measured accelerograms.
By now, more than 1018 accelerograms have been collected and stored in this library. In addition,
user-defined accelerograms can be saved in this library.

The library can be accessed with the button shown on the left. The library is shown in Figure 2.17.

Accelerogram Library

Select Accelerogram Accelerogram Parameters
- Ageria D number 74
Armenia Seismic evert Gazli
- Austria Event courtry Uzbekistan
France Evert latitude 4028
- Georgia Event longitude 63.39
- Germany Evert depth 13 km
Greece ‘Station name Gazli
- Iran Station courtry Uzbekistan
Ttaly Station Iatitude 401
- Liechtenstein Station longitude 63.28
- Romania Distance of epicenter 22 km
Spain Transducer position in the building ground level or base
- Switzerland Type of buiding freefield
Turkey Sail i wvery soft soil
- United Kingdom Number of samples 1381
United States Sample rate 0.0m s
(= Uzbekistan Total time duration 138 s
o st oy 197557, 0225 Xomsx : ) w2
Montenegra Y max d -7.068 m/sZ
Z max acceleration 1263 m/s2
Search by: Filter: Eabies &2
(®) seismic event al - Calavares &)
Ems waves 70
() station
Date:
4
HOUO
[
£.000 . Ov
4.000 Oz
2.000
-1.000 1000 2000 mn A
WA
-2.000
-4.000
a[mis7] 117190 a [mi=2]: 6040 |
D| (X Cancel

ﬂgure 2.17: Library containing a large number of earthquake recordings

You can Select the Accelerogram by country in the tree structure.

It is possible to sort the entries by Seismic event or Station. You can choose more filter criteria from
the drop down menu. For example, it is possible to limit the accelerograms to a particular period
of time.

Each accelerogram is identified by its parameters. It is characterized by, for example, the country,
latitude and longitude and by the distance to the epicentre. Those data are provided on the
right-hand side of the library shown in Figure 2.17.

The chosen accelerogram is displayed in the graphic at the bottom of the dialogue box shown in
Figure 2.16. Most of the accelerograms differ in the three directions X, Y, and Z. You can switch
between those directions in the graphic.

Accelerograms loaded from the library can be saved with a different file name. The [Save] button
opens a dialogue box to enter a file name. Alternatively you can export the accelerograms to
Excel.
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2.6.2 User-Defined Acceleration-Time Diagrams

Any kind of acceleration-time diagram can be defined by entering the required values in the
Accelerogram table shown in Figure 2.18.

General
Definition Type Accelerogram
() From accelerogram library: e e REzzErion
= b Step t[s] ax [m/s2] ay [m/s2] az [m/s?]
) 1 0.0000 10.0000 10.0000 10.0000
2 5.0000 10.0000 10.0000 10.0000
(®) User-defined 3 10.0000 10.0000 10.0000 10.0000
4
(K] sen =1
oy
80001 er:
B0 |
4000
20001
-1.000 1000 2000 3000 4000 5000 6000 7.000 8000 9000 10.000 t[s]

ﬂgure 2.18: User-defined entry of acceleration-time diagram

User-defined accelerograms can be stored in a library and can be opened whenever needed. The
[Save] button opens a dialogue box to enter a file name.

You can export your user-defined accelerogram to Excel or import an acceleration-time diagram

from Excel.

®x  The defined accelerogram is displayed in the graphic (see Figure 2.16). You can switch between
©OY  the X, Y, and Z-directions in the graphic.

Oz
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2.7 Time Diagrams

Time diagrams can be defined Transient, Periodic, or entered as Function. They excite the system
at a specific position. The load position is defined in static load cases (LC) where any type of load
can be entered. The static load cases (LC) are connected to the time diagrams (7D) in the Dynamic
Load Cases (see Section 2.10.2), and the multiplier k is used to determine the final value of the
excitation force.

Ug The time diagram tab is only available when Time diagrams have been selected in the General tab
shown in Figure 2.1. This tab belongs to the add-on modules RF-DYNAM Pro - Forced Vibrations
and RF-DYNAM Pro - Nonlinear Time History.

2.7.1 Transient Time Diagrams

The Time Diagram tab is illustrated in Figure 2.19 with an example of a transient time diagram. The
values can be entered in the table. The resulting time diagram is illustrated in the graphic at the
bottom. For each time step only one value of k shall exist.

RF-DYNAM Pro Input Data

{aet TD2
foet TD3
foot TD4

al =

D| [

File Settings Help

Existing Time Diagrams

=== 01 Triangular Load

Periodic Load
Random Excitation - Excel Import
Function

B em B (X

Details

General Mass Cases Mass Combinations Natural Vibration Cases Response Spectra  Accelerograms : Time Diagrams | Dynamic Load Cases

TD No.

Time Diagram Description

(Y

Triangular Load -

General
Type
(®) Transient
(O periodic
O Function
kiti=
Step size:

Max b

Time Function

Time Time Muttiplier

Step tEl kO

1 0.00 0.000

2 0.50 1.000

3 1.00 0.000

4
S =
+| [

* X D= 1]

k]

[t:0.50 s; k: 1.000 -

0.800
0.600
0.400
0.200
0.

Comment

0.05 040 045 020 025 030 035 040 045 0.50 055 060 065 070 075 0.80 085 080 0.95 1.00 t[s]

<|[&

Check

OK & Calculate Cancel

ﬂgure 2.19: Module Window Time Diagrams showing Transient time diagrams

The table entries can be stored in a library and can be opened whenever needed. Importing and

exporting from and to Excel is also possible.

[ N ©DLUBAL SOFTWARE 2020

EEE
29



i

2.7.2 Periodic Excitation

To enter periodic functions, the Angular Frequency w [rad/s], the Shift ¢ [rad], and the Multiplier k
have to be provided in tabular form. This is shown in Figure 2.20.

General

Type Time Function
. Angular Frequency Shift Muttiplier
OTranlent No. ® fadss] ofad] kH
®Periodic 1 1.8420 078 2.000
O Function 2 188496 000 1.000
3
kit)=
Step size; =N
Max b = [s]
EJILS B & 4|
= [Eommam-]
2.0001
1.000
0. P
0320 040 0E0 080 1.00 1W.4u 160 180 200 220 240 260 Z.Vn 320 340 t[s]
-1.000 1
-2.000 1
3,000 r §
-A nnn 4

ﬂgure 2.20: Module Window Time Diagrams showing Periodic time diagrams

Several harmonic functions can be overlain by filling several rows in the table. The periodic
functions are defined as follows:

f(t) =ky -sin(wy - t+ @) + ky - sin(w, - t+@5) + ... (2.7)
@ The usual [Save], [Open], [Import] and [Export] functions are available.
2.7.3 Functions

You can enter the Function k(t) directly in the text box to define a time diagram. The parameter tis
reserved for the time. The resulting time diagram is displayed in the graphic as shownin Figure 2.21.
The generated tabulated values are listed on the right hand side.

General

Type Time Function
. Time Time Muttiplier ~
(O Transient Step 5 o
O periodic 7 .00 0841
(® Function A 010 0966
3 0.20 0.460
k(f)= [ 518 32047t+1) 4 0.30 0.347
] 0.40 0.927
Step size: 0.10 (5 [g] 3 050 0901
s 7 0.60 0.287
Max t: 3.00 5 [s] T o Ta6
2l 0.80 0.981
10 0.50 0.805
1 1.00 0.104
12 110 0.665
13 120 -1.000
4 1.30 0632 v
® X TEE L

kH t:0.07 s; k: 1.000 -

0.750] i
0.500 i
0.250

0. :
0.260- 0.20 0.40 0. 0.80 1.4 1.20 .40 160 0 200 220 240 60 280/ 3.00 :t =1
-0.500 i
-0.750 i

-

12501 “[t:2.71 5; k: -1.000 -

e

Comment

| V][

ﬂgure 2.21: Module Window Time Diagrams showing Function time diagrams
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The value Max t sets the maximum time for calculation; the time diagram k(t) = O forall t > t,,-
The Step size is used for the tabulated values in the table and for the automatlc determination of
the time step for calculation (see Section 2.10.5).

I]% All operators and functions that are available in RFEM can be also used in RF-DYNAM Pro. You can
use the parameters that you have defined in the main program RFEM. To avoid unit conversion, it
is recommended to employ dimensionless parameters in RF-DYNAM Pro. For more information
about the parametric input, consult Section 11.6 of the RFEM manual.

The tabulated values can be saved to the library or exported to Excel.

@ A complex example of how the time diagram functions can be used is shown in the DLUBAL webinar
Time History Analysis in RF-/DYNAM Pro - Walking and Running Across Pedestrian Bridge.

2.8 Dynamic Load Cases

Dynamic load cases (DLC) combine the input that has been made so far and define the calculation
parameters for the analysis. Four different types of dynamic load cases are available: Response
spectrum analysis, linear and nonlinear Time history analysis of accelerograms, linear and nonlinear
Time history analysis of time diagrams, and Equivalent static force analysis.

The response spectrum analysis and the linear time history analysis belong to the add-on module
RF-DYNAM Pro - Forced Vibrations, the nonlinear time history analysis belongs to the add-on module
RF-DYNAM Pro - Nonlinear Time History, and the equivalent static force analysis belongs to the
add-on module RF-DYNAM Pro - Equivalent Loads.

The General tab of the Dynamic Load Cases tab is shown in Figure 2.22.

RF-DYNAM Pro Input Data

File Settings Help

General Mass Cases  Mass Combinations Matural Vibration Cases Response Spectra  Accelerograms  Time Disgrams  Dynamic Load Cases

Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve
MEDLC1 | Response Specira Analysis [ 1] Response Spectra Analysis - ‘

DLC2 Time History Analysis - Accelerogram
DLC3 Time History Analysis - Time Diagram General Response Spectrum Analysis Damping  Mode Shapes
DLC4 Equivalent Static Forces

Method Type Assign Natural Vibration
(@) Multi-modal and multi-point response spectrum Matural vibration case:
analysis
¥ NVC3 - Self-Weight + Imposed Loads ~

(O Time history analysis of accelerograms

Linear modal analysis
Linear implicit Mewmark analysis
Morlinear implicit Newmark analysis

Explicit analysis

(O Time: history analysis of time diagrams
Linear modal analysis
Linear implicit Mewmark analysis
Morlinear implicit Newmark analysis

Explicit analysis

(O Equivalent static force analysis
{response spectrum required)

Comment

1= FEE = | |l

D & Details Check OK & Calculate Cancel

ﬂgure 2.22: Module Window Dynamic Load Cases with General tab

Those options are only available when the specific add-on modules have been activated in the
General tab of RF-DYNAM Pro (see Figure 2.1).
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(D) Linear modal analysis
(®) Linear implicit Newmark analysis
() Monlinear implicit Mewmark analysis

() Explicit analysis

Asgsign MNatural Vibration
Natural vibration case:

MYC1 - Self Weight + Imposed Loads v

Existing Dynamic Load Cases.

Calculate
| Delete Results
Delete

St To Solve'

Set "Not To Solve'

For the linear time history analysis, two solvers are available — the modal analysis which is based
on modal decomposition and requires a natural vibration analysis, and the implicit Newmark solver
which is a direct solver that does not require eigenvalues. For the nonlinear time history analysis,
two solvers are available as well - the implicit Newmark solver and an explicit solver. Details on the
time history solvers are provided in Section 2.10.3 and Section 2.10.4.

You have to assign a specific Natural vibration case (NVC) (discussed in Section 2.4) to the dynamic
load case for a response spectrum analysis, a modal analysis or an equivalent static force analysis.

The dynamic load case (DLC)) number is set automatically and cannot be edited. When a case is
deleted later, the numbers do not change. You can decide whether the specific DLCis to be solved
or not by selecting or clearing the To Solve option. You can also access this option in the shortcut
menu by right-clicking the corresponding DLC number.

You can calculate each dynamic load case separately by using its shortcut menu and applying
Calculate. The colour of a DLC is grey when no results of this dynamic load case are available yet.
It turns green as soon as the calculation has finished. For more information, see Section 3.3.

Load cases (LC) and/or result combinations (RC) are generated in each dynamic load case when
the check boxes in the To Generate section have been selected (see Response Spectra Analysis tab
in Figure 2.23, Time History Analysis tab in Figure 2.26 and Figure 2.27, and Equivalent Force Analysis
tabin Figure 2.32). Those load cases and result combinations are generated automatically and are
overwritten when the RF-DYNAM Pro calculation is performed again. The descriptions of the load
cases and result combinations clearly refer to the originating DLCs.

You can enter the number of the first generated load case or result combination. RF-DYNAM
Pro does not overwrite existing load cases or result combinations (static or generated from other
add-on modules). It chooses the first unused LC or RC number available. Load cases and result
combinations from RF-DYNAM Pro are deleted when the results of the corresponding dynamic
load case (DLC) are deleted.

It is possible to activate the export options when the calculation is finished. A re-calculation is
hereby not required.

In the following sections of this manual, the Response Spectrum Analysis, the Time History Analysis
and the Equivalent Static Force Analysis are discussed in detail.
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(@) On all supparts identically

(") Differentially in sets of supports
(multipoint)

Set of supports:
1 LAl =11k .1

2 Input Data 2

2.9 Dynamic Load Cases - Response Spectrum Analysis

A multi-modal and multi-point response spectra analysis is performed when the corresponding
radio button in Figure 2.22 is selected; this is only available in RF-DYNAM Pro - Forced Vibrations.
The definition of response spectra was discussed in Section 2.5. Mode shapes from the assigned
natural vibration case (NVC) can be selected for the analysis. The SRSS or the CQCrule is available for
modal combination. The calculation is done within the module RF-DYNAM Pro - Forced Vibrations
and is therefore completely linear. Stiffness modifications defined in the NVCs (Section 2.4.7) are
used for the analysis. The final results of the response spectrum analysis are exported to result
combinations (RC).

The sub-tabs when performing a response spectra analysis are General, Response Spectrum Analysis,
Damping, and Mode Shapes. The Response Spectrum Analysis tab is illustrated in Figure 2.23.

RF-DYNAM Pro Input Data bd

File Settings Help
General Mass Cases Mass Combinations Natural Vibration Cases Response Spectra  Accelerograms  Time Diagrams  Dynamic Load Cases
Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve
\ 1 | Response Spectra Analysis i ‘
pLc2 Time History Analysis - Accelerogram
DLC3 Time History Analysis - Time Diagram General Response Spectrum Analysis  Damping  Mode Shapes
DLC4 Equivalent Static Forces Assign Response Spectrum - Supports
Response Spectrum: Set of supports: List of supported
@) On all supports identically 1 S E Nodes: Al T
(O Different in sets of supports Lines: Al x|
Gt Surfaces: Al x|
Assign Response Spectrum
Direction Response spectrum: Multiplier factor Rotate ax and ay
e [BARs1 - Ev1998-1 CEN Horizontal Design Specrum ~| | 1.000 [ aboutZ §
r: [BAIRs1 - E1v1998-1 CEN Horizontal Design Spectrum v 1.000 |2 @ 9.00 (7 frad]
Hz: [ ERs2 - EN1998-1 CEN Vertical Design Spectrum [ roofs
Combination Rules To Generate
Modal response combination rule: () SRSS Create result combination
®cqc Mumber of first generated result
combination: 10 -5
Combination of directional [@F LS
components with: @10/30%
Q100740 %
Use equivalent linear combination
el | = o 5 Ba (X
D [ Details Check OK & Calculate oK Cancel

ﬂgure 2.23: Module Window Dynamic Load Cases with Response Spectrum Analysis tab

2.9.1 Assign Supports

The supports that are excited by the response spectrum have to be assigned. You can either excite
all supports with identical response spectra, or you can use the multi-point option and create
several sets of supports.

You can create several Sets of supports by clicking . Switch in between the available sets by
using the drop-down menu. Use the E] button to delete a specific set. For each set, a list of
supported nodes, lines or surfaces must be provided. It can be entered manually or selected in
the work window via the [ % | button.

For background on the multi-point excitation, the reader is referred to the literature [8 and 10].
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2.9.2 Assign Response Spectrum

A specific response spectrum can be assigned in each direction. At least one of the directions must
have been selected. The relevant Response spectrum can be chosen from the drop-down menu.
The Multiplier factor can be adjusted independently for each direction.

Rotate ax and ay The excitation direction can be rotated in the XY-plane about the Z-axis. For example, when
bout 2 . . .
e = your response spectrum shall excite the structure 45 ° rotated about the Z-axis, activate only the
o ' -
X-direction with your response spectrum and enter o = 45 °.

I@ For each set of supports, the response spectrum in each specific direction must be activated
separately. This allows for different response spectra for each set of supports.

2.9.3 Combination of Modal Responses

In these settings you define how the responses resulting from different eigenvalues of the structure
are combined. The modal combination is the first step of dynamic combination.

@isrss  The modal response can be combined using the Square Root of the Sum of the Squares (SRSS) rule
O or the Complete Quadratic Combination (CQC) rule. Both of those quadratic combinations can be
applied in the standard form or modified as equivalent linear combination.

The standard form of SRSS combines maximum results. The signs are lost as seen in the formula
below:

Rpss = \/Rf +R2 4.+ R2 (2.8)

The combined results Rgpgs result from the modal responses R, from p modes of the structure.

In RF-DYNAM Pro, a modified form of the SRSS rule is available in order to calculate corresponding
results, i.e. corresponding internal forces. Compared to the standard form of SRSS rule, those cor-
responding results are usually much smaller and the signs are correct in relation to the controlling
force. The SRSS rule is applied as equivalent linear combination [11] as follows:

p
R.
Rsgss = Zfi - R; with f, = p' (2.9)
i=1
o
=

By this formula the result combinations are consistent in itself.

The SRSS rule is only allowed for systems where adjacent natural periods T; < T, differ more than
10%, so when the following statement is true:

< 0.9 (2.10)

PP
> D Reif; 2.11)
1 j=1

i=

where the correlation coefficient ¢ is
8../DD; (D; +rD;) r3/2 w;
gj = /D; (D, ) with r= - (2.12)
(1—=r?)2+4DD;r (1 +r2) 4—4(Di2 +Dj2) r2 Wi

The correlation coefficient e simplifies when the viscose damping value D is equal for all modes to
the following:

8-D2(1 + )32
L= 213
K (1—=r2)24+4D%r(14r)? 213)
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The damping value D; that is required for the calculation of the correlation coefficient & is defined
in the Damping tab that appears as soon as you have selected the CQC rule. The settings for
damping are described below.

Analogously to the SRSS rule, the CQC rule can be applied as equivalent linear combination [11].
The CQC rule, still employing ¢;; as defined in Equation 2.12, is modified as follows:

p
p Z &jiR;
i=1
’ S SRR

J

i

Further information and mathematical derivations of the combination rules are provided in
[12-14].

2.9.4 Combination of Directional Components
In the settings you also define how the responses resulting from different excitation directions

are combined. The directional combination is the second step of dynamic combination.

(®)5RSS The internal forces resulting from different excitation directions can be combined quadratically

(C1o0/30%  with the SRSS rule, or using the 100% / 30% (40%) rule. The SRSS rule is applied as defined in Equa-

L100/490%  +tion 2.8 but now i = 1..p are the excitation directions X, Y and Z. The SRSS rule for the directional
combination can also be realised as equivalent linear combination applying Equation 2.9.

2.9.5 Export Result Combinations

When you select Create result combinations, RF-DYNAM Pro automatically generates and overwrites
result combinations during the calculation. The RCs are tied to the results, which means that they
are deleted as soon as the results of the DLC are deleted (see Section 3.3).

I]g One RCis generated for the SRSS rule, but a maximum of three result combinations is generated
when you choose the 100% / 30% (40%) rule.

More information about the exported Result Combinations is provided in Section 4.2.

2.9.6 Damping for CQC rule

@ The Damping tab is only available when the CQC rule is chosen for the combination of mode
shapes (defined in Equation 2.11 and Equation 2.12).

For the CQC rule, the Lehr's damping values D; are needed. Those can be defined equally or
differently for each mode of the system. The Rayleigh damping with the coefficients « and 3 is
also available, but those values are internally converted to the Lehr's damping.

The Damping tab is shown in Figure 2.24.

DLC No Dynamic Load Case Description To Solve
1 Response Spectra Analysis v

General | Response Spectrum Analysis Dﬁ Q Mode Shapes

Type Lehr's Damping Measure
Mode Damping
Mo DH Comment

(") Rayleigh damping

i

o

B

(=
[-]

Ak |4

(@) Lehr's damping
D: 0.020 (= [}

(_Lehr's damping separate for each frequency...

ﬁgure 2.24: Module Window Dynamic Load Cases with Damping tab

I]g For the conversion from Rayleigh coefficients « and 3 to the Lehr’s damping D; it is referred to
Section 2.10.9.
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2.9.7 Mode Shape Selection

In the Mode Shapes tab illustrated in Figure 2.25, the natural frequencies w and f as well as the
periods T are listed with the corresponding accelerations S, of the response spectrum and the
effective modal mass factors f,,,, in the translational directions. The assigned response spectrum
is illustrated in the graphic. Corresponding values are displayed in red when you have selected a
row in the table as shown in Figure 2.25.

DLC No. Dynamic Load Case Description To Solve
| 1 | | Response Spectra Analysis ~ ‘

General Response Spectrum Analysis  Damping  Mode Shapes
To Generate Modes

Mode | To Generste Frequency Period Acceleration Effective Modal Mass Factor [-] A
Na @ [rad/s] f[Hz] Tl Sam/s?] | fmexka] | fmev gl | fmezlka]
1 ] 744 1.137 0.880 235 0.000 0.470 0.000
2 ¥ 3877 1413 0.708 252 0.000 0.263 0.000
3 ¥] 11.462 1.824 0.548 345 0.000 0.090 0.000
4 ¥ 14724 2343 0427 345 0.000 0.063 0.000
5 O 18.884 3.005 0.333 345 0.000 0.010 0.000
6 ] 19336 3077 0325 345 0.000 0.088 0.000
7 ¥l 28.343 4512 0222 345 0.660 0.000 0.000
2 O 37 6.002 0.167 310 0.000 0.009 0.000
3 ¥ 42357 6.748 0.148 291 0.000 0.000 0.126
10 O 42.847 6.819 0.147 290 0.000 0.007 0.000
11 ¥ 43286 6.883 0.145 283 0.160 0.000 0.000
12 O 43673 6.951 0.144 287 0.000 0.000 0.000
13 O 51.910 83262 0121 263 0.000 0.000 0.000
14 ¥l 59,648 9433 0.105 247 0.000 0.000 0.050 v
[selectall Meff, i/ZM 0.996 0.973 0.627
Deselect modes with
Meff, i/EM < 0.030 5 Calculate Mode Shapes
e ®x
3.001+ O !
Oz

-

1.50+
1,00+
0.50 1

l'—|
 T:3.39 5; Sa: 0.36 mis2
0.88 2.00 3.00 400 500 .00 7.00 8.00 9.00 1000 T[s]

ﬁgure 2.25: Module Window Dynamic Load Cases with Modes Shapes tab - first mode selected in table

| calaate Mode Shapes | When no calculation has been performed yet, use the button [Calculate Mode Shapes] to calculate
the frequencies internally without closing the module.

[ Selectal In the table, you can select modes that shall be used for the response spectra analysis. All modes
[f] Deselect modes with will be selected when the Select all option is activated. In this case, the selection cannot be changed
Meff, i/ZM < 0.0% ¥ manually. By using the Deselect modes with option, you can deactivate modes with an effective

modal mass factor below a specific value. When both check boxes are clear, you can select the
modes manually in the To Generate column.

I]g The sums of the effective modal mass factors f,,,, are shown at the bottom of the table. According
to EN 1998-1 Section 4.3.3.3 [1], the effective modal mass factors of all modes taken into account
shall be at least 90%. When this cannot be achieved, all modes with a factor above 5% shall be
taken into account. Further details about the effective modal mass factors and how those are
calculated are provided in Section 4.1.

You can switch between the excitation directions X, Y and Z in the graphic. Note that also the
(z  values S, in the table update depending on this choice.

I]g The values S, in the table and the diagram reflect the multiplier factors applied to each direction
(see Response Spectrum Analysis tab in Figure 2.23). Note that - if you have rotated your assigned
response spectrum around the angle a - the directions X and Y are local directions in the Mode
Shapes tab.

I]% When you use the multi-point option and have defined several sets of supports in the Response
Spectrum Analysis tab (see Figure 2.23), the values of S, in the table and the diagram in the Mode
Shapes tab change depending on the selected set of support in the drop-down menu.
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2.10 Dynamic Load Cases - Time History Analysis

A time history analysis is performed when either the Time history analysis of accelerograms or the
Time history analysis of time diagrams has been selected in the General sub-tab (see Figure 2.22).
The excitations and the results of a time history analysis are both data versus time.

The corresponding sub-tabs when performing a time history analysis are General, Time History
Analysis, Calculation Parameters, and Damping. The Time History Analysis tab is illustrated in Fig-
ure 2.26 and Figure 2.27. Note the difference in the user interface depending on the type of
excitation: Accelerograms excite the structure at the supports. The time history analysis of ac-
celerograms is discussed in Section 2.10.1. Time diagrams, however, can excite the structure
everywhere. The type of load and location of excitation is defined by load cases (LC) in RFEM. The
time history analysis of time diagrams is discussed in Section 2.10.2.

The time history analysis can be performed linearly, neglecting geometrically and structural non-lin-
earities with the add-on module RF-DYNAM Pro - Forced Vibrations. Two linear solvers are avail-
able — the Linear modal analysis and the Linear implicit Newmark analysis. They are described in
Section 2.10.3.

A nonlinear time history analysis is available with the add-on module RF-DYNAM Pro - Nonlinear
Time History. A large strain deformation analysis is performed under consideration of the defined
nonlinearities. Two nonlinear solvers are available - the Nonlinear implicit Newmark analysis and
the Explicit analysis. They are described in Section 2.10.4.

Time steps for the analysis are discussed in Section 2.10.5. The mass matrix settings are described
in Section 2.10.8 and the structural damping options in Section 2.10.9.

2.10.1 Time History Analysis of Accelerograms

Time history analysis of accelerograms is used to design the structure for the event of an earth-
quake. Accelerograms excite the structure at its supports.

Mi +Du+Ku=-Mi, (2.15)
in which M is the mass matrix, D is the damping matrix and K is the static stiffness matrix. The

time dependent vectors u, U and i are the absolute displacements, velocities and accelerations.
Ug is the ground acceleration which can be different in the different directions.

The definition of accelerograms was discussed in Section 2.6. In RFE-DYNAM Pro, all supports can
be excited simultaneously with the same accelerogram. The multi-point option makes it possible
to excite single supports by different accelerograms (only available for linear solvers).

ﬂ% When nonlinearities play a role in the model, the time history of accelerograms might be favoured
compared to an response spectrum analysis.

The Time History Analysis sub-tab is illustrated in Figure 2.26.
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(®) On all supports identically
() Differentially in sets of supparts

(multipoint)
Set of supports:
1 LAk =11k .

Rotate ax and av
about £

o 0.00 5| [[

Iy

2 Input Data 2

RF-DYNAM Pro Input Data bd

File Settings Help

General Mass Cases Mass Combinations Natural Vibration Cases  Response Spectra Accelerograms  Time Diagrams  Dynamic Load Cases

Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve

DLC1 | Response Spectra Analysis [ 2] Time History Analysis - Accelerogram ~]
I DLC2 Time History Analysis - Accelerogram
DLC3 Time History Analysis - Time Diagram General Time History Analysis  Caleulation Parameters  Damping
DLC4 Equivalent Static Forces Assign Accelerogram - Supports
Accelerogram: Set of supports: List of supported
()0 all supports identically 1 v [ K Nodes: 3,6,9,20,23,34,49,60 |
(@) Different in sets of supports
{multipoint)
Assign Accelerogram Set of Supports :1
Accelerogram: Multiplier factor Rotate axand &y
4\ AC2 - From Library - Italy Earthquake ~ X: @ 2 about
73 1,000 |5 - =] [rad]
Z: 1.000 5

Time Steps and Maximum Time To Generate
Generate load cases

Select time steps... =]

Saved Time Steps

o
tmax : 10.00 5+ [5]

Maximum Time

Number of first generated load

Time Steps for Calculation case; 15

(O Automatic Load case type:

(®) Manual At: 0.01 % 'l [s] ‘“Permanent V|

Activate Create result combination

Initial deformations from load case: Number of first generated result
combination: 15 |5
I LC1 - Self-weight
]| L & Em %] (X
D & Details Check OK & Calalate Cancel

ﬁgure 2.26: Module Window Dynamic Load Cases with Time History Analysis tab of Accelerograms

Assign Supports

The supports that are excited by the accelerogram have to be assigned. When you consider all
supports to be identically excited, then those supports can be nodal, line or surface supports. The
multi-point option is available for nodal supports only at the moment. Supports defined with a
spring constant cannot be used for a time history analysis of accelerograms at the moment. The
multi-point option is only available for a linear time history analysis.

You can create several sets of supports by clicking the button. You can switch between the
sets by using the drop-down menu. Use the @ button to delete a specific set. For each set, a
list of supported nodes must be provided. It can be entered manually or selected graphically by

using the [ % | function.

For background on the multi-point excitation, the reader is referred to the literature [8 and 10].

Assign Accelerogram

Choose the available accelerograms from the drop-down menu. You can apply different multiplier
factors in each direction.

The excitation direction can be rotated in the XY-plane about the Z-axis. For example, when your
accelerogram shall excite the structure 45 ° rotated about the Z-axis, activate only the X-direction
with your response spectrum chosen from the drop-down menu and enter o = 45 °.

You can assign a specific accelerogram to each set of supports.
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2.10.2 Time History Analysis of Time Diagrams

With a time history analysis of time diagrams, any point of the system can be excited in any
direction.

Mi+Du+ Ku=p(t) (2.16)
in which M is the mass matrix, D is the damping matrix and K is the static stiffness matrix. The

time dependent vectors u, u and i are the absolute displacements, velocities and accelerations.
p(t) is the external excitation.

The definition of time diagrams was discussed in Section 2.7. In the Dynamic Load Cases, those
time diagrams are combined with load cases (LC) to define the type, the location and direction of
the excitation.

The Time History Analysis sub-tab is illustrated in Figure 2.27.

RF-DYNAM Pro Input Data

File Settings Help
General Mass Cases  Mass Combinations Matural Vibration Cases  Response Spectra  Accelerograms  Time Disgrams = Dynamic Load Cases
Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve
DLC1  |Response Spectra Analysis 3] Time History Analysis - Time Diagram ]
DLC2 Time History Analysis - Accelerogram
Time History Analysis - Time Diagram General Time History Analysis  Caleulation Parameters  Damping
DLC4 Equivalent Static Forces Loading - Time Diagram Sets
Mo. Load Case Muttiplier Time diagram Muttiplier
1 EEE LC1 Seff-Weight 1.000 |k~ TD1] Triangular Load 1.000
2 LC2 | Imposed Load, top level 1.000 |t TD2| Perodic Load 1.000
EJL.
Time Steps and Maximum Time: To Generate
Saved Time Steps At: 1.00 5+ [8) [AliGenerate load cases:
Maximum Time tmax : 10,00 3+ 5] Select time steps... =]
Number of first generated load
Time Steps for Calculation case; 0 5
() Automatic Load case type:
(®) Manual At: 0.01 &~ | [s] ‘“Permanent ~ |
Activate Create result combination
Initial deformations from load case: Number of first generated result
combination: 20 (3
M LC1 - Self-Weight
]| L & Em %] (X
D| |im Details Check OK & Calculate oK Cancel

ﬁgure 2.27: Module Window Dynamic Load Cases with Time History Analysis tab of Time Diagrams

Loading - Time Diagram Sets

Load cases defined in the main program RFEM are to be combined with Time Diagrams (see
Section 2.7) to Loading - Time Diagram Sets. In the table, choose a load case by activating the list
via =l and allocate a time diagram to define the excitation of your structure. You can apply factors
for both the load case and the time diagram.

[@ Static load cases are mandatory when performing a time history analysis of time diagrams. The
static load case defines the magnitude, direction and positions of the excitation. Nodal, line,
surface, free or generated loads can be combined with a function varying over time.

You can combine many of those Loading - Time Diagram Sets by filling more rows in the table as
shown in Figure 2.27. This is required to simulate an excitation that is varying in time but also
changing its position, e.g. a pedestrian walking across a bridge as demonstrated in the webinar
Time History Analysis in RF-/DYNAM Pro - Walking and Running Across Pedestrian Bridge.
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2.10.3 Linear Solvers: Modal Analysis versus Implicit Newmark

O Linear modal analysis In the General sub-tab (see Figure 2.22), you can choose between two linear time history solvers -

® Linear implicit Newmark analysis the Linear modal analysis and the Linear implicit Newmark solver. The linear analysis is geometrically
linear (small deformations) and ignores or replaces all defined non-linearities in the model, i.e.
cables are replaced by trusses and failure of a support is ignored. The linear solvers belong to the
add-on module RF-DYNAM Pro - Forced Vibrations.

The modal analysis uses a decoupled system based on the eigenvalues and mode shapes of the
structure, determined in the assigned natural vibration case (NVC). The multi-degree-of-freedom
(MDOF) system is transformed into many single-degree-of-freedom-systems (SDOF) (diagonalized
mass and stiffness matrix). A certain amount of eigenvalues is required to ensure accuracy. The
solution of the decoupled system is then found with an implicit (Newmark) solver. The mass matrix
settings and stiffness modifications are taken over from the NVC assigned. Initial deformations
can be applied. Once the eigenvalues are determined, the modal analysis provided in RF-DYNAM
Pro - Forced Vibrations is slightly faster than the linear implicit Newmark analysis.

The linear implicit Newmark solver is a direct time integration scheme that requires sufficient
small time steps to achieve accurate results. There is no natural vibration analysis required. Settings
for the mass matrix are defined in the Calculation Parameters of the DLCs. Stiffness modifications
and initial deformations are not available with this type of solver. For more theoretical background,
see e.g. [10]. The choice of time step is discussed in Section 2.10.5.

For the direct time history solver, dashpot elements can be used. This member type is available in
RFEM where you define the viscous damping coefficient c as well as the axial stiffness constant
(spring element) which is then acting parallel (Kelvin-Voigt-Model).

2.10.4 Nonlinear Solvers: Implicit Newmark versus Explicit

@® Norinear impiict Nenmark analysis In the General sub-tab (see Figure 2.22), you can choose between two nonlinear time history solvers

O Explct analysis - the Nonlinear implicit Newmark analysis and the Explicit analysis. Both nonlinear solvers perform
a large strain deformation analysis and consider all nonlinearities that are available in the main
program RFEM. The nonlinear solvers belong to the add-on module RF-DYNAM Pro - Nonlinear
Time History.

The explicit anaylsis, or method of central differences, is suitable for short duration excitations and
rapidly changing nonlinearities in the structure. The method is ‘explicit’ because unknown values
depend only on the time i, not on the unknown response at time i + 1. The explicit integration rule
works well in combination with a diagonal mass matrix and with the restriction in damping matrix
C = aM. The method is conditionally stable. A bounded solution is obtained only when the time
increment At is less than the stable time increment At,.,..- The stability limit can be defined in
terms of the highest eigenvalue in the model w,,., and the fraction of critical damping D in the
highest mode.

2 —
Atstable < ( 1+ D2 - D) (2.17)
wmax
In practice, the stable time increment is estimated by
Le
Atstable = - (218)
Ca

where L is the finite element length and ¢4 the dilatational wave speed that is for linear elastic
material (with Poisson’s ratio equal to zero) equal to

E
Cy,=1/— (2.19)
TV

where E is the Young’s modulus and p the material density.
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Time Steps and Maximum Time
Saved Time Steps At:

Maxximum Time tmax w.00 2] [

Time Steps for Calculation
() Automatic

(@ Manual At: 0015 5

2 Input Data -

This estimation provides a smaller time step than the stability limit in Equation 2.17. Note also
that many effects are not included in the time step estimation and that for accuracy reasons an
even smaller time step At may be required. RFEM uses a fixed time incrementation where the
fixed time step can be the initial stable time increment or a user-defined value.

Implicit schemes solve unknown values at time i + 7 based on the values at timejiand i + 1. Thus,
nonlinear equations must be solved, iterations and convergence checks are required. The implicit
Newmark analysis is unconditionally stable, there is no upper stability bound in time step At.
Still, a reasonable small time increment is required to achieve accurate results. The time step
depends on the excitation, the frequency of the structure and the complexity of nonlinearities
in the structure. The implicit solver needs “time steps typically one or two orders of magnitude
larger than the stability limit of simple explicit schemes” [15]. There are no restrictions regarding
the mass matrix and Rayleigh damping when using the implicit Newmark solver.

The choice between the two nonlinear solvers depends mainly on the required time step but also
on the type of excitation. For both solvers, a time step convergence study must be done. For
further theoretical background, see [10 and 15-17].

For both nonlinear solvers, dashpots element can be used. This member type is available in
RFEM where you define the viscous damping coefficient c as well as the axial stiffness constant
(spring element) which is then acting parallel (Kelvin-Voigt-Model). The spring can be defined with
slippage and/or as diagram. Those nonlinear features of dashpot elements are only applicable to
the nonlinear solvers.

2.10.5 Time Steps and Maximum Time

You need to define the time steps to be saved and the maximum time of your time history analysis.
Results are only available for the time steps that are saved, and also the dynamic envelope is built
from those saved time steps.

Saving less time steps reduces the file size, shortens the calculation time and improves the per-
formance of the post-processing. However, a certain amount of result values is required to avoid
skipping the maxima and to ensure a smooth graph in the Time Course Monitor (see Section 4.3).

Regardless of the time steps that are finally saved, you need to define the time steps used for the
calculation. A suitable choice of time step is essential for a successful time history analysis. Itis a
compromise between calculation time and accuracy. A highly nonlinear calculation requires far
smaller time steps than a linear analysis. For the explicit solver, there exists a stable time increment
to obtain a solution.

For linear time history analysis, the following advice can be given [18]:

e Considering the accelerogram (see Section 2.6) and transient time diagram (see Section 2.7),
the shortest length of the discrete excitation shall be split into at least seven time steps.

e The highest frequency f of the structure (see Section 4.1) that is relevant for the time history
response shall be used to calculate the time step with At < 1/(20f). Analogously, the largest
frequency of the excitation (see Section 2.7) shall be checked with At < 7 / (10w).

You can define the time step for calculation manually, or RF-DYNAM Pro determines it automati-
cally.

For the modal analysis and the linear and nonlinear implicit Newmark solvers, RE-DYNAM Pro
chooses the time steps for calculation automatically according to the assigned excitation. For
accelerograms, transient and function time diagrams, the automatic time step is determined using
the time step in between the data points, At = Min{t;,,; — t;}/7. For periodic time diagrams, the
automatic time step is determined with At = 7/(10w) using the largest excitation frequency.

Note that this automatically determined time step is only in accordance to the excitation. Other
values, such as the frequency of the structure and non-linearities, are not taken into account, but
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they do influence the required time step. For the implicit solvers, it is therefore recommended to
define the time step for calculation manually.

The explicit solver determines the automatic time increment in accordance to the stability limit as
discussed in Equations 2.17 and 2.18. Usually, this time step is sufficient also in terms of accuracy.
Nevertheless, effects like e.g. rapid changes in stiffness are not included in the time step estimation.
For highly nonlinear systems, an even smaller time step At may be required for accuracy reasons.

I]@ A time step convergence study should be performed in any case. It is essential for nonlinear time
history analyses.

2.10.6 Initial Deformation

pctivole When you select Initial deformations from load case, you can import initial conditions directly from
e aload case. Those are the conditions at time step t = 0 s that are released shortly after.

[ C1 - selfweight ~]

In RF-DYNAM Pro, the initial deformations are only available when the modal analysis has been se-
lected. For the direct solvers the functions Initial condition and Stationary state are available. These
functions can be selected in the Calculation Parameters tab and are described in Section 2.10.8.

2.10.7 Export of Load Cases and Result Combinations

You can export load cases for single time steps by activating the Generate load cases check box.
Select the Load case type from the drop down list below. The exported load cases will not contain
any loads: they contain the results at the specific time step.

In the list shown in Figure 2.28, you can Select time steps that are to be exported.

Select Time Steps

Time Steps to Generate

i [s] Load Cases To Generate -
O 0 0.0000
O 1 00100
O 2 0.0200
O 3 0.0300
O 4 0.0400
& 5 0.0500 |NE LC 4:DLC2-t: 0.0500s
& 6 0.0600 |MEM LC5:DLC2-t - 0.0600s
O 7 0.0700
O 8 0.0800
O 9 0.0300
= 10 0.1000 WM LC 6:DLC2-t: 0.1000s
O 1 01100
O 12 0.1200
O 13 0.1300
O 14 0.1400
& 15 01500 |MESW LC7:DLC2-t: 0.1500s
O 16 0.1600
O 17 0.1700
O 18 0.1200
O 19 0.1900
& 20 0.2000 ’Ema:nl.cz—t:u.zmns
O 21 02100
O 2 02200 | v

JE| HE

cancel

ﬁgure 2.28: Dialogue box Select Time Steps for export

A result combination (RC) as a result envelope with maximum and minimum values of all saved
time steps is generated when you select the Create result combination option.

More information on the exported load cases and result combination is provided in Section 4.3.
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In direction
%
¥
z

Type of Mass Matrix
(") Diagonal matrix (translational DOFs)

About axis
%
¥
z

() Diagonal matrix {translational and torsional DOFs)

(®) Diagonal matrix (translational and rotational DOFs)

() Consistent matrix

Internal Divisions

Edit FE mesh settings

2.10.8 Calculation Parameters

The calculation parameters of time history DLCs are only available for direct solvers, such as the
linear and nonlinear implicit Newmark solver and the explicit solver. Here, you define the mass matrix
and the directions of acting masses. The Calculation Parameters sub-tab is shown in Figure 2.29.

DLC Mo. Dynamic Load Case Description To Solve

| 2 | | Time History Analysis - Accelerogram ~ |

General Time History Analysis Calculation Parameters  Damping

Acting Masses Internal Divisions
(®) Mass case: Edit FE mesh settings =]
|EMC1 - Self-Weight v
Condition
(C) Mass combination: None A
MCO1 - Self-Weight + Imposed Loads Load case:
In direction About axis ML C1 - Self-Weight
i i Load combination:
¥ ¥
z z

Type of Mass Matrix

() Diagonal matrix (translational DOFs)

(C) Diagonal matrix {translational and torsional DOFs)
(®) Diagonal matrix {translational and rotational DOFs)
O Consistent matrix

ﬂgure 2.29: Module Window Dynamic Load Cases with Calculation Parameters tab (direct solvers only)

In case of the Modal Analysis, the settings of acting masses, mass matrix and FE mesh settings are
taken over from the assigned NVC.

Acting Masses

You can import a specific Mass cases or Mass combination into each DLC. Those have been defined
as described in Section 2.2 and Section 2.3. Select the relevant mass case or combination from the
drop-down menu.

You have to define the direction in which the masses are acting. The masses act in the global trans-
lational X, Y, or Z-directions when you select the corresponding check boxes. They act rotationally
about the global X, Y, and Z-axes when the corresponding check boxes have been activated. Those
settings change your mass matrix.

When the explicit solver is used, masses have to act on each FE-node and in all directions.

Type of Mass Matrix

There are four types of mass matrices available in this section of the Calculation Parameters sub-tab
(see Figure 2.29). The different types of mass matrices are discussed in Section 2.4.4.

The explicit solver is restricted to the Diagonal matrix (translational and rotational DOFs).

FE Mesh Settings

The button links directly to the FE mesh settings of the main program RFEM. The FE Mesh
Settings dialogue box is also available in the Calculation — FE Mesh Settings menu of RFEM.
Further details on the FE mesh and the parameters that can be adjusted are described in the RFEM
manual, Section 7.2.

Members that are not integrated into surfaces are not divided into FE-nodes by default. When
a diagonal mass matrix is used, the mass of a member is lumped to the two end nodes of the
member. For a more refined distribution of the mass, you need to activate the member division in
the FE mesh settings.
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Initial Condition and Stationary State

Condtion

The functions Initial condition and Stationary state are available. With the option Initial condition all
R conditions from the selected load case or load combination at time step t = 0 s are imported and

n
Stationary state

‘@::“’“‘ | then released shortly after. The function Stationary state considers all conditions over the entire
LC1 - Self-Weight ~
Load combination: t| me.

In addition to the imported deformations and loads used to establish an equilibrium state at the
beginning of the calculation, all stiffness modifications made in the settings of the load cases and
load combinations are taken into account. These have already been explained in Section 2.4.7.
Furthermore the states of nonlinearities are imported in the nonlinear solvers.

@ It is possible to choose between load cases and load combinations. For the linear solver, only load
cases or load combinations can be used which are calculated according to a geometrically linear
analysis. Load cases and load combinations which are calculated according to a large deformation
or postcritical analysis can only be used for one of the two nonlinear solvers, however.

2.10.9 Structural Damping

In RF-DYNAM Pro, structural viscose damping is available. It can be defined by the Rayleigh
coefficients « and 3 or the Lehr’'s damping values D;,. The Lehr’'s damping value can be equal or
different for each mode of the system.

The Damping sub-tab is shown in Figure 2.30.

DLC Mo. Dynamic Load Case Description To Solve

| 2 | |T|me History Analysis - Accelerogram i |

General Time History Analysis  Calculation Parameters  Damping

Type Lehr's Damping Measure
. Mode Damping
R h d
© Rayieigh demping No. DH Comment
o 2 =
b g
Lehr's damping
3 —n |

Lehr's damping separate for each frequency...

SIS e E!
ﬂgure 2.30: Module Window Dynamic Load Cases with Damping tab

With the Rayleigh damping coefficients, the damping matrix C is defined as
C=aM+ K (2.20)

using the factors « and 3. The Rayleigh damping coefficients are used for the linear and nonlinear
implicit Newmark and the explicit solver. The damping matrix C does not need to be a diagonal
matrix for the direct time history solvers. For more information about the Rayleigh damping, see
for example [18].
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The Lehr’s damping values D; are used for the modal analysis. The damping matrix C needs to be a
diagonal matrix. The Lehr’'s damping values are defined for each single mode i as a factor between
the existing and the critical damping as follows:

C:

= —"l 2.21
2-m;-w; ( )

i
where ¢ are the entries in the diagonal damping matrix, m; the modal masses, and w; the angular
frequencies of the system.

The Rayleigh coefficients and the Lehr’s damping are connected as follows:

b; = ! (g + ﬂ%) (2.22)
2 \w;

This equation is visualised in Figure 2.31 using the Rayleigh coefficients « = 0.2and = 1 x 1073,
It gets clear that for one set of Rayleigh coefficients different values of Lehr’'s damping result for
each natural frequency of the structure.

RF-DYNAM Pro internally converts the Rayleigh damping coefficients a and 5 into the Lehr's
damping values D; if the modal analysis is selected. In this case, the solution is unique.

0.025

a=02/3=1e3
——-a=0.0/3=1e3 Total
————— a=02/3=00

0.02 | _ .- p-Damping

0.016

0.01 k. -

Lehr's Damping Di [-]
-
\
A

0.005 - -1

a-Damping

0 | | | | | | |
5 10 15 20 25 30 35 40

Angular Frequency w [rad/s]
ﬁgure 2.31: Relation between Rayleigh coefficients o and 8 and the Lehr's damping D using the examples:
1-Total: a =0.2and 3 =1x 1073
2 - B-Damping: a =0.0and =1 x 1073
3 - a-Damping: a =0.2and 8 = 0.0
lllustrated are the Lehr's damping values resulting for each angular frequency w of the structure.

For the implicit and explicit solver, the Rayleigh coefficients have to be specified. You can convert
Lehr's damping values D; to Rayleigh coefficients « and /3 by clicking the button: in a new
dialog box, define the most dominant frequencies of your model in combination with the required
Lehr’'s damping values.

The conversion from Lehr’s damping values to Rayleigh coefficients is illustrated in the example
in Section 5.2.
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2 Input Data 2

2.11 Dynamic Load Cases - Equivalent Load Analysis

The equivalent load analysis is performed when the corresponding radio button in Figure 2.22 is
selected; it belongs to the add-on module RF-DYNAM Pro - Equivalent Loads. The equivalent load
analysis in RF-DYNAM Pro is based on the multi-modal response spectra analysis.

The

main differences to the Response Spectra Analysis in the add-on module RF-DYNAM Pro - Forced

Vibrations described in Section 2.9 are listed below:

Load cases with equivalent loads are exported to RFEM separately for each mode and each
excitation direction.

The calculation of load cases is done in the main program RFEM. Thus, nonlinearities are
considered by default, but stiffness modifications defined in the NVCs are not taken over.

Accidental torsional actions can be considered automatically.
Base shear forces can be easily evaluated separately for each mode.

Result combinations are produced separately for each excitation direction (combined modal
responses with SRSS or CQC) and for the combination of results from different excitation
directions (SRSS, 100% / 30% (40%)).

A signed result option is available that provides unique RCs using the signs of the dominant
mode shape.

The results are reproducible step by step.

All supports are excited identically (no multi-point option).

The corresponding sub-tabs when performing an equivalent load analysis are General, Equivalent

Force Analysis, and Mode Shapes. The Equivalent Force Analysis sub-tab is illustrated in Figure 2.32.

RF-DYNAM Pro Input Data x

File Settings Help

General Mass Cases Mass Combinations Natural Vibration Cases  Response Spectra  Accelerograms  Time Diagrams  Dyniamic Load Cases

Existing Dynamic Load Cases DLC No.

Dynamic Load Case Description To Solve

DLC1 Response Spectra Analysis E

Equivalent Static Forces ]
DLC2 | Time History Analysis - Accelerogram

DLC3 | Time History Analysis - Time Diagram | General Equivalent Force Analysis Damping  Made Shapes

=]l

D i

a7 8% 82 |K

Details

Consider acddental torsional actions:

ex: 700.000 F5 [mm]
ev: 250,000 (5 [mm]

Combination of Modal Responses

Eccentridty

Modal response combination rule: (O sRSS
@®cqc
Use equivalent linear combination

[Oigned Reslits using dominant mode!

i Automatic
¥ Automatic
Zh Automatic

Check

Load cases with Ex,i /E.i /Ezifrom all modal
shapes
Number of first generated load
case: 100 5

Result Combination (modal combination)

Number of first generated result
combination: 100
Combination of directional components with:
() Quadratic (SR55)
(@) 100 / 30 %
(100 /40 %

OK & Calculate

Agssign Response Spectrum
Direction Response spectrum: Factor Rotate ax and ay
X [BRs1 -Ent99a-1 cEN Horizontal Design Spectnm ~| [ 1000 2 CnE .
Mv: [ERs1 - En1998-1 CEN Horizantal Design Spectrum v 1000 |2 “ 0.00 (=5 fracl]
dz: RS 1 - EN1998-1 CEN Horizontal Design Spectrum z
Settings To Generate

Cancel

ﬂgure 2.32: Module Window Dynamic Load Cases with Equivalent Force Analysis tab
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Rotate ax and av

about £

o 0.00 5 [
ex: 0.700 = [m]
ey: 0.250 = [m]

Modal response combination rule: () SRSS
@®cac
Use equivalent linear combination

Signed Results using dominant mode

2.11.1 Assign Response Spectrum

In each direction, a specific Response spectrum can be assigned. At least one of the directions
must be selected. The response spectrum (RS) can to be chosen from the drop-down menu. It is
possible to adjust the multiplier Factor independently for each direction.

The excitation direction can be rotated in the XY-plane about the Z-axis. For example, when
the response spectrum shall excite the structure 45 ° rotated about the Z-axis, activate only the
X-direction with your response spectrum chosen from the drop-down menu and enter oo = 45 °.

2.11.2 Accidental Torsional Actions

RF-DYNAM Pro considers accidental torsion actions automatically when you have selected the
corresponding check box and the eccentricities e, and e, have been defined. This is requlated in
EN 1998-1 Sections 4.3.2 and 4.3.3.3.3 [1], for example. The eccentricities ex and e, define how
far the centre of mass is displaced, to account for uncertainties in the location of masses. For the
calculation of the equivalent loads and the torsional moments, see Section 4.4.1 and Section 4.4.2.

When you export load cases with generated equivalent loads, two load cases will be generated
for each mode shape and each direction — one with positive torsional moments, and one with
negative torsional moments. RF-DYNAM Pro creates an alternative combination of those two
load cases. More information on how modal combinations are applied when accidental torsional
actions are activated are reported in the Knowledge Base - 001118.

2.11.3 Combination of Modal Responses

In the dialogue box section Combination of Modal Responses, you define how the responses result-
ing from different eigenvalues of the structure are to be combined. The modal combination is the
first step of dynamic combination.

The modal response can be combined using the Square Root of the Sum of the Squares (SRSS) rule
or the Complete Quadratic Combination (CQC) rule. Both of those quadratic combinations can be
applied in the standard form or modified as equivalent linear combination. The option Signed
Results provides modal combinations with unique signs using the dominant mode shape of the
structure.

The standard form of SRSS combines maximum results; the signs are lost. The formula is provided
below:

Ropss = \/Rf +R2 4+ R2 (2.23)

The combined results Rgpgs result from the modal responses R, from p modes of the structure.

RF-DYNAM Pro includes a modified form of the SRSS rule in order to calculate corresponding results,
i.e. corresponding internal forces. Compared to the standard form of the SRSS rule, those corre-
sponding results are usually much smaller and the signs are correct in relation to the controlling
force. The SRSS rule is applied as equivalent linear combination [11] as follows:

p
R.
Rsgss = Z fi-R where f;, = p' (2.24)
=1
2 R?
Jj=1

By this formula the result combinations are consistent in itself.

The SRSS rule is only allowed for systems where adjacent natural periods T; < T, differ more than
10%, i.e. when the following statement is true:

<0.9 (2.25)

o iy
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In all other cases, the CQC rule must be applied. The CQC rule is defined as follows:

PP
> D Ref

Reac = (2.26)
i=1 j=1
where the correlation coefficient ¢ is
8../DD; (D; +rD;) r3/2 w;
£, = /D (O ) where r= - (2.27)

o—=r)2 4 ADD;r (1 +1r2) +4 (D,.Z + Dj2> r? Wi

If the viscose damping value D is equal for all modes, the correlation coefficient € simplifies to:
8-D2(1+4r)r3/?
£ =
b (1 =r2)2+4D%r(14r)?

(2.28)

The damping value D; that is required for the calculation of the correlation coefficient ¢ is defined
in the Damping tab. It appears as soon as you have selected the CQCrule. The settings for damping
are described below.

Analogously to the SRSS rule, the CQC rule can be applied as equivalent linear combination [11].
The CQC rule, still employing gjas defined in Equation 2.27, is modified as follows:

p
; iR;

-,

p
Reac= > _fi-R  where f,= (2.29)
i=1

M=
M=

i=1j=1

You can find more information on the option Use equivalent linear combination and an example in
the Knowledge Base - 001098.

I@ When the CQCrule is applied, the exported load cases contain information on the corresponding
angular frequency w and the applied damping D..

You can find more information on the CQC rule and an example in the Knowledge Base - 001263.
Independently of RF-DYNAM Pro, the CQC rule is available in the main program RFEM. This is
described in the Knowledge Base - 001259.

[1signed Results using dominant mode With the usual quadratic combinations like the SRSS and CQC rule, all maxima are positive and
X |Automate ~ all minima are negative in the produced result envelope. The signs of results are lost and the
= Automatic £

results combinations are not unique. To overcome this side effect of quadratic combinations and
to produce a more realistic representation of internal forces, the so-called Signed Results option
is available in RF-DYNAM Pro. When the structure has a dominant eigenvalue, the signs of the
corresponding load case can be applied to the results in the result combination. This leads to
unique result combinations (RC). When you choose Automatic in the drop-down list, RF-DYNAM
Pro selects the dominant mode shape automatically by means of the largest effective modal mass
factor. You can also select any other eigenvalue manually.

You can find more information on the Signed Results option and an example in the Knowledge
Base - 001278.

Further information and mathematical derivations of the combination rules are provided in e.g.
[12-14].
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2.11.4 Combination of Directional Components

Cambiﬂaﬁm of drectonal cmpenents with: - The jnternal forces resulting from different excitation directions can be combined quadratically

uadratic (SRSS]

©Toof30-}: ) with the SRSS rule, or by using the 100% / 30% (40%) rule. The SRSS rule is applied as defined in
O 100740 % Equation 2.23, but now i = 1..p are the excitation directions X, Y, and Z. The SRSS rule for the direc-

tional combination can also be realised as equivalent linear combination applying Equation 2.24.

2.11.5 Export of Load Cases and Result Combinations

When you select the Load cases check box, load cases are exported to RFEM separately for each
mode and separately for each excitation direction. The equivalent loads are calculated in according
to Equation 4.9, Equation 4.10, and Equation 4.11.

When you select Result combination (modal combination) and Combination of directional compo-
nents, several result combinations are automatically generated.

e RCs containing the modal response combination (SRSS or CQC) separately for each direction.
e RCs combining the results in the different excitation directions. One RC is generated for the

SRSS rule, but a maximum of three RCs are generated for the 100% / U[30 percent] (40%) rule.

More information on the exported load cases and result combinations is provided in Section 4.4.

2.11.6 Damping for CQC Rule

I]g The Damping tab is only available when the CQC rule has been selected for the combination of
mode shapes (defined in Equation 2.26 and Equation 2.27).

For the CQC rule, the Lehr's damping values D; are needed. Those can be defined equally or
differently for each mode of the system. The Rayleigh damping with the coefficients « and 5 is
also available, but those values are internally converted to the Lehr's damping. The Damping tab
is the same as for the Response Spectrum Analysis. It is shown in Figure 2.24 in Section 2.9.6.

I]% For the conversion of the Rayleigh coefficients a and /3 to the Lehr’'s damping D;, see Section 2.10.9.

2.11.7 Mode Shape Selection

RF-DYNAM Pro - Equivalent Loads provides a multi-modal response spectra analysis. You can
select as many modes as important for the analysis. The Mode Shape tab and its settings are
discussed in detail in Section 2.9.7 and are the same for the equivalent load analysis.
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2.12 Global Details Settings

Details

The Details dialogue box can be accessed by pressing the [Details] button. You can also open it

via Settings — Details. In this dialogue box, you can set global parameters that are valid for the
overall dynamic calculation and independent of any defined case within the module.

The Details dialogue box is shown in Figure 2.33.

Minimum Axial Strain for Cables and Membranes

Activate

Mass Conversion Type

(®) Z-components of loads

(0) Z-compaonents of loads (in direction of gravity) Emin * 0.00001 5| []

(O Full Ioads as mass
(®) Use &min if it is bigger than = in LC/CO

() Always use Emin
MNeglect Masses Instability Detection

[]Meglect masses... [ change standard settings

¢l

Tolerance for detection of instability:

Global Dizplay Options. Equivalent Loads

[[]Display response spectra in logarithmic scale Do not display generated equivalent loads when the -
number of generated loads exceeds: 10000 [=
Maximum number of generated equivalent loads: 99999 =

D] B Cancel

ﬁgure 2.33: Details dialogue box with global parameters concerning RF-DYNAM Pro

Mass Conversion Type

In Section 2.2, the mass import from load cases is explained. Section 2.2.4 provides details on the

different types of mass conversions.

Neglect Masses

Masses on nodes, lines, members, and surfaces can be neglected in the dynamic analysis. In

Section 2.2.4, details on the Neglect Masses feature are provided.

Display Response Spectra

You can change the display of the response spectra as seen in Figure 2.11 and Figure 2.25. The
default display uses a linear x-axis, but it is possible to change it to a logarithmic scale.

Minimum Axial Strain for Cables and Membranes

These special types of members and surfaces require a minimum axial strain. If the limit is set too
small, the eigenvalues achieved are not realistic and only local mode shapes are determined. The
default value is applicable for most cases. You can find more details on cables in the RFEM manual,

Section 4.17.

Instability Detection

The stability of a system can be analysed. For it, the default value in RF-DYNAM Pro is set to 0.01,
which means a very sensitive detection of instability and an early break-off limit. Please see RFEM

manual, Section 7.3.3 for further details.
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Equivalent Loads

As discussed in Section 2.11, load cases are exported containing the generated equivalent loads.
Loads can only be viewed in the graphic when less than 5,000 loads are produced. You can change
this value here, but note that the process of displaying more than 5,000 loads is slow.

The maximum number of loads that RFEM can produce and export to load cases is 99,999. As
equivalent loads are generated on each FE-node, you can only get a full set of equivalent loads
when your structure has less than 99,999 FE-nodes. When your structure has more FE-nodes, the
smallest equivalent loads are neglected, and only 99,999 loads will be exported. You can adjust
the maximum number of generated equivalent loads in the Details dialogue box.

2.13 Units and Decimal Places

You can access the Units and Decimal Places dialogue box with the button shown on the left. The
dialogue box is shown in Figure 2.34,

Units and Decimal Places

Program / Module Input Data  Results

- RF-TIMBER C5A A

.. AF-TIMEER NER Masses Dynamic Loads
- RF-TIMBER SANS Unit D
- RF-TIMBER
- RF-DYNAM
Mass momert of inertia: kgm™2
- RF-JOINTS

- RF-END-PLATE
- RFE-CONMECT Surface masses: kg/m™2
- RF-FRAME-JOINT Pro
- RF-DSTV

- RF-DOWEL

.. RF-HSS Other
- RF-FOUNDATION

- RF-FOUNDATION Pro
- RF-STABILITY Eccentricities: mm bl
- RF-DEFORM
- RF-MOVE

- RF-MOVE-5urfaces Percents: %
- RF-IMP

- RF-SOILIN

- RF-GLASS

- RF-LAMINATE

- RF-TOWER Structure

- RF-TOWER Equipment

- RF-TOWER Loading

- RF-TOWER Hfective L

- RF-TOWER Design

- RF-INFLUENCE v

? = D& @ Cancel
ﬂgure 2.34: Dialogue box Units and Decimal Places showing settings of RF-DYNAM Pro Input Data

3
=1

aces Unit Dec. places

Masses: kg hl Accelerations: m/s"2

£

RG]

A

A

Frequencies: Hz ~

Line/member masses: ka/m ~ Roisiions: = o

A

Factors:

Ak (] e

MNNNN

Solid masses: kg/m™3
Times: s i

Factors:

Damping coefficients:

o/ la][ ][]

Ar e e e

Select the add-on module RF-DYNAM Pro in the list of modules. The Input Data tab is opened.
There you can choose the units from the drop-down menus and adjust the decimal places.
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COK & Calculate

Existing Matural Vibration Cases

Self Weight

Calculate

Si

Delete Results
Delete

Set "To Solve’

Set ‘Mot To Solve'

=

3 Calculation

3.1 Check

Before starting the calculation, you can check the input data without closing the add-on module.
Click [Check] in the bottom part of the module.

The module shows the Input Data Verification dialogue box displaying any warning and error
messages. When no errors have been found, the message No consistency errors found is displayed.

Input Data Verification

DLC 1 will be skipped due to the following errors:

i DLC 1: Mo direction is selected.

i DLC 3: Maximum time should be at least twice as large as the time stey
DLC 3: Saved time step should be smaller or at least equal to the maxi
i DLC 3: Maximum time should be nonzera.

-~
W

Close

ﬂgure 3.1: Dialogue box Input Data Verification showing messages

When you click [OK & Calculate], the check is also performed. If an error is detected, the Input Data
Verification dialogue box is shown and you can decide whether you want to perform or cancel the
calculation.

3.2 Start Calculation

To start the calculation, click the [OK & Calculate] button. RF-DYNAM Pro then calculates all cases
(NVCs and DLCs) where no results are available and which have been selected to be solved (To
Solve check box). The add-on module closes once the calculation has finished.

To start the calculation of a singlec natural vibration case (NVC) or dynamic load case (DLC), you
can right-click the specific case and select Calculate. Only the selected case will be calculated
by RF-DYNAM Pro. When the calculation has finished, the module stays open. The colour of the
selected case changes from grey to green. When you calculate a DLC, the assigned NVC will be
calculated as well.

You can also start the calculation in the RFEM user interface. To calculate the RF-DYNAM Pro case
directly, select it from the list in the RFEM toolbar shown in Figure 3.2. Click the [Show Results]
button to perform the calculation. All cases (NVCs and DLCs) will be calculated where no results
are available and which have been selected to be solved (To Solve check box).

RF-DYMNAM Pro - E ngl:i ‘&ﬁ
-t maBY- BRAGahureuns

ﬁgure 3.2: Direct calculation of RF-DYNAM Pro case in RFEM

The To Calculate dialogue box (Calculate — To Calculate) lists the add-on module cases as well
as load cases and load combinations. This is shown in Figure 3.3.
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To Calculate

Load Cases / Combinations / Module Cases  Result Tables
Mot Calculated Selected for Calculation

No. Description =1 Na. Description 2
| G Qs Self-Weight CA1 RF-DYNAM Pro -
Lc2? Imposed Load. top level
m LC3 Imposed Load, bottom level

El =
Al v E=Y
Cance

ﬁgure 3.3: Dialogue box To Calculate

You can filter the available cases with the drop-down menu shown on the left.

LC Load Cases To transfer the selected RF-DYNAM Pro case to the list on the right, use the or @ button.

€0 Load Combinati . . .
pi;ﬂg Combiations Click [OK] to start the calculation. All cases (NVCs and DLCs) will be calculated where no results are

e Resut Combiations available and which have been selected to be solved (To Solve check box).

When you have started the calculation, you can observe the analysis process in a separate dialogue
box shown in Figure 3.4.

FE-Calculation...

. Running
Ry | calaulating NVC 1.
>
4 |RF-D’I'NN\I - Dynamic Analysis
Partial Steps |
> / |RF-D’I'NN\I - Dynamic Analysis Mumber of 3D Solid FEs 1]
J ) = |pfmg Input Data. .. Number of 2D Surface FEs 160
I - | Creating 30 Solid FE Stiffness Matrices... Number of 1D Member FEs 214
°4 | [Creating 20 Surface FE Stffness Matrices... | Number of Nodes 242
Numbs f Equati 1452
w - . |Creating 1D Member FE Stiffness Matrices... | oo o Caio o
Number of Eigenvalues 50
1 — | Creating Global 5tiffness Matrix...
.: — | Characteristic polynomial
- - | Sturm Sequence Check...
' .. | Determining Internal Forces. ..
- —|Delﬂ11i'i19 1D Member FE Internal Forces. .
/IS :
‘F._ Q Cancel Graph

ﬂgure 3.4: Process of RF-DYNAM Pro calculation
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Existing Matural Vibration Cases

Self Weight

Calculate

S

Delete Results
Delete

Set "To Solve’

Set ‘Not To Solve’'

3.3 Availability of Results

The process to delete and calculate cases in RF-DYNAM Pro is differentiated: Cases like natural
vibration cases (NVCs) and dynamic load cases (DLCs) can be calculated separately, and also the
results can be deleted separately by using the shortcut menu (right-click the specific case). The
shortcut menu also offers to delete the case, set the case To Solve or Not to solve.

The colour of a case is grey when no results are available. The color of a case is green when results
are available; then also the exported LCs and RCs do exist. Exported RCs and LCs are tied to the
results, i.e. they will be deleted as soon as the results of a case are deleted.

The results of a specific case will be deleted, when
e you use the shortcut menu to delete the results,
e something is changed in the NVC or DLC within RF-DYNAM Pro,

e assigned mass cases (MC), mass combinations (MCO), natural vibration cases (NVC), response
spectra (RS), accelerograms (AC) or time diagrams (TD) change,

e assigned load cases LC or load combinations CO change.

Results of a specific case will not be deleted, when
e the description of the case is modified,
e comments are made in the General tab,
e the scaling of mode shapes is altered in a NVC,

e the export settings are changed in a DLC (button [OK & Calculate] updates only the exported
LCs and RCs).
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The results of RF-DYNAM Pro are embedded in the main program RFEM. The general interpretation
of the results is described in Sections 8 and 9 of the RFEM manual.
Figure 4.1 shows the main program RFEM. The results of a Natural Vibration Case are displayed,
the first mode shape is illustrated, and the natural frequencies are listed in the table.
F™ File Edit View Inset Calculate Results Tools Table Options Add-on Modules Window Help _ox
DEFSRERE oz 42QFH [BE & womm Cec e VSE whE HERERE S NS AXEBe ERLL
B -YY-U-EA e MR a-B- -0 -1 aRBY - RAROGF RARR-F- Z-Nw Lo@y=38-28 82K
Project Navigator - Results 2 X | natural vioration -] Panel 2 x
[ T Mot o e e
O ux
~OF uv
O uz
O ox
O ov
O oz
[z Sections
-] 2 Values on Surfaces
~®E u
© % specific
[]2) Extreme Values
® %) On grid and user-defined peints
©/2) On FE mesh points I
"5 oo S
[ 29 Transparent e
A -
M u; 1.00000, Wi 0.00000 - E o 4
5.1 Natural Frequencies ax
[ W BE B | F€ | = 4| nC-ser Weight - Imposed Loac © € 3 | Mode Shape 1(f: 1101 Hz) e RPN
A E C D E "
Mods Egenvalue Angular Frequency | Natural frequency Natural period
201/s2] « [rad/s] f[He] Tkl
. 47833 6916 101 908
60.299 7765 236 809
105217 258 633
150.968 287 956
150.974 287 .956
150976 287 956
156.875 525 993 502
189.480 765 .191 456
218.376 78 352 425
278.057 675 654 37
11 278.091 676 654 377 v
S Ee A e Natural Frequencies [Mode Shapes by Node | Mode Shapes by Member | Mode Shapes by Surface | Mode Shapes by Mesh Node | Masses in Mesh Points | Effective Modal Mass Factors |
‘Figure 4.1: Results of a Natural Vibration Case in main program RFEM
The Display navigator and the Results navigator are explained in Section 3.4.3 of the RFEM manual,
the Tables in Section 3.4.4 and the Control Panel in Section 3.4.6. In this RF-DYNAM Pro manual,
only the newly available results will be discussed.
|E| You can access all relevant results tables of your dynamic analysis with the [Dynamic Analysis]
button.
|| Each of the results tables discussed in this chapter can be exported to MS Excel. The values within
the tables are saved as strings, so only the number of decimal places that are displayed will be
exported. If you need a higher accuracy, you have to adjust the decimal places in the Unit and
Decimal Places dialogue box accessible with the [ button.
All dynamic results tables can also be exported via File — Export. You can choose to export all
dynamic tables or only selected tables as shown in Figure 4.2. The results that are available for
each dynamic case are detailed in the following sections. Analogously you can export the data to
the CSV file format.
NVCT - Self Weight + Imposed Loat| With the drop-down menu, you can switch between the available natural vibration cases (NVC) and

- Self Weight + Imposed Loads . . .
~Response Spectra Analysis dynamic load cases (DLC). You can also switch between the cases using the | < |and | & | buttons.

The available results tables depend on that selection. This is clarified in the following sections.

- Equivalent Static Forces

The graphic in the work area of RFEM is also updated according to the selected NVC or DLC. All
results which are usually available in RFEM are accessible in the same way for the RF-DYNAM Pro
results. The interaction between tables and graphic works as common for RFEM.
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Export to Microsoft Excel - Settings

Export of Tables Tables
1. Model Data [ wiith table headers
@ al [Conly marked cels
(O Only selected tables... §=Q [Jonly selected objects
[Jonly filed rows
[J2. Loading [ ]Only filed tables
All
Only selected tables... §=l Export Type
[ Export tables to active
[]3. Load Data workbook:
Al | [~IRewrite existing workshest
Only selected tables... =2 [JExportFE Mesh

[]4. results (Static Analysis)
Al
Only selected tables... Ee

5. Results (Dynamic Analysis)

[OF] -
(O Only selected tables... Q_Q

Formulas and Parameters

[JFormulas in tables

[Jrarameters to additional worksheet
[CJFormulas to additional warksheet

?| & Concel
ﬂgure 4.2: Dialogue box Export to Microsoft Excel - Settings to export all dynamic tables (NVCs and DLCs)

4.1 Natural Vibration Cases

The results tables that belong to natural vibration cases are available when a NVC case has been
selected in the drop-down menu. The corresponding table numbers are 5.1 through 5.7. Those
results tables are always available; they belong to the module RF-DYNAM Pro - Natural Vibrations.
The input data required for natural vibration cases (NVC) is discussed in Section 2.4,

ModeShape1(f:1.101H - < >  You can switch between the available mode shapes in the work window by using the drop-down
menu shown on the left or the | @ |and | & | buttons. The maximum deformation displayed in the
graphics depends on the scaling option; this is discussed in Section 2.4.2.

The animation of the mode shapes can be activated via the |“9| button in the main toolbar (see
Figure 4.1).

4.1.1 Natural Frequencies

Table 5.1 provides the natural frequencies of the undamped system. The results table is shown in
Figure 4.3.

5.1 Natural Frequencies

2EESE B || == 4 nvC-Self weignt + Imposed Loat © < > | Mode Shape 1 (f: 1,101 Hz) MRS NEE-]
A B C D
Mode Eigenvalue Angular Frequency Matural frequency Natural period

No 2[1/52] @ rad/s] f [Hz] T[]

47833 6916 1.101 0308

2 60.255 7.765 1.236 0.809

3 105217 10.258 1633 0613

4 150.968 12287 1.956 0511

5 150974 12287 1.956 0511

6 150.976 12287 1.956 0511

7 156.875 12525 1.993 0.502

8 189.480 13.765 219 0.456

9 218.376 14778 2352 0.425

10 278.057 16675 2654 0377

11 278.091 16,676 2654 0377

12 279.387 16715 2660 0.376

i3] 288.546 16.987 2704 0.370

14 310.798 17.62% 2.806 0.356

15 310.812 17.630 2.806 0.356

16 310.815 17.630 2.806 0.356

Natural Frequencies | Mode Shapes by Node |Mode Shapes by Member | Mode Shapes by Surface | Mode Shapes by Mesh Node | Masses in Mesh Points | Effective Modal Mass Factors |

ﬂgure 4.3: Table 5.1 Natural Frequencies with eigenvalues X [1 /52}, angular frequencies w [rad/s], natural
frequencies f [Hz], and natural period T [s]
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The equation of motion of a multi-degree of freedom without damping is solved with the four
available eigenvalue solvers discussed in Section 2.4.5. Further theoretical details can be found
e.g. in BATHE [6] or TEDESCO [9]. The equation of motion is defined as

Mi + Ku=0 4.1)

where M is the mass matrix discussed in Section 2.4.4, K the stiffness matrix. u are the mode shapes
containing translational and rotational parts:

;
U = (Uy,Uy,Uz,9x,Py,$7) (4.2)

The eigenvalue A [1/5%] is connected to the angular frequency w [1/s] with A; = w?. The natural
frequency f[Hz] is then derived with f = w/27, and the natural period T [s] is the reciprocal of the
frequency obtained with T = 1/f.

For a multi-degree of freedom (MDOF) system, several eigenvalues )\, and corresponding mode
shapes u; exist for each mode i.

4.1.2 Mode Shapes

Modesnape1if: 1.101Hg - < >  Each frequency of the system has a corresponding mode shape. These mode shapes are illustrated
graphically in the work area of RFEM. You can use the drop-down menu to switch between the
mode shapes; this was discussed above.

All mode shapes are tabulated in Tables 5.2, 5.3, 5.4 and 5.5. The difference in those tables are the
way how the values are sorted. In Table 5.2, the standardised displacements uy, uy, and u; and
rotations ¢y, y, and ¢, are sorted by nodes. This table is illustrated in Figure 4.4.

5.2 Mode Shapes by Mode

= fi== =] [ F€ | =7 nver-self weight = Imposed Loac = < > | Mode Shape 1 (f: 1.101 Hz) coa > || P AR e
B ] C I D E | F I G H
MNode Mode Standardized Displacements Standardized Rotations
No No. ux[] uy [] uz [ e [1/m] oy [1/m] oz [1/m]
1 0.00179 0.44155 0.00138 0.00525 0.00036 0.00074
2 0.00319 052172 0.00156 -0.00580 £0.00020 0.00032
3 0.00156 0.11012 0.00026 -0.00087 0.00005 0.00036
4 0.00000 0.00000 0.00000 -0.00001 0.00001 0.00000
5 -0.00001 0.00000 0.00000 0.00000 0.00000 0.00000
5 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
7 0.00000 0.00014 0.00000 0.00000 0.00000 0.00000
] 0.00598 0.04570 0.00010 0.00104 0.00023 0.00210
] 0.00010 40.00513 0.00005 0.00033 -0.00005 0.00014
10 0.00000 0.00000 0.00000 0.00001 -0.00001 0.00000
11 0.00000 0.00000 0.00000 -0.00001 0.00001 0.00000
12 0.00147 0.00410 0.00013 0.00140 0.00023 0.00018
13 0.00277 0.00872 0.00010 0.00074 0.00013 0.00090
14 0.00000 -0.00001 0.00000 0.00000 0.00000 0.00000
15 0.00000 -0.00002 0.00000 0.00000 0.00000 0.00000
16 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Natural Frequencies | Mode Shapes by Node | Mode Shapes by Member | Mode Shapes by Surface | Mode Shapes by Mesh Node | Masses in Mesh Paints | Effective Modal Mass Factors |

ﬁgure 4.4: Table 5.2 Mode Shapes by Node with standardised displacements uy, uy, and uz and rotations
Px ey and oz

Table 5.3 lists the values sorted by members, Table 5.4 sorted by surfaces, and Table 5.5 sorted by
mesh points. If there are no surfaces in the model, Table 5.4 does not exist.

The maximum values of u and ¢ are dependent on the selected scaling option discussed in Sec-
tion 2.4.2. The standardised displacements u are dimensionless, and the standardized rotations ¢
are given in [1/m]. Those units result from the scaling procedure.
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4.1.3 Masses in Mesh Points

The calculation of the masses in mesh points depends on the imported masses (see Section 2.2),
on the settings in the Details dialogue box (see Section 2.12), and on the finally assigned mass case
(MCQ) or mass combination (MCO (see Section 2.4.3). In Table 5.6, the masses in the translational
directions my, my, and m; are provided. The sums of the masses are given at the bottom of the
table. Table 5.6 is shown in Figure 4.5. The coordinates of the mesh points in the global coordinate
system are listed as well.

5.6 Masses in Mesh Points

o W =& H|€ || =52 | nver - seif weight -+ Imposed Loas = < > | Mode Shape 1 (f: 1101 Hz) e e p| P AEE®

B C I D | E F I G | H

Mesh Location Mass
Fort No-|  Type No Xim] Y ] Zm mx kgl my kgl mz kgl

7 14.000 5.000 -4.500 2524 2524 2524
615 | Member 97 14.000 5.000 5.000 2524 2524 2524
616 | Member 97 14.000 5.000 -6.500 2524 2524 2524
617 | Member 97 14.000 5.000 -6.000 2524 2524 2524
618 | Member 97 14.000 5.000 -6.500 2524 2524 2524
619 | Member 57 14.000 5.000 -7.000 25.24 2524 2524
620 | Member 57 14.000 5.000 -7.500 25.24 25.24 25.24
621 | Surface 1 2.500 3.000 -8.000 131.25 131.25 131.25
622 | Member 98 14.000 5.000 -0.500 100.24 100.24 100.24
623 | Member 98 14.000 5.000 -1.000 100.24 100.24 100.24
624 | Member 98 14.000 5.000 -1.500 100.24 100.24 100.24
625 | Member 98 14.000 5.000 -2.000 100.24 100.24 100.24
626 | Member 98 14.000 5.000 -2.500 100.24 100.24 100.24
627 | Member £ 14.000 5.000 -3.000 100.24 100.24 100.24
628 | Member 38 14.000 5.000 -3.500 100.24 100.24 100.24
Sum 4720720 4720720 4720720

Natural Frequencies lMode Shapes by Node lMude Shapes by Member 1 Mode Shapes by Suface 1 Mode Shapes by Mesh Node l Masses in Mesh Points 1E7edive Modal Mass Factors j

ﬁgure 4.5: Table 5.6 Masses in Mesh Points with translational directions my, my, and my for each mesh point
and sums of masses

4.1.4 Effective Modal Mass Factors

Table 5.7 provides the modal masses M;, the effective modal masses m,, and the effective modal
mass factors f,. It is illustrated in Figure 4.6. The effective modal masses describe how much
mass is activated by each eigenvalue of the system in each direction.

5.7 Effective Modal Mass Factors

AEE S E F|E || =54 | nver-seif weight « Impased Loz < > Made Shape 83 (f: 15477 Hz) - Q> R P AOE &
E | C I D | E | F | G H | ] [ J
Mode Modal Mass Hfective Modal Mass Efective Modal Mass Factor
Ho. Mi k] mex ko] mev kgl mez [kg] mgxkam?] | mgykgm?] | myz fkgm?] Fmax Fmey [ Fmez []
il 491.48 0.00 0.00 0.09 0.12 025 402.32 0.000 0.000 0.000
[7] 1862.31 0.00 0.24 1.40 1.53 14.94 14527.43 0.000 0.000 0.000
1845.82 324 0.00 373.46 0.01 1358361 5.44 0.000 0.000 0.008
24 1029.01 10.92 0.00 7.28 0.07 17.56 0.34 0.000 0.000 0.000
85 1382.04 0.00 0.00 0.00 0.09 0.15 158.74 0.000 0.000 0.000
86 1102.82 133.51 0.00 3244 041 190.96 0.60 0.003 0.000 0.001
87 2360.85 0.06 0.26 0.01 130,14 11.35 2388.56 0.000 0.000 0.000
28 1285.42 0.00 0.00 0.65 0.05 8.88 0.25 0.000 0.000 0.000
29 218438 0.00 0.00 0.00 0.02 0.00 0.05 0.000 0.000 0.000
50 1287.77 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.000
Ell 667.67 0.00 0.64 0.03 107.36 0.89 8248 0.000 0.000 0.000
52 2929.33 0.02 0.32 0.25 251 214 155.61 0.000 0.000 0.000
593 630.92 17.84 0.00 181.84 873.86 135.18 77362 0.000 0.000 0.004
54 467.07 0.00 0.00 0.00 0.00 0.02 0.00 0.000 0.000 0.000
95 102.73 0.04 0.00 0.02 0.3 0.06 049 0.000 0.000 0.000
96 108.13 0.00 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.000
57 130.58 0.03 167 425 §7.55 338 0.59 0.000 0.000 0.000
58 121.56 0.00 14.39 0.30 490.84 1.89 453 0.000 0.000 0.000
59 82842 60.31 0.60 283.60 95.66 3203.17 874 0.001 0.000 0.006
100 868.33 063 254 244 208.11 0.03 129.15 0.000 0.000 0.000
Sum 181556.71 46143.19 45805.01 33644.82 243588 61 703156.94 | 1008942.92 0.985 0978 0718
Natural Frequencies 1Mada Shapes by Node lMode Shapes by Member lMode Shapes by Suface LMode Shapes by Mesh Node LMasses in Mesh Points l Effective Modal Mass Factors

ﬁgure 4.6: Table 5.7 Effective Modal Mass Factors with modal masses M;, effective modal masses m,, and
effective modal mass factors f,,,. related to global axes

The modal mass is defined with
M" = uIT . M . u’ (4'3)

where u; is the eigenvector of a single mode i as defined in Equation 4.2, and M is the mass
matrix discussed in Section 2.4.4. The modal mass M, is independent of direction. It changes
depending on the scaling option chosen for the mode shapes (see Section 2.4.2); when the option
uiTMui = 1 kg is chosen, all modal masses are M; = 1 kg.
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The effective modal masses msﬁ provide the masses that are accelerated in the j-direction, where
j = 1,2,3 for translations and j = 4,5,6 for rotations, separately for each mode i. Those masses
are independent of the scaling option for mode shapes, and directly related to the participation

factors I ;.
L
;= Miui MT; (4.4)
where T; is the j™ column in matrix T
[1 0 O 0 (Z—-2,) —(Y—=Yy)]
01 0 —(Z-2,) 0 X—=Xp)
T_ 0 0 1 (Y=Y —-(X=Xp) 0 (4.5)
0 0O 1 0 0
0 0O 0 1 0
10 0 O 0 0 1 i

X, Y, and Z are the global coordinates of the considered FE-node provided in Table 5.6 (see Fig-
ure 4.5), Xo. Yo and Z, are the centres of total mass provided in the Mass Cases — General tab in
RF-DYNAM Pro (see Section 2.2). This matrix T exists for each FE-node. The definition of the partic-
ipation factors defining also the rotational degrees of freedom is detailed in [19], Section 15.7.5.
The participation factor I'; is dimensionless for translations and has the unit [m] for rotations.

The effective modal masses are defined with

met =M, . 2 (4.6)
ij ij
where the effective masses for translations m.y, m.y, and m_, are provided in [kg] and for rotations
Myx, My, and m,z in [kgmz].

l]g The sums of the effective modal masses Y~ m,, are provided in Table 5.7 (see Figure 4.6). In the
translational directions, those sums are equal to the total sum of the structure M, (see Table 5.6
in Figure 4.5) beside masses that are not activated, i.e. masses in fixed supports, and assuming
that all eigenvalues of the system are calculated.

The effective modal mass factors f,,, are required to decide whether or not a specific mode must
be taken into account for the response spectra analysis or the equivalent load analysis. EN 1998-1
[1] states in Section 4.3.3.3 that “the sum of the effective modal masses for the modes taken into
account” needs to be “at least 90% of the total mass of the structure” and that “all modes with
effective modal masses greater than 5% of the total mass” have to be taken into account.

The effective modal mass factors f,,, are defined as follows:
m

fre = . 4.7

me = S 4.7)

Further details on modal analysis can be found in the literature, e.g. Meskouris [20] or Tedesco [9].

[ N ©DLUBAL SOFTWARE 2020

EEE
59



i

Dlubal

X RS 1EN1998-1 CEN Horizontal DeEl 4>

Dynamic Envelope: X 100% /Y 30% / Z 30%
Dynamic Envelope: X 30% /Y 100% 7 Z 30%

Dynamic: Envelope: X 30% /Y 30% / Z 100%

X: RS 1 EN1598-1 CEN Horizontal Design Spectrum
Y: RS 1 EN1938-1 CEN Horizontal Design Spectrum
Z: RS 2 EN1998-1 CEN Vertical Design Spectrum

RF-DYMAM Pro |z| Q>
LC1 - Sef-Weight

LC2 - Imposed Load, top level

LC3 - Imposed Load, bottom level

RC1 - DLC1, Result Envelope X 100% /Y 30% / Z 30%
RC2- DLC1. Result Envelope X 30% /Y 100% / Z 30%
RC3 - DLC1, Result Envelope X 30% /Y 30% / Z 100%

4.1.5 Export to Excel or CSV

You can export all results tables that have been discussed in this section to MS Excel or save them
in the CSV format using the File — Export option. The list of results tables is shown in Figure 4.7.

Tables to Export - Results (Dynamic Analysis) Data

Select Tables

5.1 Natural Frequencies

[15.2 Made Shapes by Node
[15.3 Made Shapes by Member
[]5.4 Mode Shapes by Surface
[+15.5 Mode Shapes by Mesh Node
[+15.5 Masses in Mesh Paints

5.7 Effective Modal Mass Factors

Select Cases

NVC1 - Self Weight

[CIMVC2 - Imposed Loads

[CINVC3 - Self-Weight + Imposed Loads
[CINVC4 - Self-Weight + Imposed Loads
[C]DLE1 - Response Spectra Analysis
[C]DLE2 - Time History Analysis - Accelg
[(]DLC3 - Time History Analysis - Time C
[(]DLC4 - Equivalent Static Forces

JE| [%E

@

Cancel

ﬁgure 4.7: Results tables to export for natural vibration cases (NVC)

4.2 Dynamic Load Cases - Response Spectra Analysis

The results tables that belong to response spectra analysis cases are available when the corre-
sponding dynamic load case (DLC) is chosen in the drop-down menu. Tables 5.11 to 5.16 belong to
this type of dynamic load cases. The response spectrum analysis belongs to the module RF-DYNAM
Pro - Forced Vibrations. The input data required for a response spectrum analysis is discussed in
Section 2.5 and Section 2.9.

You can switch among the results in the separate excitation directions X, Y and Z as well as among
the combined results (SRSS or 100% / 30% rule) with the drop-down menu shown on the left. The
tabulated results and also the graphic in the work window of RFEM will be updated according to
your choice.

Only in the dynamic Tables 5.11 through 5.16, you get results of both the modal combinations and
the directional combinations. The exported RCs in RFEM contain only the final result combinations,
however, i.e. after the directional components have been combined.

When you have selected the export of result combinations as discussed in Section 2.9.5, the RCs
are available in the drop-down list in the toolbar in RFEM shown on the left. You have also access
to the RCs in the Data navigator using Load Cases and Combinations — Result Combinations
or from the Edit Load Cases and Combinations dialogue box that can be accessed with the |o# +|
button.
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4.2.1 Support Forces

The nodal support forces are provided in Table 5.11 which is shown in Figure 4.8. Similarly, the
line support forces are listed in Table 5.12. In those tables, the maximum and minimum support
forces are listed with the corresponding values.

5.11 Nodes - Support Forces

=] H|& || = 4| pict-Response Spectra Anaysis T @ > | XiRS1EN1998-1 CEN Horizontal De * @ & | L | 0 B[] =) W

B | C | D E | F | G
Node SupportForces Support Moments
No. Px [N] P [N] Pz[N] Mx [Nm] My [Nm] Mz [Nm]

max Px 694.0 218 27298 0.00 0.00 0.04

min Px -694.0 218 2729.8 0.00 0.00 -0.04

max Py 693.2 218 27264 0.00 0.00 0.04

min Py -693.2 -21.8 27264 0.00 0.00 -0.04

max Pz -694.0 -218 27298 0.00 0.00 -0.04

min Pz 6940 218 -27298 0.00 0.00 0.04

max Mx 0.0 00 0.0 0.00 0.00 0.00

min M 0.0 00 0.0 0.00 0.00 0.00

max My 0.0 0.0 0.0 0.00 0.00 0.00

min My 0.0 0.0 0.0 0.00 0.00 0.00

max Mz 693.7 218 -2729.0 0.00 0.00 0.04

min Mz -693.7 -218 2729.0 0.00 0.00 -0.04

6 max Px 706.9 4.3 28349 0.00 0.00 -0.14
min Px -706.9 43 28349 0.00 0.00 0.14

Nodes - Support Forces [ Nodes - D 16 | Nodes - Pssudo-Velocities | Nodes - Pssud 15 | Members - Intemal Forces | Surfaces - Intemal Forces | Suraces - Basic Stresses | Surfaces - Basic Strains |

ﬁgure 4.8: Table 5.17 Nodes - Support forces with maximum and minimum results in directions X, Y, and Z

4.2.2 Nodal Deformations

The nodal deformations are provided in Table 5.13 as shown in Figure 4.9. The maximum and
minimum values are listed for every node.

5.13 Nodes - Deformations

AEEEE B/ & || = | DLC1-Response Spectra Analysis T € > | X RS1EN1996-1 CENHorizontal De = @ > | B 0 ||| @l SR

B | ¢ [ D E | F | @
Node Displacements Rotations
No ux [mm] uy [mm] uz [mm] ox [rad] oY [rad] oZ [rad]
max 43 0.0 0.0 0.00 0.00 0.00
min 43 0.0 0.0 0.00 0.00 0.00
2 max 25 0.0 0.0 0.00 0.00 0.00
min 25 0.0 0.0 0.00 0.00 0.00
3 max 0.0 0.0 0.0 0.00 0.00 0.00
min 0.0 0.0 0.0 0.00 0.00 0.00
4 max 44 0.0 0.0 0.00 0.00 0.00
min 44 0.0 0.0 0.00 0.00 0.00
5 max 25 0.0 0.0 0.00 0.00 0.00
min 25 0.0 0.0 0.00 0.00 0.00
6 max 0.0 0.0 0.0 0.00 0.00 0.00
min 0.0 0.0 0.0 0.00 0.00 0.00
7 max 43 00 01 0.00 0.00 0.00
min 43 00 01 0.00 0.00 0.00
Nodes - Support Forces | Nodss - Deformations | Nodes - Pseudo-Velocities | Nodes - Pseudo-A ions | Members - Intemal Forces | Sufaces - Intemal Forces | Surfaces - Basic Stresses | Surfaces - Basic Strains |

ﬁgure 4.9: Table 5.13 Nodes - Deformations with maximum and minimum displacements and rotations

4.2.3 Pseudo Velocities and Accelerations

Additionally to the standard results, pseudo velocities and accelerations are provided in Table 5.14
shown in Figure 4.10 and Table 5.15 shown in Figure 4.11. The maximum and minimum values
are listed for every node.
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5.14 Nodes - Pseudo-Velocities

ZEESE H| €| =5 (2| DLl - Response SpectraAnalysis = 9 > | XGRS 1EN1996-1 CEN Horizontal De = 4 & | L | 7 0B H] @ W

B I [ I D E_ | F I G
Node Velocities Angular Velocities
No. u'x [mm/s] u'y [mmfs] | u'z[mm/s] | o'x[mrad/s] | o'y [mrad/s] | o'z [mrad/s]
max 13222 083 034 072 037 o4
min -132.22 -0.83 -0.34 -0.72 -0.37 -0
2 max 76.70 051 0.25 0.16 211 021
min -76.70 -0.51 025 016 21 021
3 max 0.00 0.00 0.00 027 3029 0.00
min 0.00 0.00 0.00 -0.27 -30.29 0.00
4 max 13455 0.94 035 0.69 041 054
min +13455 -0.94 035 -0.69 041 -0.54
5 max 7782 0.62 0.26 024 204 069
min -77.82 -0.62 -0.26 -0.24 204 -0.69
[ max 0.00 0.00 0.00 012 30,79 0.00
min 0.00 0.00 0.00 012 -30.79 0.00
7 max 130.37 099 295 227 6.86 275
min -130.37 -0.99 -295 -2.27 -6.86 275
Nodes - Support Forces | Nodes - Deformations | Nodes - Pseudo-Velocities | Nodes - Pseudo-A | Members - Intemal Forces [ Suffaces - Intemal Forces | Surfaces - Basic Stresses | Suffaces - Basic Strains |

ﬁgure 4.10: Table 5.714 Nodes - Pseudo-Velocities with maximum and minimum velocities and angular
velocities

5.15 Nodes - Pseudo-Accelerations

E@E\E ‘§|E == | J | DLC1-Response SpectraAnalysis ~ €@ ® | X RS1EN1998-1 CEN HorizontalDe = @ > | L | I"l%&lﬁ'

B[ ¢ [ D E [ F [ @

Node Accelerations Angular Accelerations
No uwx[mis?] | u'v[mis?] | w'z[mis?] | e'x[rad)s?] | o'y rad/s?] | o'z [rad/s?]
max 4.05 0.03 0.01 0.02 0.01 0.01
min -4.05 -0.03 -0.01 -0.02 -0.01 -0.01
2 max 235 0.02 0.01 0.00 0.06 00
min -235 -0.02 001 0.00 -0.06 0.01
3 max 0.00 0.00 0.00 00 093 0.00
min 0.00 0.00 .00 -0.01 -093 000
4 max 413 0.03 0.01 0.02 0.0 0.02
min 413 -0.03 -0.01 -0.02 -0.01 -0.02
5 max 239 0.02 00 00 0.06 0.02
min 239 -0.02 001 001 -0.06 0.02
6 max 0.00 0.00 .00 .00 094 0.00
min 0.00 0.00 0.00 0.00 -0.94 0.00
7 max 4.00 0.03 0.09 0.07 021 0.08
min -4.00 -0.03 -0.09 -0.07 021 -0.08

Nodes - Suppart Forces | Nodes - i ions | Nodes - Pseudo-Veloctties | Modes - Pssud 15 | Members - Intemal Forces | Surfaces - Intemal Forees | Surfaces - Basic Stresses | Surfaces - Basic Strains |

ﬁgure 4.11: Table 5.15 Nodes - Pseudo-Accelerations with maximum and minimum accelerations and angular
accelerations

Pseudo velocities and accelerations are not included in the load cases or result combinations that
have been exported to the main program RFEM.

4.2.4 Member Internal Forces

The internal forces of members are listed in Table 5.16 as shown in Figure 4.12. The maximum and
minimum internal forces are provided with all corresponding values.

5.16 Members - Internal Forces

ZERER H| & B2 2| pict-Response Spectra Analysis ~ @ B | X RS1EN1958-1 CEN Horizontal De = @ > | L 7 0B (] @) G
B

C D E [ F = [ H [ 1
Node Location AtPointOf Normal Force Shear Force Moments
No. M N] Vy[M] Vz[M] M [Nm] My [Nm] Mz [Nm]
2 0.000 max N 10353 1509.6 50.9 0.12 -21.28 2651.22
min N -1035.3 11509.6 -50.9 -0.12 21.28 -2651.22
maxVy 1035.1 1509.8 50.9 012 -21.34 2651.57
min Vy 410351 -1509.8 509 012 2134 265157
max Vz 10323 1507.1 510 012 2151 2646.87
min Vz 10323 -1507.1 -51.0 -0.12 2151 -2646.87
max Mx 1035.1 1509.7 50.9 0.12 -21.33 2651.46
min Mx 11035.1 11509.7 -50.9 -0.12 21.33 -2651.46
max My 10188 114899 -50.7 012 21.63 -2616.66
min My 1018.3 1489.9 50.7 012 2163 2616.66
max Mz 1035.1 1509.8 50.9 012 2134 265157
min Mz +1035.1 41509.8 -50.9 -0.12 21.34 -265157
1 1 4.000 max N 1033.7 9375 52.7 0.11 185.66 -2337.69
min N -1033.7 9375 52.7 011 1185.66 233769
Nodes - Support Forces | Nodes - D | Nodes - Pseudo-Velocities | Nodes - Pseud | Members - Intemal Farces | Surfaces - Intemal Forces | Surfaces - Basic Stresses | Surfaces - Basic Strains |

ﬂgure 4.12: Table 5.16 Members - Internal Forces with maximum and minimum results N, Vy, Vz, My, My, Mz
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4.2.5 Surface Internal Forces

Table 5.17 provides the surface internal forces as shown in Figure 4.13. The maximum and mini-
mum values together with the coordinates of the FE-Nodes are provided in that table.

5.17 Surfaces - Internal Forces

2 & W == || € || =[] | DLci-Response Spectra Analysis = & & | X:RS 1EN1998-1 CEN Horizontal De ~ @ 3 | ol | 0 EL( = &
B C [ D | E F | G | H 1 | J K | L | M
Surface FE Mesh Nod Point Coordinate Moments Shear Forces Normal Forces
X[m] Y [m] Z[m] muNm/m] | my[Nm/m] | mx[Nm/m] | vaN/m] vy[N/m] nxNjm] ny[N/m] nsy[Nfm]
1 max 0.000 0.000 -8.000 3410.749 179.364 1376.558 2071148 383536 47851.08 226705 1535172
min 0.000 0.000 -8.000 -3410.749 -179.364 -1376.558 -2071148 -3835.36 -47851.08 -2267.05 -15351.72
4 max 0.000 5.000 -8.000 3494490 149506 1378.318 2117828 402394 49223 54 174335 1554788
min 0.000 5.000 -8.000 -3494.490 -149.506 -1378.318 -21178.28 -4023.94 49223.54 -1743.35 -15547.88
7 max 4.000 0.000 -8.000 5643.206 943374 3820.891 38021.00 987225 1853944 1454579 8557.06
min 4.000 0.000 -8.000 -5643.206 943374 -3820.891 -38021.00 987225 -18539.44 -14545.79 -8557.06
10 max 4.000 1.000 -8.000 997.008 224.793 1006.452 4374.81 8154.52 9139.31 2827537 8301.64
min 4.000 1.000 -8.000 -897.008 224793 -1006.452 -4374 81 -815452 -9139.31 -28275.37 -8301.64
12 max 4.000 2.000 -8.000 2492 893 105.764 618.384 9568.30 3330.00 17529.01 39084.54 283351
min 4.000 2.000 -8.000 -2492.893 -105.764 -618.384 -9568.30 -3330.00 -17529.01 -39084.54 -2833.51
14 max 4.000 3.000 -8.000 3313.376 148791 624993 1272282 310229 2273172 4212474 251922
min 4.000 3.000 -8.000 -3313.376 -148.791 -624.993 -12722.82 -3102.29 -22731.72 42124.74 -2519.22
16 max 4.000 4.000 -8.000 1009.703 229594 1055.992 425303 8654.65 9154 55 2874551 896327
min 4.000 4.000 -8.000 -1009.703 229594 -1055.992 -4253.03 -8654.65 915455 -2874551 -8963.27
Nodes - Support Farces | Nodes - Deformations | Nodes - Pseudo-Velocities [ Nodes - Pseudo-Accelerations | Members - Intemal Forces | Surfaces - Intemal Forces [ Surfaces - Basic Stresses | Surfaces - Basic Strains |

ﬁgure 4.13: Table 5.17 Surfaces - Internal Forces with maximum and minimum results m,, My, Myy, Yy, Vy, Ny,
ny, and n,,

4.2.6 Surface Basic Stresses and Strains

The basic stresses and strains of surfaces are listed in Table 5.18 and Table 5.19. The basic stresses
are shown in Figure 4.14.

5.18 Surfaces - Basic Stresses

iz el o == || € || B (2| oLc1-Response Spectra Analysis = € > | X RS 1EN1996-1 CEN Horizontal De = & 3 | pd | 7 70 B[] m &
B c | D | E F [ G [ H [ 1 | J | K | L | M
Surface FE Mesh Nodi Point Coordinate Normal and Shear Stresses
No. X[m] Y [m] Z[m] ox+ [kNfem?2] v+ [kN/em?2] gxv+ [kNfemZ| ox- [kN/em?Z] | av- [kN/em?2] oxv- [kN/em2] o [kNfem2] | o [kN/em?2]
1 max 0.000 0.000 -8.000 0.050 0.003 0.023 0110 0.006 0.042 0.059 -0.006
min 0.000 0.000 -8.000 -0.050 -0.003 -0.023 0110 -0.006 0.042 -0.059 0.008
4 max 0.000 5.000 -8.000 0.051 0.002 0.023 0113 0.005 0.042 0.060 -0.006
min 0.000 5.000 -8.000 -0.051 -0.002 -0.023 0113 -0.005 0.042 -0.060 0.008
7 max 4.000 0.000 -8.000 0.144 0.031 0.095 0121 0.013 0.084 0.138 -0.023
min 4.000 0.000 -8.000 -0.144 -0.031 -0.095 0121 0013 -0.084 0198 0.023
10 max 4.000 1.000 -8.000 0.029 0.023 0.018 0.018 0.012 0.029 0.045 0.007
min 4.000 1.000 -8.000 -0.029 -0.023 -0.018 0.018 0.012 -0.029 -0.045 -0.007
12 max 4.000 2.000 -8.000 0.069 0.022 0.013 0.047 0.026 0.016 0073 0.019
min 4.000 2.000 -8.000 -0.069 -0.022 -0.013 0.047 -0.026 0016 0073 -0.019
14 max 4.000 3.000 -8.000 0.092 0.023 0.013 0.063 0.030 0.016 0.094 0.021
min 4.000 3.000 -8.000 -0.092 -0.023 -0.013 -0.063 -0.030 0016 -0.094 -0.021
16 max 4.000 4.000 -8.000 0.029 0.023 0.019 0.018 0.013 0.030 0.046 0.007
min 4.000 4.000 -8.000 -0.029 -0.023 -0.019 0.018 0013 -0.030 -0.046 -0.007
Nodes - Support Forces | Nodes - D | Nodes - Pseudo-Velocities | Nodes - Pseudo-Accelerations | Members - Intemal Forces | Surfaces - Intemal Forces | Surfaces - Basic Stresses [ Sufaces - Basic Sirains

ﬂgure 4.14: Table 5.18 Surfaces - Basic Stresses with maximum and minimum normal and shear stresses

4.2.7 Exported Result Combinations

When performing a response spectrum in the add-on module RF-DYNAM Pro - Forced Vibrations,
result combinations are produced only from the finally combined results. Two steps of combi-
nations are undertaken internally within RF-DYNAM Pro to achieve those results: (1) The modal
responses are combined with the SRSS or CQC rule, and (2) the directional results are combined
either with the SRSS or with the 100% / 30% (40%) rule. Those final RCs will be exported.

The list of generated result combinations can be found in the Edit Load Cases and Combinations
dialogue box displayed in Figure 4.15.
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Edit Load Cases and Combinations
Load Cases  Load Combinations Result Combinations
Existing Result Combinations RC No. Result Combination Description Use
] [DLC1, Resuit Envelope X 100% / 1 30% 2 30%
RC2 DLC1, Result Envelope X 30% /¥ 100% / Z 30% ! e S ’ ’
RC3 DLC1, Result Envelope X 30% /¥ 30% fZ 100% | General  Calculation Parameters
Existing Loadin Loading in Result Combination RC1
Seff-Weight
Imposed Load. top level
Imposed Load, bottom level
DLC1, Result Envelope X 30% /Y
DLC1, Result Envelope X 30% /Y
:;0
i Generated result combination can not be modified.
ﬁgure 4.15: Dialogue box Edit Load Cases and Combinations with exported RCs from response spectrum
analysis, containing only result combinations of directional combination
The exported RCs cannot be modified, and the calculation parameters cannot be changed.
4.2.8 Export to Excel or CSV
You can export all results tables that have been discussed in this section to MS Excel or save them
in the CSV format using the File — Export option. The list of results tables is shown in Figure 4.16.
Tables to Export - Results (Dynamic Analysis) Data
Select Cases Select Tables
Myt - Self weight [+7]5. 11 Modes - Support Forces
[CMvC2 - Imposed Loads [+]5. 13 MNodes - Deformations
[CNvC3 - Self-weight + Imposed Loads 14 Members - Internal Forces
[CNvC4 - Self-weight + Imposed Loads 15 Surfaces - Internal Forces
16 Surfaces - Basic Stresses
[C]pLE2 - Time History Analysis - Accele]
[C]DLES - Time History Analysis - Time T
[(]DLE4 - Equivalent Static Forces
J€ |E
Options.
'E @ [“1Export envelopes anly
Cancel
ﬁgure 4.16: Results tables to export for dynamic load cases (DLC) with response spectrum analysis
The Export envelopes only option is selected by default. Only the results tables that belong to the
Dynamic Envelopes (i.e. X100% / Y30% / Z30%) will be exported. When you clear this check box,
the results tables that belong to the single directions will also be exported.
4.3 Dynamic Load Cases - Time History Analysis
The results tables that belong to Time History Analysis Cases are available when the corresponding
dynamic load case (DLC) is chosen in the drop-down menu. Tables 5.18 to 5.26 belong to this
type of dynamic load cases. The linear time history analysis belongs to the module RF-DYNAM Pro -
Forced Vibrations, the nonlinear time history analysis to the module RF-DYNAM Pro - Nonlinear Time
History.
50005 B The input data required for a time history analysis is discussed in Section 2.10. The definition of

accelerograms is described in Section 2.6, the definition of time diagrams in Section 2.7.

Results are available separately for each time step. The Dynamic envelope is an envelope of results
providing the maximum and minimum results of all time steps. You can switch among the results
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using the drop-down menu shown on the left. The tabulated results and also the graphicin the
work window of RFEM will be updated according to your choice.

The results can also be displayed versus time in the Time Course Monitor which is accessible with
the button in the menu bar of the table or in the panel. You can activate the animation in
the main graphic by using the |=2| button in the menu bar of RFEM or in the panel. When you
have the Time Course Monitor open at the same time, the cursor moves through the plot while the
animation is running.

LT [ When you have selected the export of load cases and/or result combinations as discussed in Sec-
LC2" inposed Load,toplvel tion 2.10.7, the LCs and RCs are available in the drop-down list in the toolbar in RFEM shown on

LC3 - Imposed Load, bottom level

31 DIE3 1 0 %000- the left. You have also access to the LCs in the Data navigator using Load Cases and Combina-
LC32-DLC3 -t : 1.0000s
RC30-DLC3, Hesut Envelope tions — Load Cases or similarly for the RCs using Result Combinations. Load cases and result

RF-DYNAM Pro

combinations are also accessible in the Edit Load Cases and Combinations dialogue box.

Load cases exported from a time history analysis are special: They do not contain loads, only the
results of the specific time step.

4.3.1 Support Forces

The nodal support forces are provided in Table 5.18 which is shown in Figure 4.17. Similarly, the
line support forces are listed in Table 5.19. The maximum values are provided when the Dynamic
envelope has been selected.

5.18 Nodes - Support Forces

m Elﬁl @ @ |%|E | fd DLCZ - Time History Analysis - Accell = € > | Dynamic envelope A - - Pé P I"E = ﬁ
B | [ ] | E I F
Mode Support Forces Support Moments
No Px[N] Py [N] Pz [N] My [Nm] My [Nm] Mz [Nm]
274 665 1926.320 5659.380 0.000 0.000 0.342
6 251.237 1906.640 5475.440 0.000 0.000 0.348
3 41551.400 1523.390 52382 500 0.000 0.000 0.455
20 416599.500 1908.670 57930.500 0.000 0.000 0.409
23 7979 934 834 52082.000 0.000 0.000 2746
M 9638 899.454 54862 600 0.000 0.000 2422
45 7.096 509.148 2345.010 0.000 0.000 2422
60 8.840 509.822 2462 860 0.000 0.000 2139
Nodes - Support Forces | Nodes - D ions | Members - Intemal Forces | Suifaces - Intemal Forces | Surfaces - Basic Stresses | Nodes - 1s | Nodes - Velocities |

ﬂgure 4.17: Table 5.18 Nodes - Support Forces with results in directions X, Y, and Z

4.3.2 Nodal Deformations

The nodal deformations are provided in Table 5.20 as shown in Figure 4.18. The maximum values
are provided when the Dynamic envelope has been selected.

5.20 Nodes - Deformations

¥ B[ | 58 28 || 9| € || 55 [ | DLc2-Time History Analysis - Acceh = & 3 | 497005 QB | e PR xEE
B | C D | E I F
Node Displacements Rotations
No uz [mm] uy [mm] uz [mm] o [rad] o [rad] 07 [rad]
03 31 0.0 0.00 0.00 0.00
2 042 25 0.0 0.00 0.00 0.00
3 0.0 0.0 0.0 0.00 0.00 0.00
4 03 31 0.0 0.00 0.00 0.00
5 042 25 0.0 0.00 0.00 0.00
6 0.0 0.0 0.0 0.00 0.00 0.00
7 03 31 0.0 0.00 0.00 0.00
8 042 25 0.0 0.00 0.00 0.00
Nodes - Support Forces | Nodss - Deformations | Members - Intemal Forees | Surfaces - Intemal Forces | Surfaces - Basic Stresses | Nodes - Accelerations | Nodes - Velocities |

ﬂgure 4.18: Table 5.20 Nodes - Deformations with displacements uy, uy, uz and rotations vy, ¢y, ¥z

4.3.3 Member Internal Forces

The internal forces of members are listed in Table 5.21 as shown in Figure 4.19. The maximum
values are provided when the Dynamic envelope has been selected.
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4 Results 4

Dlubal

5.21 Members - Internal Forces

E @ El@ DJEI = |-ﬁ DLC2 - Time History Analysis - Accelr = < 2 | Dynamic envelope A - F-é T £ E = T
B Cl D | E F | G | H
Member Mode Xm] Normal Force Shear Force Moments
No. M [N} Vy [N] Vz [N] My [Nm] My [Nm] Mz [Nm]
2 0.000 2520.559 813.351 1041.147 0.280 1969.617 1593.518
0333 2520.559 813.351 1041.147 0.280 1586.546 1322.401
0.667 2520.559 813.351 1041.147 0.280 1227.807 1051.284
1.000 2520.559 813.351 1041.147 0.280 869.069 780.167
1333 2520.559 813.351 1041.147 0.280 510.331 509.051
1.667 2520.559 813.351 1041.147 0.280 228.503 237934
2.000 2520.559 813.351 1041.147 0.280 362.888 58.901
2.000 2520559 813.351 1041.147 0.280 362.905 53.914
2333 2520.559 813.351 1041.147 0.280 668.926 251.155
2667 2520.559 813.351 1041.147 0.280 996.201 525518
3.000 2520.559 813.351 1041.147 0.280 1326.312 759.841
3333 2520.559 813.351 1041.147 0.280 1656.423 554.163
3667 2520.559 813.351 1041.147 0.280 1994 627 1228 486
1 4.000 2520.559 813.351 1041.147 0.280 2341.676 1462.809
2 3 0.000 6922875 274.665 1587.437 0.431 0.001 0.000
0333 6922 875 274 665 1587 437 0431 529.145 89.991
0.667 6522.875 274,665 1587.437 0431 1058.291 179.983
1.000 6922875 274.665 1587.437 0.431 1587.436 269.974
Nodes - Support Forces | Nodes - D 1g | Members - Intemal Forces [ Surfaces - Intemal Forces | Suffaces - Basic Stresses | Nodes - 1s | Nodes - Velocities |

ﬂgure 4.19: Table 5.21 Members - Internal Forces with normal forces N, shear forces Vy and Vy, as well as
moments My, My, and M

4.3.4 Surface Results

Table 5.22 provides the surface internal forces as shown in Figure 4.20.

5.22 Surfaces - Internal Forces

m @ 5 E == | DLC2-Time History Analysis - Acceli = € 3 Dynamic envelope 4 e R P LOE E = W
A E] | c T D E | F [ & H | I J | K L
Surface | FE Mesh Point Coordinate Moments Shear Forces Normal Forces
No Poirt X [m] Y [m] Z[m] myNm/m] | my[Nm/m] | mq{Nm/m] vx[Nm] vy[Nm] nx[Nm] ny[MNm] Mgy [Nm]

1 1 0.000 0.000 -8.000 2212830 1536.225 1488.380 | 14096240 8306.479| 31063.811| 32369551 15781 600

4 0.000 5.000 8000 2713237 1604.514 1207685| 9832038 | 9B16.210| 29938760 | 37789.371| 13201.730

7 4.000 0.000 -8.000 3196911 1651.514 1806.931 19142 881 10332910 11261.030| 34375730 15594.910

0 4.000 1.000 -5.000 236,673 458.444 505.942 691878 | 6670127 1338.121| 11519150 | 5528640

12 4.000 2,000 -8.000 760.427 385.604 258.256 3404.830 3919.046 7117260 | 23240779 3398 660

4 4.000 3.000 -8.000 1194.780 387.147 312262| 4442152| 3945794| 9086512 26835369 3434363

16 4.000 4.000 -8.000 185.000 411.120 506.823 351.166 5661.204 1390249 | 22548920 5778.351

18 4.000 5.000 8.000| 3744523 1737.086 | 2015475| 23645689| 8956198 9394.306| 38941.148| 16568.461

126 1.000 0.500 -8.000 289.893 193475 143643 1401210 321.285 3603.118 1620.247 4598.778

| 747 1500 0.000 B000|  357887|  111342|  120712| 4856914| 272530 8413378| 535835  5055.832
| Nodes - Suppart Forces | Nodes - D ions | Members - Intemal Forces | Surfaces - Intemal Forces [ Surfaces - Basic Stresses | Nodes - ions | Nodes - Velocities |

Ny, Ny, and Nyy

ﬂgure 4.20: Table 5.22 Surfaces - Internal Forces with results m,, my, m,y, vy, vy,

The stresses of the surfaces are listed in Table 5.23 as shown in Figure 4.21.

5.23 Surfaces - Basic Stresses

s E@ | E (| =2 [ DLC2 -Time History Analysis - Accel ~ € > | Dynamic envelope e || FAE = T
B | C | D E | F | G | H | | | J | K | L
Point Coordinate MNomal and Shear Stresses
Xm] Y [m] Z[m] ax# kN/ecm2] g+ kM/em 2)jgor= kN/emZ| g |kN/em?] | gv- [kN/em 2] jaiv- kN/em 2] x kMNsem?] | oy kN/em2]
0.000 0.000 -8.000 0.033 009 0.025 0.074 0.052 0.030 0.053 0.000
0.000 5,000 -8.000 0.044 0.018 0.017 0.059 0.059 0.028 0.050 0.000
4.000 0.000 -8.000 0.081 0.026 0.052 0.078 0.055 0.057 0.115 -0.004
10 4000 1.000 -8.000 0.006 0.007 0.013 0.006 0.015 0.016 0.016 0.001
12 4,000 2,000 -8.000 0.022 0.014 0.006 0.018 0.021 0.007 0023 0.013
14 4,000 3.000 -8.000 0.034 0011 0.006 0.019 0.028 0.007 0.036 0.010
16 4.000 4.000 -8.000 0.004 0.007 0.012 0.006 0.022 0.m7 0.020 -0.003
18 4.000 5.000 -8.000 0.054 0.022 0.055 0.062 0.063 0.058 0.120 0.002
126 1.000 0.500 -8.000 0.007 0.005 0.004 0.008 0.005 0.003 0.007 0.002
144 1.500 0.000 -8.000 0.009 0.002 0.006 0.007 0.001 0.001 0.010 0.000
Nodes - Support Forces | Nodes - D 1s | Members - Intemal Forces | Surfaces - Intemal Forces | Surfaces - Basic Stresses | Nodes - Accelertions | Nodes - Velocities |

ﬂgure 4.21: Table 5.23 Surfaces - Basic Stresses with normal and shear stresses

4.3.5 Nodal Accelerations and Velocities

Additionally to the standard results, nodal accelerations and velocities are provided in Table 5.25
shown in Figure 4.22 and Table 5.26 shown in Figure 4.23. Those results are available for each time
step. The dynamic envelope is provided, too.
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5.25 Modes - Accelerations
EME\@ H|E || == [ 4 | DLC2 - Time History Analysis - Acceli ~ < ® | 5.04005 Q> | pb| P AOE
B | C D | E | F
Node Accelerstions Angular Accelerations
Na uxms?] | oty mss?] | utzimds?] | e'xled/s?] | Oy edis] | o7z [ed/sE]
0.33 0.00 0.04 0.08 .09 0.m
2 0.09 0.15 0.03 0.05 .09 0.01
3 0.00 0.00 0.00 0.03 0m 0.00
4 0.34 0.02 0.04 010 009 001
5] 0.10 0.17 0.03 .06 .08 0.01
6 0.00 0.00 0.00 0.09 0.m 0.00
7 0.35 .02 0.04 0.07 0.05 0.02
8 012 014 0.02 0.07 0.08 0.00
] 0.00 0.00 0.00 0.02 0.08 0.00
10 0.37 .02 013 0.08 0.10 0.01
Nodes - Support Forces | Nodes - D 18 | Members - Intemal Forces | Suffaces - Intemal Forces | Surfaces - Basic Stresses | Nodes - Accelerations [ Nodes - Velocities |

ﬁgure 4.22: Table 5.25 Nodes - Accelerations with accelerations Uy, Uy, U7 and rotations ¢y, @y, ¢z

5.26 Nodes - Velocities

E@E@ | € || 2= [l | DLC2-Time History Analysis - Accel = < > | 504005 e AR EEE
B | C D | E | F
Node Velocities Angular Velocities
Na. u'xfmm/s] u"y [mm/s] | u'z[mm/s] | ¢'x[mrad/s] | o'y [mrad/s] | @'z [mrad/s]
3071 2527 0.87 121 171 020
2 1863 -18.03 0.58 0.19 215 0.5%
B 0.00 0.00 0.00 672 -5.90 0.00
4 31.05 -2478 067 -214 -165 007
5] 1868 -17.59 0.44 223 -1.85 0.05
6 0.00 0.00 0.00 -5.42 6.07 0.00
7 30.83 -25.60 0.43 0.84 0.01 077
8 18.80 -18.13 0.07 0.2 0.07 073
] 0.00 0.00 0.00 677 -7.07 0.00
10 3137 -25.59 1.76 128 177 026
Nodes - Support Forces | Nodss - Deformations | Members - Intemal Forces | Suifaces - Intemal Forces | Surfaces - Basic Stresses | Nodes - Accelerations | Nodes - Vilocities I

ﬁgure 4.23: Table 5.26 Nodes - Velocities with velocities Uy, Uy, U7 and rotations ¢y, @y, ¢z

I]g Nodal accelerations and velocities are not included in the load cases or result combinations that
have been exported to the main program RFEM.

4.3.6 Time Course Monitor

All results that are listed in the tables discussed above — apart from the surface stresses — can
be displayed versus the time with the Time Course Monitor. It represents the most important
postprocessing tool of a time history analysis. The Time Course Monitor is illustrated in Figure 4.24.

This graphic is available with the [Time Course Monitor] button. It can be found in the table toolbar
and in the Factors tab of the panel.

Time Course Monitor x
FE Mesh Point Selection E
FE Mesh Point 8
Surface [ Member Ux [mm] FE Mesh Point 5
900 _[£0610s; Ux: 8.71 mm FE Mesh Point 11
Na- 8.00
ki 7.00
Value 600
o
FE Mesh Points 4.00
FE3 A
FE 4 300
2,00
FE®&
FE7 1.00
0.00
FE9 0500 4000 [ 1. 2. 500 | 3.000| 3. 4\ooo [ 4.500\ 5.000 t[s]
FE 10 1,00
FE12 ,, -200
[]Provide RMS value up to: i:z
& BG! 5,00 *E1.070s; Ux: 4.26 mm
-6.00

ﬁgure 4.24: Time Course Monitor to display results versus time — here the displacements uy of three nodes
are displayed, showing the maximum and minimum values.

Surface | Member You can choose between Nodes, Members, Surfaces, and Support Nodes in the drop-down menu as
seen on the left. Depending on this choice, different results are available as shown in Figure 4.25.
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Quantity
Displacement X w
Acceleration X
Acceleration ¥ Quantity
Acceleration Z uant '
Angular Acceleration % Q_ 2 Displacement X e
Angular Acceleration ¥ Displacement X e
Angular Acceleration Z Displacement ¥
Angular Velodty X Displacement ¥ Displacement Z
Angular Velodty ¥ Displacement Z Morment mx
Angular Velodity Z Moment M Moment mxy
Displacement X Moment MY Moment my Quantity
Displacement ¥ Moment MZ Mormal Force nx
Displacement Z Mormal Force M Mormal Force nxy Support Force PX h
Rotation ¥ Rotation X Mormal Force ny ppo
Rotation Y Rotation Rotation X Support Force Y
Rotation Z Rotation 2 Rotation ¥ Support Force PZ
Welocity X Shear Force Vr Rotation Z Support Moment MX
Velodty Y Shear Force Vy Shear Force vx Support Moment MY
Velocity Z Shear Force Vz Shear Force vy Support Moment MZ
a) Results on nodes b} Results on members c) Results on surfaces d) Results on supports
ﬁgure 4.25: Available results for (a) nodes, (b) members, (c) surfaces, and (d) support nodes
No. For members and surfaces, you have to select the member or surface number from the list.
1 W
Depending on the choice of objects, either a list of finite element mesh points (see Figure 4.24) or
a list of distances on members (see Figure 4.26) is available. A multiple choice of listed points or
positions is possible by using the [Ctrl] or [Shift] key.
The legend in the graphic is set automatically; the axis labels and axis scales are also adjusted
depending on the selection. The minimum and maximum results with the corresponding time
steps are provided. You can use the mouse wheel to zoom into the graph. Values will be displayed
on the pointer when it is moved along the graph.
| E | | Ii.). | The work window of RFEM, the tables and the Time Course Monitor are interacting: When you select
the row of a specific member in a table or a node in the graphic, the settings in the Time Course
Monitor will be adjusted. You only have to choose the result that is to be displayed (Figure 4.25).
[+/] Pravide RMS value up to: The root mean square (RMS) value of any results up to a specific time can be displayed if the check
t too0 5 81 box shown on the left is selected and a time is defined. The RMS value is calculated as follows:

1

where R, are the results of each time step with n considered time steps. The RMS value is illustrated
in the Time Course Monitor as shown in Figure 4.26.

Time Course Monitor x
FE Mesh Point Selection
Surface [ Member My [kNm]
Memb: v t: 0.610 s; My: 59.35 kNm
lember 60,00 o y
Mo.
2 bl 50,00
Value
Moment MY ~ a0 RMS(1.000 s} : 33.881 kNm
Distance on Member 30.00
L750[m]
1. 750[m] 20.00
2.000[m]
2.000[m] 10.00
2.500[m]
2.500[m] 0.00
igigﬂ 0.500 1000 | 1. 2. 500 | 3.000\ 3. 4000 [ 4500\ 5.000 t[s]
. m
3.000[m] -10.00
3,000[m] ,
=L -20.00
Provide RMS value up to:
. - -30.00 A
v 1003 £ 1.080 5; My: -29.12 KNm

-40.00

&
ﬂgure 4.26: Time Course Monitor with RMS value — here the moment My is displayed versus time, showing
the RMS value up to 1.0 s.

Ug The RMS value is only available when a single graph is plotted. If you overlay the results of several
nodes, the RMS check box is not available.
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MNumeric Values

Save As Picture

Settings

With the [Print] button you can print the Time Course Monitor to the printout report. In the following

dialogue box, you can define the header of this graphic to be used in the report.

When you right-click on the Time Course Monitor, you have three options: (1) You can access the
Numeric Values in tabular view. The time steps are listed with all results displayed in the graphics.
An example is shown in Figure 4.27. The values as tabulated can be exported to Excel via the @
button. (2) You can save the Time Course Monitor as Picture, and (3) you can access the Settings of
the graph. The Settings dialogue box of the Time Course Monitor is shown in Figure 4.28.

View Graph Data x

t[s] M_Y [kkNm] A
Member 2: |: 3.500[m] | Member 2: 1: 2.000[m]
0.000 0.00 0.00
0.010 0.00 0.00
0.020 0.m 0.m
0.030 0.04 0.02
0.040 0.08 0.05
0.050 0.15 0.09
0.060 0.25 0.14
0.070 038 0.22
0.080 054 0.3
0.050 0.75 043
0.100 1.00 0.57
0.110 130 074
0.120 166 0.95
0.130 208 119

0.140 257 147 v

=) E Lﬂ a Cancel

ﬂgure 4.27: Numeric values of plot displayed in Time Course Monitor

Default Graph Settings

[ Display x-axis below graph
Display rounded values

Show tooltips

Axes correspond to view mode
Highlight minfmax

Show X-axis

Show Y-axis

Show grid

Left side color l:l ~

Right side color I:l £
o

ﬁgure 4.28: Settings of Time Course Monitor

4.3.7 Exported Load Cases

When you have performed a time history analysis in RF-DYNAM Pro - Forced Vibrations, you can
export the results of single time steps to load cases (LC). The exported load cases for single time
steps are listed in the Edit Load Cases and Combinations dialogue box shown in Figure 4.29.
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Edit Load Cases and Combinations

Load Cases  Load Combinations Result Combinations

Existing Load Cases

Self-Weight

Imposed Load, top level
Imposed Load, bottom level
DLC3 -t:0.50005
DLC3-t: 1.0000s
DLC3-t: 1.50005
DLC3-t: 2.00005

€ ¥
BB B & ] EX][Ea]  [x]

LC No. Load Case Description
31 DLC3-t:0.6000s

General Calculation Parameters

Method of Analysis
Geometrically linear analysis
Second-order analysis (P-Delta [ P-delta)
Large deformation analysis

Posteritical analysis

Method for Solving System of
Monlinear algebraic eguations:
MNewton-Raphson
Mewton-Raphson combined with Picard
Picard
Mewton-Raphson with constant stiffness matrix
Modified Mewton-Raphsan

Dynamic relaxation

Incrementally Increasing Loading

Activate
Initial load factor ko:
Load Farkar increment Ak

Refinernent of the last Inad

increment 0 z|

Stopping condition for: u

Mode Mo Any o7 t!

Use initial load (not increasing):

£

[+

~
Z| [rorn] Save the results of all load increments

[
[

Options

Modify loading by Fackaor: 3 8]
Divide results by loading factor

Activate stiffness Factors of :
Materials (partial Factar )
Cross-sections (Fackar for 1, Ty, Iz, A, Ay, &2)
IMernbers (Definition Type)
Surfaces (Definition Type)
Activate special settings in tab:
Modify stiffness
Extra options
Deactivate
Consider favorable effects due to tension of members
Refer internal forces to deformed
structure for:
Mormal Forces W
Shear forces ¥y and e
Moments My, Mz and MT

Try to calculate kinematic mechanism
(add low stiffness in first iteration)

Apply separate number of load increments

for this load case: zl
10000 Z| &

Deactivate nonlinearities for this load case

ﬁgure 4.29: Dialogue box Edit Load Cases and Combinations with exported load cases LC from a time history
analysis containing the results of single time steps

The exported LCs cannot be modified and the calculation parameters cannot be changed. Those
load cases do not contain loads, they contain the results of the specific time step. They cannot be
used in load combinations (CO), only in result combinations (RC).

4.3.8 Exported Result Combinations

When you have performed a time history analysis in RF-DYNAM Pro - Forced Vibrations, you can
export an envelope of results over all time steps to a result combination (RRC). The Edit Load Cases
and Combinations dialogue box is shown in Figure 4.30.

Edit Load C and Combinations

Load Cases Load Combinations Result Combinations

Existing Result Combinations RC No. Result Combination Description Use
MM RC30 | DLC3, Result Envelope ) DLC3, Result Envelope

General  Calculation Parameters

Existing Loading Loading in Result Combination RC30

Self-Weight

Imposed Load, top level
Imposed Load, bottom level
DLC3 -t : 0.5000 s
DLC3-t : 0.6000 s
DLC3-t:1.0000s
DLC3-1:1.5000s
DLC3-1:20000s

ﬁgure 4.30: Dialogue box Edit Load Cases and Combinations with exported result combination RC containing
the result envelope over all time steps from a time history analysis

The exported RCs cannot be modified and the calculation parameters cannot be changed.
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4.3.9 Export to Excel or CSV

You can export all results tables that have been discussed in this section to MS Excel or save them
in the CSV format using the File — Export option. The list of results tables is shown in Figure 4.31.

Tables to Export - Results (Dynamic Analysis) Data

Select Cases Select Tables

[CMvC1 - Self weight [+7]5. 18 Modes - Support Forces
[CIMVC2 - Imposed Loads 5.20 Nodes - Deformations
[CINVC3 - Self-Weight + Imposed Loads 21 Members - Internal Forces
[CINVC4 - Self-Weight + Imposed Loads 22 Surfaces - Internal Forces
[C]DLE1 - Response Spectra Analysis 23 Surfaces - Basic Stresses
25 Modes - Accelerations
[#]DLC3 - Time History Analysis - Time C .26 Modes - Velocities
[(]DLC4 - Equivalent Static Forces

JE |HE
Options
é @ E)cportenvelopes only
@ Cancel

ﬂgure 4.31: Results tables to export for dynamic load cases (DLC) with time history analysis

The Export envelopes only option is selected by default. Only the results tables that belong to the
Dynamic Envelopes will be exported. When you clear this check box, the results tables of all time
steps will be exported. Note that exporting can take considerably long when you export all time
steps.
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All mode shapes -

All mode shapes
Mode Shape 1§ : 1.101 Hz)
Mode Shape 2 f : 1.236 Hz)
Mode Shape 3 f : 1.633 Hz)
Mode Shape 24  : 4881 Hz)
Mode Shape 30 f : 6.235 Hz)
Mode Shape 48 f : 5.055 Hz)
Mode Shape 51 f : 5.453 Hz)
Mode Shape 71 f : 12.684 Hz)
Mode Shape 76 f : 13.440 Hz)
Mode Shape 77 f : 14.270 Hz)

4.4 Dynamic Load Cases - Equivalent Load Analysis

The results tables that belong to equivalent load analysis cases are available when the correspond-
ing dynamic load case (DLC) is chosen in the drop-down menu. Tables 5.8 to 5.10 belong to this
type of dynamic load cases. The equivalent load analysis belongs to the module RF-DYNAM Pro -
Equivalent Loads. The input data required for an equivalent load analysis is discussed in Section 2.5
and Section 2.11.

You can switch among the tables showing the equivalent loads for all eigenvalues of the system,
or separately for each Mode Shape.

4.4.1 Equivalent Loads
For an equivalent load analysis, only the equivalent loads are calculated by RF-DYNAM Pro. The
actual calculation has to be performed in the main program RFEM.

The equivalent loads Fy, Fy, and F; are calculated separately for each excitation direction of the
response spectra, and separately for each mode shape of the system, as follows:

Fx Uy My
Fy ¢ =Ix-quy ¢ Sax(T)- < My (4.9)
F; uz M,
Fx Uy My
Fpo=1Iy-<uy,p- Sa,Y(T) 4 M, (4.10)
F; uz M,
Fpo=17-<uyp- Sa,Z(T) LM, (4.17)
F; uz M,

where

r Participation factorsin X, Y, and Z-direction as defined in Equation 4.4 using a modal mass

of M; = 1 kg
u Displacement values in X, Y, and Z-direction of the mode shape scaled so that

M; = ulMu; = 1kg

S.(T) Acceleration read from the response spectra diagram using the natural period T of the
considered eigenvalue

M Mass in the direction X, Y, and Z at the considered FE-node

With the formulas provided in Equation 4.9, the equivalent loads resulting from a response spec-
trum in X-direction are calculated. Accordingly, Equation 4.10 describes the loads resulting from a
response spectrum in Y-direction, and Equation 4.11 the loads resulting from a response spectrum
in Z-direction.

Those equivalent static forces exist at each FE-node within the structure, provided that the mass
M or the mode shape u is not 0 at this point.

The results tables for the equivalent load analysis are separated into the three excitation directions.
Table 5.8 gives the resulting equivalent loads for response spectra acting in X-direction, Table 5.9
those for response spectra acting in Y-direction, and Table 5.10 those for response spectra acting
in Z-direction. Table 5.9 is illustrated in Figure 4.32.
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When the equivalent loads are listed for only one eigenvalue of the system, the sum of equivalent
loads is listed at the bottom of Tables 5.8, 5.9, and 5.10. It is represented by the formulas

D Fi =D (Fx)| (4.12)
ZFY,i = ‘Z(FYJ)‘ (4.13)
ZFY,i = ‘Z(FY,i)‘ (4.14)

where i is the number of the considered eigenvalue. This sum of forces of each eigenvalue is the
base shear force.

When the equivalent loads are listed for All mode shapes of the system in one table, the overall
sum of the base shear forces from each eigenvalue is listed at the bottom of Tables 5.8, 5.9, and
5.10.

Table 5.9 is illustrated in Figure 4.32, listing the equivalent loads that belong to Mode shape 7 and
the base shear forces resulting from the excitation in Y-direction. Note that also the LC numbers
are provided to which the equivalent loads are exported.

5.9 Equivalent Loads (¥V-excitations)

HEEE B2 9|€| = 7| pLcA-Equivalent StaticForces  ~ €@ > | Mode Shape 1 (f: 1.304 Hz) AR P AR EE R
B C ] I E I F G I H I ] I J
FE Mesh Mode shape Lc Object Location Equivalent Load

Paint Mo Na. Type X[m] ¥ [m] Z[m] Fx [N] Fy [N] Fz [N] Mz [Nm]
1 100 | Surface 2500 0.500 -4.000 02 -2689 06 188.25
1 101 | Surface 2500 0.500 -4.000 02 -2689 06 -188.25

295 1 100 | Surface 3.000 0.000 -4.000 03 -1567 04 109.79
1 101 | Surface 3.000 0.000 -4.000 03 -156.7 0.4 -109.79

2596 1 100 | Surface 3.000 0.500 -4.000 01 -268.8 09 188.20
1 101 | Surface 3.000 0.500 -4.000 01 268.8 09 -188.20

297 1 100 | Surface 3.500 0.000 -4.000 03 -156.6 05 109.71
1 101 | Surface 3.500 0.000 -4.000 03 -156.6 0.5 -109.71

298 1 100 | Surface 3.500 0.500 -4.000 02 268.8 =16 188.23
1 101 | Surface 3.500 0.500 -4.000 02 -268.8 1.7 -188.23

259 1 100 | Surface 4.000 0.500 -4.000 03 -194.8 22 13641
1 101 | Surface 4.000 0.500 -4.000 03 -194.8 22 -136.41

300 1 100 | Surface 0.500 1.000 -4.000 07 -2689 27 18843
1 101 | Surface 0.500 1.000 -4.000 07 -2689 27 -188.43

301 1 100 | Surface 0.000 1.000 -4.000 05 1847 23 136.44
1 101 | Surface 0.000 1.000 -4.000 06 -184.7 2] -136.44

302 1 100 | Surface 1.000 1.000 -4.000 05 -2689 -18 188.37
1 101 | Surface 1.000 1.000 -4.000 05 2689 18 -188.37

sum 0.1 119769.8 0.0

Equivalent Loads (X-excitations) | Equivalent Loads (Y-excitations) LEquivalem Loads (Z-excitations) J

ﬂgure 4.32: Table 5.9 Equivalent Loads (Y-excitations) of mode shape 1 resulting from response spectrum in
Y-direction

4.4.2 Torsional Moments

Accidental torsional actions can be considered as described in Section 2.11.2 to account for un-
certainties in the location of masses. The centre of mass is considered to be displaced by the
accidental eccentricities ey and e,. The torsional moments are calculated as follows:

M, = |Fx-ey| + |Fy - el (4.15)

where M; is the torsional moment and Fy and F, are the equivalent loads on each FE node as
defined in Equations 4.9,4.10, and 4.11. The torsional moments M, are considered in both positive
and negative directions.

4.4.3 Exported Load Cases

The equivalent loads as listed in the dynamic results tables are exported in load cases of the main
program RFEM. This is done separately for each eigenvalue and for each excitation direction. The
list of generated load cases can be viewed in the Edit Load Cases and Combinations dialogue box
as shown in Figure 4.33. Here, the accidental torsional actions (described in Section 2.11.2) are
activated and two load cases for each mode and direction are generated. The torsional moments
are considered in the positive and negative directions.
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Edit Load Cases and Combinations

Load Cases | Load Combinations ~Result Combinations

Existing Load Cases

[ c Jist self-Weight

Y Lc2 Imposed Load, top level

Imposed Load, bottom level

‘ DLC4 - Mode shape 1, direction - Y , torsion +
DLC4 - Mode shape 1, direction - Y , torsion -
DLC4 - Mode shape 2, direction - Y , torsion +
DLC4 - Mode shape 2, direction - ¥, tarsion -
DLC4 - Mode shape 7, direction - X, torsion +
DLC4 - Mode shape 7, direction - X , tarsion -
DLC4 - Mode shape 7, direction - Z , torsion +
DLC4 - Mode shape 7, direction - Z , tarsion -
DLC4 - Mode shape 17, direction - X , torsion +
DLC4 - Mode shape 17, direction - X , torsion -
DLC4 - Mode shape 17, direction - Z, torsion +
DLC4 - Mode shape 17, direction - Z, torsion -
DLC4 - Mode shape 18, direction - X , torsion +
DLC4 - Mode shape 18, direction - X , torsion -
DLC4 - Mode shape 18, direction - Z , torsion +
DLC# - Mode shape 18, direction - Z, torsion -

= Lci01
= Lc102

LC114
LC115

1| [ 3 [t.] 2] Bx] [5e

2 D=

< >

LC No. Load Case Description

100 DLC4 - Mode shape 1, direction - Y , torsion +

General  Calculation Parameters
Action Category

Earthquake

Seli-Weight
Active
Factor in direckion:
X =[S
iE e [l
Z: S8

Parameters for CQC rule

Dynamic parameters for CQC rule in resuit combination

Angular frequency:

®: 8.196 | [radfs]

Lehr's damping:

D: 0050 3| [

Comment

EN 1990 | CEN

][

Cancel

ﬁgure 4.33:

Dialogue box Edit Load Cases and Combinations with exported load cases LC from equivalent

load analysis showing two load cases for each mode and direction due to accidental torsion

The Angular frequency w and Lehr’s damping value D are also exported as LC properties from
RF-DYNAM Pro to enable the CQC modal combination. If the SRSS rule was set in RF-DYNAM Pro,
the exported damping value D = 0.

You can adjust the Calculation Parameters to your needs in the second sub-tab. Those parameters

are shown in Figure 4.34.

General Calculation Parameters

Method of Analysis

(® Geometrically linear analysis

(O second-order analysis (P-Delta / P-delta)
(O Large deformation analysis

(O Postritical analysis

Method for Solving System of
Monlinear algebraic equations:
Mewton-Raphson
MNewton-Raphson combined with Picard
Picard
MNewton-Raphson with constant stiffness matrix
Modified Newton-Raphson

Dynamic relaxation

Incrementally Increasing Loading

[ Activate
Initial load Factor ko:
Load Factor increment
Refinement of the last load <

increment 10 -

Stopping condition for: u

Mode Mo: Any ~ t}

Use initial load {not increasing):

Options
O Modify loading by factor:
Divide results by loading factor

Activate stiffness factors of:
[ Materials {partial factor 7m)
[ cross-sections (factor for J, Iy, Iz, A, Ay, AZ)
[Imembers (Definition Type)
[ surfaces (Definition Type)
Activate special settings in tab:
[ Modify stiffness
[]Extra options
[Deactivate
Consider favorable effects due to tension of members
Refer internal forces to deformed
structure for:
Mormal Forces R
Shear forces Yy and ¥z
Moments [y, Mz and MT

Try to calculate kinematic mechanism
(add low stiffness in firstiteration)

> [ Apply separate number of load increments =
for this load case: 2
= | [mm] [[]save the results of all load increments

[ Deactivate nonlinearities for this load case

S| EI

e

ﬁgure 4.34: Calculation parameters of exported load cases from equivalent load analysis
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Changing the calculation parameters may be necessary when
e the structure has a dominant mode shape and the analysis shall consider the P-A effect,

e stiffness modifications were applied in the natural vibration cases (see Section 2.4.7) and the
LC shall use same modifications for consistency reasons (FAQ 002237 provides an example),

e non-linearities shall be deactivated in the load cases (equivalent loads are based on linearly
calculated eigenvalues and mode shapes, thus LCs should not consider non-linearities).

There might be a conflict of non-linearly calculated load cases and result combinations that are
applied in a dynamic analysis. Please consult the Section 5.5 of the RFEM manual to understand
the important difference between load combinations (CO) and result combinations (RC). Due to
the quadratic combination rules, only result combinations are possible in a dynamic analysis.

|E| The equivalent loads can be displayed in the work window by pressing the [Show Loads] button.
If more than 5,000 loads are generated, the display is deactivated by default. But in the Details
dialogue box, the number of displayed equivalent loads can be changed (see Section 2.12).

4.4.4 Exported Result Combinations

When performing an equivalent load analysis in the add-on module RF-DYNAM Pro - Equivalent
Loads, result combinations are produced in two steps: (1) The modal responses are combined with
the SRSS or CQC rule and are exported in result combinations (RC) separately for each excitation
direction. (2) The directional results are combined either with the SRSS or with the 100% / 30%
rule and the final result combinations (RC) are exported as well.

A list of generated result combinations can be found in the Edit Load Cases and Combinations
dialogue box displayed in Figure 4.35. In this figure, the modal combination for the Z-direction is

Edit Load Cases and Combinations X
Load Cases  Load Combinations Result Combinations
Existing Resuft Combinations RC No. Result Combination Description To Soive
RCI00 | DLC4 - Result Envelope - X 102 DLC4 - Result Envelope - 2
RC101 |DLC4-Result Envelope - Y
I RC102 | DLC4 - Result Envelope -2 General  Calculation Parameters
RC103 | DLCA -Result Envelope - 100% X/ 30% ¥/ 30% 2 Existing Loadin Loading in Result Combination RC102
RC104 | DLCA -Result Envelope - 30% X/ 100% Y/ 30% 2 SefNeigt Descrption Crterion Gron
RC10S | DLC4 - Result Envelope - 30% X/ 30% Y/ 100% 2 imposed Load, top level DLCA - Mode shape 7, drection - Z torsion + | Pemane | 1
Imposed Load, bottom level DLCA - Mode shape 7. direction - Z . torsion - | Permane | 1
DLCA - Mode shape 1. direction - Y torsion + DLC4 - Mode shape 17, direction - Z , torsion + | Pemane | 2
DLC4 - Mode shape 1, direction - Y, torsion - DLCA - Mode shape 17. direction - Z . torsion - | Pemane | 2
DLCA - Mode shape 2. direction - Y . torsion + DLC4 - Mode shape 18, drection - Z , torsion + | Pemane | 3
DLC4 - Mode shape 2, direction - Y, torsion - DLCA - Mode shape 18, direction - Z . torsion - | Pemane | 3
DLCA - Mode shape 7, direction - X torsion = =
DLCA - Mode shape 7, direction - X  torsion - =
DLCA - Mode shape 7, direction - Z  torsion = @
DLCA - Mode shape 7, direction - Z  torsion -
DLC4 - Mode shape 17, direction - X , torsion +
DLCA - Mode shape 17, direction - X , torsion - 2
DLC4 - Mode shape 17, direction - Z , torsion +
DLCA - Mode shape 17, direction - Z ,forsion - | | <%
DLCA - Mode shape 18. dirsction - X . torsion +
DLC4 - Mode shape 18, direction - X, torsion -
DLCA - Mode shape 18. dirsction - Z . torsion +
DLC4 - Mode shape 18, direction - Z , torsion -
DLCA - Result Envelope - X
DLC4 - Resuit Envelope - Y
DLCA - Result Envelope - 100% X/ 30% Y/ 30%
DLCA - Result Envelope - 30% X/ 100% Y/ 30%
DLCA - Result Envelope - 30% X/ 30% Y/ 100%
< >
T Al (25) v| |8 |BE W |10 "4 v
< 3 | | comment
=l =) ] X [ | )Y
2| B3 Cancel

ﬁgure 4.35: Dialogue box Edit Load Cases and Combinations with exported result combinations from the
equivalent load analysis showing RC for modal combination in Z-direction

Dialogue box section Loading in Result Combination RC102 in Figure 4.35 lists the load cases (LC) that
contain the equivalent loads relevant in the considered excitation direction. Here, the accidental
torsional actions (described in Section 2.11.2) are activated, so two load cases for each mode and
direction exist. They are combined with the OR criterion before the SRSS or CQC rule is applied.
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The load cases are combined with the CQC rule according to the equivalent linear combination
(see Figure 4.36). For the Extreme value signs, the LC of the dominant mode shape is set in the
drop-down menu. Those calculation parameters are automatically generated by RF-DYNAM Pro
depending on the settings you have made in the add-on module. The calculation parameters of
the result combination (RC) are shown in Figure 4.36.

General Calculation Parameters
Options
Quadratic combination O SRSS
®cwc 8
Use equivalent linear combination
Extreme value signs:
() Positive (max) / negative (min)
() Positive {max)

(C) Negative (min)
(®) According to LC / CO:

| EELC 114 - DLC4 - Mode shape 18, diection - |

ﬂgure 4.36: Calculation parameters of exported RC for modal combination with CQCrule as equivalent linear
combination applied and signs of LC corresponding to dominant mode shape set automatically

The calculation parameters of the result combinations can be changed in RFEM independently of
the settings in RFE-DYNAM Pro.

In the second step of combination, the responses resulting from different excitation directions
are combined. One of the final result combinations (RC) is selected in Figure 4.37. Note the factors
1.00 and 0.30 that have been applied to account for the 100% / 30% rule.

Edit Load Cases and Combinations

Load Cases Load Combinations Result Combinations
Existing Result C RC No. Result Combination Description Use
RC100  |DLC4-Result Envelope - X 103 DLC4 - Result Envelope - 100% X/ 30% ¥/ 30% Z
RC101 |DLC4 -Result Envelope -
RC102 |DLC#-Result Envelope -2 General  Calculation Parameters
Existing Loadin Loading in Resuk C ion RC103
RC104 |DLC4-Result Envelope - 30% X/ 100% 1 |SefWeight Factor Mo Descrption Citerion | Geroup
RC105 | DLC4 -Result Envelope - 30% X/ 30% Lc2 Imposed Load, top level 1.00 RC100 | DLC4 - Result Env | Permanent -
Lc3 Imposed Load, bottom level 0.30 RC101 |DLC4 - Result Env | Permanent
LC100 | DLC4 - Mode shape 1. direction - 030 RC102 | DLC4 - Result Env | Permanent
LC101 | DLC4 - Mode shape 1. direction -
LC102 | DLC4 - Mode shape 2, direction -
LC102 | DLC4 - Mode shape 2, direction -
LC104 | DLC4 - Mode shape 7. direction - | [
LC105 | DLC4 - Mode shape 7. direction - =
LC106 | DLC4 - Mode shape 7. direction - &
LC107 | DLC4 - Mode shape 7, direction -
LC108 | DLC4 - Mode shape 17, direction -
LC103 | DLC4 - Mode shape 17, direction - | |
LC110 | DLC4 - Mode shape 17. direction -
LC111 | DLC4 - Mode shape 17, direction - | <5
LC112 | DLC4 - Mode shape 18. direction -
LC113 | DLC4 - Mode shape 18, direction -
LC114 | DLC4 - Mode shape 18, direction -
LC115 | DLC4 - Mode shape 18, direction -
RC100 | DLC4 - Result Envelope - X
RC101 | DLC4 - Result Envelope - Y
RC102 | DLC4 - Result Envelope - Z
RC104 | DLC4 - Result Envelope - 30% X/
RC105 | DLC4 - Result Envelope - 30% X/
7 3 %2 7 [zo % %
< > Comment
= x] || = L
L}) 5 ﬁ Cancel

ﬁgure 4.37: Dialogue box Edit Load Cases and Combinations with exported result combinations from the
equivalent load analysis showing RC of directional combination with 100% / 30% rule
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4.4.5 Exportto Excel or CSV

You can export all results tables that have been discussed in this section to MS Excel or save them
in the CSV format using the File — Export option. The list of results tables is shown in Figure 4.38.

Tables to Export - Results (Dynamic Analysis) Data

Select Cases Select Tables

[CMvC1 - Self weight
[CMvC2 - Imposed Loads
[CMVC3 - Self-Weight + Imposed Loads

5.8 Equivalent Loads (X-excitations)
9 Equivalent Loads (Y-excitations)

5.10 Equivalent Loads (Z-excitations)

[CIMVC4 - Self-Weight +Imposed Loads
[C]DLED - Response Spectra Analysis

[C]DLE2 - Time History Analysis - Accele
[C]DLES - Time History Analysis - Time L

DLC4 - Equivalent Static Forces

JE |HE
Options
@ @ [“1Export envelopes anly
? e

ﬂgure 4.38: Results tables to export for dynamic load cases (DLC) with equivalent load analysis

The Export envelopes only option is selected by default. Only the results tables containing the
equivalent loads of all mode shapes will be exported. When you clear this check box, the tables
that belong to each single mode shape will be exported as well.

4.5 Automatic Combinations in RFEM

In RFEM, you have the option to create load combinations (CO) and result combinations (RC)
automatically. This is described in Chapter 5 of the RFEM manual.

Note that those automatic combinations are not yet supported for the load cases and result
combinations imported from RF-DYNAM Pro. You can still use the automatic combination feature
for all the other load cases that you want to combine (i.e of action self-weight or imposed loads).

In RFEM, you activate the automatic combination feature in the General Data as seen in Figure 4.39.

Edit Model - General Data

General  Options  History

Wodel Name Description

[ NvC_DLC_Streenshots_ENG | [ |

Project Name Description

| Mot identified | | |

Folder: ) g
| D:\Dokumente\ConText_Manuals_Examples\RepositoryWManuals\RF-DYMNAM_Pro |
Type of Model Classification of Load Cazes and Combinations

®3D According to Standard: Mational annex:

O -xr wzloxfoy) (e 1930 v|me  [[@][7]

O m -z (uxjuzfov)

Create combinations automatically
O -xf (uxfuviez)

(®) Load combinations

(C) Result combinations (for linear analysis only)

Positive Origntation of Global Z-Axis

O Upward... 2

(®) Downward

Comment

| M|
? & @ B o

ﬂgure 4.39: Activation of automatic combination feature in General Data dialogue box of RFEM
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When you have activated the automatic combinations before you calculate any of the RF-DYNAM
Pro cases, the LCs and RCs imported from RF-DYNAM Pro will not be included in any of the Actions,
i.e. no action of the Earthquake category will exist. Consequently, the dynamic LCs and RCs will
not influence the load and result combinations that are created automatically.

Figure 4.40 shows the Action tab of the Edit Load Cases and Combination dialogue box. The LCs
imported from RF-DYNAM Pro - Forced Vibrations are not included in the Permanent action AT,
although the Permanent action category is allocated.

Edit Load Cases and Combinations

Load Cases Actions Combination Expressions  Action Combinations Load Combinations Result Combinations

Existing Actions Action No. Action Description
G| Permanent 1 Permanent ~
A2 Imposed
General
Action Category EN 1990 | CEN
|PErmanant ~

Acting: Simultaneoushy Differently
Alternatively

Unassigned Load Cases Load Cases in Action A1
MM (C20 | DLC3-t:0.5000s EN LT Sef-Weight
Ml LC21 DLC3 -t :0.6000s

LC22 | DLC3-1:1.0000s

LC23  |DLC3-t:15000s

N (C24 | DIC3-1:20000s

ﬂgure 4.40: Actions tab of Edit Load Cases and Combinations dialogue box when automatic combinations
were activated before the RF-DYNAM Pro calculation - RF-DYNAM Pro results are available, but
imported LCs are not included in Existing Actions and no action of type Earthquake is available

When you switch on the Create combinations automatically option after you have calculated the
results in RF-DYNAM Pro and exported the LCs and RCs, make sure you keep the user-defined
result combinations as indicated in Figure 4.41.

. RFEM64
/1. Waming No. 1195

You want to create combinations automatically.
Do you want to delete existing user-defined
result combinations?

Mo Cancel

ﬁgure 4.41: RFEM warning when activating automatic combination feature — make sure to keep existing
RCs if RF-DYNAM Pro results are available

In this order, the Actions will take the LCs from RF-DYNAM Pro into account, and an action of the
Earthquake category will be generated. This is illustrated in Figure 4.42.
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Edit Load Cases and Combinations

Load Cases Actions  Combination Expressions  Action Combinations Load Combinations Result Combinations

Existing Actions Action No. Action Description
N A Pemmanent 3 Eathquake -
AZ Imposed
AE A3 Earthquake General
Action Category EN 1990 | CEN
I Earthquake ~
Acting: (® simultaneoushy (O pifferenty
(O Alternatively
Unassigned Load Cases Load Cases in Action A3

DLC4 - Mode shape 1. direction - Y |, torsion

DLC4 - Mode shape 1. direction - Y | torsion -
DLC4 - Mede shape 2, direction - Y |, torsion

DLC4 - Mode shape 2, direction - Y |, tarsion -
DLC4 - Mode shape 7. direction - X, torsion

DLC4 - Mode shape 7. direction - X, torsion -
DLC4 - Mode shape 7. direction - Z | torsion

DLC4 - Mede shape 7, direction - Z , tarsion -
DLC4 - Mode shape 17, direction - X , torsion
DLC4 - Mode shape 17, direction - X, torsion
DLC4 - Mode shape 17, direction - Z . torsion
DLC4 - Mode shape 17. direction - Z . torsion
DLC4 - Mode shape 18, direction - X . torsion
DLC4 - Mode shape 18, direction - X , torsion
DLC4 - Mode shape 18, direction - Z , torsion
DLC4 - Mode shape 18, direction - Z , torsion

ﬂgure 4.42: Actions tab of Edit Load Cases and Combinations dialogue box when automatic combinations
were activated after the RF-DYNAM Pro calculation - Earthquake action exists with LCs imported
from RF-DYNAM Pro included

Nevertheless, this does not influence the automatic combinations, which means that no Action
Combinations, Load Combinations or Result Combinations will be created for the design situation
Earthquake. Load cases that have been imported from a time history analysis are included in load
combinations, though, but as they do not contain any loads (they contain only results of a specific
time step as described in Section 4.3), they do not have an influence on the results.

@ The result combination for the design situation Earthquake must be defined manually. Creating
Load Combinations is not sufficient, due to the quadratic combination rules that are requested
for a response spectrum analysis. For the time history analysis, Load Combinations are not suited
either because the exported LCs are only for single time steps and do not contain loads.

In EN 1990 [4] Section 6.4.3.4, Equation (6.12) provides the combination expression for the design
situation Earthquake as follows:

Eg=D Gy “+7 P47 Ay “+7 D W0y, (4.16)

j=1

where Ag4 shall be the resulting RCs from RF-DYNAM Pro. The combination factors ¥, are listed in
EN 1990 [4] Table A.1.1.

An example how this is done for a response spectrum analysis can be found in Section 5.1.

[ N ©DLUBAL SOFTWARE 2020

EEE
79



i

e 4 Results 4

4.6 Printout Report
You can create a printout report containing the dynamic results. Detailed information on the
printout report can be found in Chapter 10 of the RFEM manual.

When dynamic results are available, you can include the Input Data and the Natural Vibration Case
data in the Printout Report Selection dialogue box as shown in Figure 4.43 and Figure 4.44.

Printout Report Selection

Program Global Selection  Input Data  Natural Vibration Case
RFEM

Tables to Display

1.7.1 Time Diagram Transient

1.7 2 Time Diagram Periodic

1.7.3.X Time Diagram - Graph

1.8.1 Dynamic Load Cases - General
1.8.2.1 Dynamic Load Cases - Response Spectrum Analysis [hynamic Load Cases: DLC1
1.8.2.2 Dynamic Load Cases - Response Spectrum Analysis - Mode Shapes To Generate

Dynamic Load Cases: DLC1

Display Table All Case
¥ | 1.1 Global Data M Al
W | 1.2.1 Mass Cases - General & Al
Wl | 1.2.2 Mass Cases - Additional Nodal Masses M Al
& | 1.2.3 Mass Cases - Additional Line Masses & A
W] | 1.2.4 Mass Cases - Additional Member Masses & Al
Wl | 1.2.5 Mass Cases - Additional Suface Masses WAl
& | 1.2.6 Mass Cases - Additional Solid Masses & A
W [1.27.1 Neglect Masses - Nodes & (Al
Wl |1.27.2 Neglect Masses - Lines W [Al
W [ 1.27.3 Neglect Masses - Members ¥ Al
W |1.27.4 Neglect Masses - Surfaces & (Al
Wl | 1.3.1 Mass Combinations - General WAl
& | 1.4.1 Natural Vibration Case - General & A
W] | 1.4.2 Natural Vibration Case - Calculation P & Al
Wl |1.5.1 Response Spectra - General WAl
W |15.2 Response Spectra - Standard P! M Al
O | 1.5.3 Response Spectra - Table & Al
Wl |1.5.3.X Response Spectra - Graph WAl
W] | 1.5.4 Response Spectra - User-Defined - Table M Al
W] | 1.5.4.X Response Spectra - User-Defined - Graph & Al
Wl |1.5.5 Response Spectra - Generate from | WAl
@] | 1.5.6 Response Spectra - Generate from Accel 1 - Table M Al
Wl |1.56.X Response Spectra - Generate from 1 - Graph & Al
W 161 lerations from | library WAl
& | 1.6.1.% Accelerstions from I library - Graph X M Al
W (161X s from accelerogram library - Graph Y & Al
W (161X lerations from I library - Graph Z WAl
¥ | 1.6.2 Accelerations - User-Defined M Al
& 162X s - User-Defined - Graph X A
M 162X lerations - User-Defined - Graph Y M Al
W | 1.6.2.% Accelergtions - User-Defined - Graph Z M Al
o ]

M ¥
o &
& &
& =
1
&
&
1
&

1.8.3.1 Dynamic Load Cases - Time History Analysis Seismic & Al

Crepiay 1.8 4.1 Dynamic Load Cases - Time History Analysis Cynamic Load O | Dynamic Load Cases: DLC3

— 1.8.5.1 Dynamic Load Cases - Equivalent Static Force Analysis O | Dynamic Load Cases: DLC4
[ Cover sheet... = 1.8.5.2 Dynamic Load Cases - Equivalent Static Force Analysis - Mode Shapes To Generate [ |Dynamic Load Cases: DLCA v
[] Conterts ( S
Info pictures
Uppercase titles d‘g @
@ Cancel

ﬂgure 4.43: Dialogue box Printout Report Selection with Input Data available for RF-DYNAM Pro case

The Mode Shapes table that represent the selection of mode shapes and corresponding values read
from the response spectrum can be included by selecting Table 7.8.2.2 and/or 1.8.5.2. This table
was discussed in Section 2.9.7 and is relevant for a response spectrum analysis and an equivalent
load analysis.

Printout Report Selection

Program | (Global Selection Input Data  Matural Vibration Case
EHFEM Tables to Dizplay
E Display Table Al Case Selection Al Mumber Selection {e.g. "1-4.8)
Wl |5.1 Natural Frequencies MO Al O |Modes:1.2
] | 5.2 Mode Shapes by Node M Al i
O |53 Mode Shapes by Member M Al 5
O [5.4 Mode Shapes by Surface MO Al M (Al
¥ |55 Mode Shapes by Mesh Node M Al O | Mesh Points: 1.2
Wl |56 Massesin Mesh Paints M Al 5
Wl |5.7 Effective Modal Mass Factors O | Matural Vibration Cases: NVC1 M (Al

ﬁgure 4.44: Dialogue box Printout Report Selection with Natural Vibration Case data available

Each of the entries can be selected for all cases (NVCs or DLCs). When you clear the All check box,
you can select specific cases.
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All other RF-DYNAM Pro results are available in exported load cases or result combinations. The
printout report for those results can be adjusted as described in Chapter 10 of the RFEM manual.

4.7 Units and Decimal Places

You can access the Units and Decimal Places dialogue box with the button shown on the left.
The dialogue box with the Results tab of the RF-DYNAM Pro add-on module open is shown in

Figure 4.45.
Units and Decimal Places
Program / Module Input Data  Resuts

- RF-TIMBER C5A A

.. AF-TIMEER NER Natural Frequencies Mode Shapes

- RF-TIMBER SANS i =

- RE-TIMEER L Tem s Stand. displacements: - E s
Ei lues: 3% .

. RE-DYNAM genvaes w2 v [2 Stand. rotations: Tm EE

WRF-DYNAM Pro Anqular frequencies: mis v [ 3B

- RF-JOINTS ) - . :

- Time History Analysis

- REEND-PLATE Natural frequencies: Hz ~ E o ry Analy:

- AFCONNECT Matural periods: s w E = Deformations: mm w E =

- RF-FRAME-JOINT Pro ) =

- RE-DSTV Rotations rad W E =
Masses <

-+ RF-DOWEL < Accelertions: miE2 E -

. RF-HSS Masses: ka ol [ 2B

. RF-FOUNDATION = Angular accelerations: rad/s"2 v E =
Modal masses: kg ~ E -

- RF-FOUNDATION Pro i - -

= Velocities: m/s 25

- RF-STABILITY Effective modal masses: | ka o [[2B (o

. RF-DEFORM - Angular velocities: rad/s v 25

- AF-MOVE Rot. eff. modal masses: kgm™2 ~ E -

- RF-MOVE-Surfaces Fffective factors: =

- RF-IMP

ﬁgure 4.45: Dialogue box Units and Decimal Places showing settings of RF-DYNAM Pro Results data

Select the add-on module RF-DYNAM Pro in the list of modules. In the Results tab, you can choose
the units from the drop-down menus and adjust the decimal places.

I]g As the RF-DYNAM Pro results are embedded in the main program RFEM, most of the result values
can be adjusted in the RFEM list of units and decimal places as shown in Figure 4.46.

Units and Decimal Places

Program / Module Model Loads Results  Dimensions
RF-STEEL Sufaces . Deformations and Strains Elastic Foundation
. RF-STEEL Members Unit Dec. places Unit Dec. places
- RF-STEEL EC3 Displacements: mm ~ D = Corttact stresses: kN/m™2 E o
- RF-STEEL AISC - =
. RF-STEEL IS Rotations: mrad ~ II - Contact forces: kN/m ~ E -
- RF-STEEL SIA Strains: “ 1= Contact momerts: kNm/m  ~ 3
--RF-STEEL BS I: I:
- RF-STEEL GB
.. AF-STEEL CSA Support and Internal Forces Stresses
- RF-STEEL AS . - . -
Forces: kN w 2k Surfaces: kN/em™2 ~ 25
- RF-STEEL NTC-DF |: = |:
.. RF-STEEL SP Lengths for moments: m v Iz = Solids: kNfem™2 ~ E =
- RF-STEEL Plastic -
Lengths: 25
- RF-STEEL SANS s " ¥ L2
- RF-STEEL Fatigue Mer Angles: > NREE
- RF-STEEL NBR
- RF-STEEL HK
- RF-ALUMINUM
- RE-ALUMINUM ADM e
- RF-KAPPA Ratios: - [ 3k
- RF-LTB

ﬂgure 4.46: Dialogue box Units and Decimal Places showing settings for RFEM Results
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5 Examples

An example how to perform a natural vibration analysis and a multi-modal response spectra
analysis using the module RF-DYNAM Pro - Equivalent Loads is shown in the webinar Natural
Frequencies and Equivalent Static Force Analysis with RFEM.

The simulation of walking and running across a pedestrian bridge demonstrating a complex time
history analysis using the module RF-DYNAM Pro - Forced Vibrations is presented in the webinar
Time History Analysis in RF-/DYNAM Pro - Walking and Running Across Pedestrian Bridge. It is
shown how time diagrams can be defined via functions employing parameters that are defined in
the main program RFEM. Also used are multiple load-time diagram sets.

In the webinar Nonlinear Time History Analysis — Machine-Induced Vibrations, induced vibrations
on a structure with nonlinear tension members are analysed with the nonlinear time history solvers.

More examples are available on our website that demonstrate the accuracy of the dynamic mod-
ules. The verification example of a Cantilever Beam (SDOF) with Periodic Excitation studies the
response of an SDOF system. There the results of RF-DYNAM Pro - Forced Vibrations are compared
with the analytical solution. The verification example of Equivalent Loads compares the equiva-
lent loads calculated by RF-DYNAM Pro - Equivalent Loads with the analytical solution. Considered
is a 5-DOF system with masses acting in X-direction.

In the following, Section 5.1 presents an example how an earthquake analysis is performed with
RF-DYNAM Pro - Equivalent Loads. The base shear forces in each floor are evaluated and the storey
drift is calculated. In Section 5.2, machine-induced vibrations are analysed with the module
RF-DYNAM Pro - Forced Vibrations. The case of resonance is studied and the structure is modified
to avoid resonance.

5.1 Earthquake Analysis according to EN 1998-1 CEN

This example presents an earthquake analysis according to EN 1998-1 CEN using the multi-modal
response spectrum analysis by means of the RF-DYNAM Pro - Equivalent Loads module.

5.1.1 System and Load Cases in RFEM

The structural system is shown in Figure 5.1. The materials and cross-sections are used as illustrated.

Concrete C25/30, d = 160mm

Member Hinges
Purlins: IPE180, $235

— .

Bars: HEA220, 8235

4.000

Columns: HEA220, S235

ﬂgure 5.1: Structural system with dimensions, materials and cross-sections
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Three load cases are defined with self-weight and imposed loads. Those load cases are imported as
masses in RF-DYNAM Pro. LCT defines the self-weight in +Z direction and 0.5 kN/m?. LC2 and LC3
contain 2.5 kN/m? imposed load acting in the top and bottom level of the building, respectively.

In the General tab of RF-DYNAM Pro, the Mass combinations and the Response spectrum analysis
with generation of equivalent loads options are activated as shown in Figure 5.2.

RF-DYNAM Pro Input Data

File Settings Help

Mass Cases Mass Combinations  Matural Vibration Cases  Response Spectra  Dynamic Load Cases
To Activate

Options: Required add-on module:

Matural vibrations RF-DYMAM Pro - Natural Vibrations
Mass combinations

[]Response spectrum analysis / RF-DYMAM Pro - Forced Vibrations
Linear time history analysis

Response spectra
Accelerations

Time diagrams

[nonlinear time history analysis RF-DYMAM Pro - Monlinear Time History (Beta)
Accelerations

Time diagrams

Response spectrum analysis with RF-DYMAM Pro - Equivalent Loads
generation of equivalent loads

ﬁgure 5.2: General settings for equivalent load analysis

Definition of Masses

Apart from the self-weight, additional masses have to be considered to calculate inertia effects.
This is regulated in EN 1998-1 [1] Section 3.2.4.

Z Gy "+ Z e Qi (5.1

where Gy ; are the permanent loads and Q, ; any imposed load. ¢ ; are the combination factors
for the imposed loads defined as

¢E,i =@ 1/)2,1 (5.2)

where 1), ; are combination factors regulated in EN 1990 [4] Table A.1.1. Assuming that the building
of this example is of category B (building with offices), ), = 0.3. The values of ¢ recommended
in EN 1998-1 CEN [1] are ¢ = 1.0 for the top level of a building and ¢ = 0.5 for all other levels. To
account for the different values of ¢, the load cases with imposed loads have been split in LC2 and
LC3.

In RF-DYNAM Pro, Mass Cases are defined to import masses from the load cases of RFEM. The mass
cases MC1 to MC3 are shown in Figure 5.3 and Figure 5.4.
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RF-DYNAM Pro Input Data bd

File Settings

T MC3

Help

Existing Mass Cases

Top Level
Bottom Level

General Mass Combinations  Matural Vibration Cases Response Spectra  Dynamic Load Cases

MC No. Mass Case Description

‘ 1 | | Self-Weight

General

Mass Case Type

‘BPermanent

<

Masses

[] From self-weight of structure

From force components of:
(@) Load case:

[ Lt - selfweigt

() Load combination:
CO1 - Basic Combination

Manually define additional masses at:
[Inodes

[Lines

[ Members

[ 5urfaces

Sum of Masses

Self-weight:

Components of LC/CO:

Additional masses at

[kal

30902.31 | [kg]

Modes: [ka]
Lines: [ka]
Members: [ka]
Surfaces: [kal
Total mass: [kg]

Center of total mass
Coordinates X, ¥, Z:

4,40, 2,51, -5.78 [m]

ﬂgure 5.3: Mass case MCT to import self-weight from LC7 (From self-weight of structure option not selected
as self-weight is activated in LCT)

RF-DYNAM Pro Input Data

File Settings

Help

I C L

T MC3

ﬁgure 5.4: Mass case MC2 to import imposed loads from LC2 acting in top floor

Self-weight

Bottom Level

General Mass Combinations  Matural Vibration Cases Response Spectra  Dynamic Load Cases

Existing Mass Cases

MC Mo. Mass Case Description

‘ 2 | | Top Level

General

Mass Case Type

‘Imposed - category A-B (roofs, p=1.0)

<

Masses

[] From self-weight of structure

From force components of:
(®) Load case:

|LC2 - Imposed Loads, Top Level

() Load combination:
CO1 - Basic Combination

Manually define additional masses at:
[IModes

[Lines

[ Members

[]5urfaces

Mass case MC3 is done in analogy to MC2.

Sum of Masses

Self-weight:

Components of LC/CO:

Additional masses at

[kl

16500.00 | [kg]

Modes: [ka]
Lines: [kal
Members: [kal
Surfaces: [kal
Total mass: ka)

Center of total mass
Coordinates X, Y, Z:

6.73, 2.53, 8.00 ]

The mass cases are combined in a Mass Combination shown in Figure 5.5. The combination factors
Y = ¢ 1, are applied in accordance with EN 1998-1 CEN.

RF-DYMNAM Pro Input Data

File Settings

I MCo1

Help

Self-Weight + Imposed Loads

General Mass Cases | Mass Combinations | Natural Vibration Cases Response Spectra  Dynamic Load Cases

Existing Mass Combinations

Mass Combination Description

| Self-Weight + Imposed Loads|

Mass Cases in Mass C

Seff-Weight

Top Level

Bottom Level

ﬂgure 5.5: Mass combination MCOT combining masses in compliance with EN 1998-1
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5.1.2 Seismic Analysis in RF-DYNAM Pro

Natural Vibration Analysis

In this example, a three-dimensional natural vibration analysis is performed. The masses are acting
in the X- and Y-directions. A spatial model is analysed. Simplying the structure to a planar model
(that means that masses are considered to act either in X- or Y-direction) is only allowed for regular
structures in accordance with EN 1998-1 [1] Section 4.2.3.

The Z-direction is neglected in this example as the vertical response spectrum is lower than
2.5m/s? (see EN 1998-1 [1] Section 4.3.3.5.2).

The diagonal matrix (translational DOF) concentrates masses in each FE-node; rotational masses
are neglected. This matrix is of sufficient accuracy in this example.

The diagonal matrix (translational and rotational DOFs) would consider the rotational masses. The
consistent matrix would distribute the masses in accordance with finite element shape functions
and therefore increase the accuracy. But depending on the application, this is not always useful as
much more local mode shapes are identified that are not of relevance for the global earthquake
design of the structure.

The Lanczos solver is used for the analysis. This solver is recommended for most structures. The
mode shapes are scaled to the maximum value of 1. Stiffness modifications are not considered.

The settings of natural vibration case NVCT are illustrated in Figure 5.6.

RF-DYNAM Pra Input Data

File Settings Help

Genersl Mass Cases Mass Combinations | Matural Vibration Cases | Response Spectra  Dynamic Load Cases

Existing Natural Vibration Cases NVC No. Natural Vibration Case Description To Solve

[ WvCL | No Stiffness Modifications | Diagonal Matrix - ‘
Calculation Parameters. General | Calculation Parameters
Seftings Acting Masses. Internal Divisions.
Number of lowest eigenvalues to =k O Mass case: Edit FE mesh settings =]
calauate: =
M1 - Self-Weight
Stiffn Modificati
[[]Search for eigenvalues greater 7 =[] . Hincss Rodihcatons
than: 2 ®Mass @ o stffness madification
~self-w < Global stffness modification from RFEM
S SR [ MCo1 - self-weignt + Imposed Loads ] (o]
% Ey— (O Import axial forces, faiing members, surfaces and supports,
@ Jujl = Viux? +uy? +uz?) =1 In direction About axis stiffness modifications, extra options and deactivations from:
OMax {ux uy, uzt = 1 Ax X
Load case:
OMax Uz, Uy, Uz 9 0y, 02 = 1 E ¥
MELC 1 -Self-Weight
O™ M fup =1 Oz z elf-eig
Load combination:

peo et CO1 -Basic Combination

@® Diagonal matrix {translational DOFs)

O Diagenal matrix (ranslational and torsional DOFs)

() Diagonal matrix {translational and rotational DOFs)

O Consistent matrix

O unitmatrix

Methad for Solving Eigenvalue Problem

O Root of the characteristic polynomial

@ Lanczos

O subspace iteration

OicGiteration
Comment

j=1]i=] ST
@| i@ | oewis Check OK & Calulate Cancel

ﬁgure 5.6: NVC1 defining mass matrix, number of eigenvalues, solver, and scaling of mode shapes

The natural frequencies f, the natural periods T, and the corresponding effective modal mass
factors f,,, are shown in Figure 5.7. In accordance with EN 1998-1 [1] Section 4.3.3.3, the sum of
the effective modal masses must be greater than 90% of the total seismic load. The first three
eigenvalues are relevant in the Y-direction, and only eigenvalue 28 is relevant in the X-direction.

Mode | Frequency Period Eftective Modal Mass Factor [
Ne. fHz] TIsl fmexkal | fmevlkal | fmez kgl
1 1.201 0.833 0.000 0.852 0.000
2 1.394 0.718 0.000 0.035 0.000
3 1544 0.514 0.000 0.031 0.000
28 5.280 0.189 0917 0.000 0.000

ﬂgure 5.7: Relevant natural frequencies f [Hz], natural periods T [s] and corresponding effective modal mass
factors f,. [—]

The listed eigenvalues are considered in the multi-modal response spectrum analysis.
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The dominant mode shape in Y-direction is illustrated in Figure 5.8, the dominant mode shape in
X-direction in Figure 5.9.

Matural vibration u [-]
RF-DYMAM Pro, NYC 1
Mode shape Mo, 1 -1.201 Hz

W
-

ﬁgure 5.8: Dominant mode shape in Y-direction with natural frequency of 1.201 Hz

Mai< iz 1.00000, Min w: 0.00000 -

Matural vibration u [-]
RF-D M Pro, MNy'C 1
Mode shape No. 26 - 5280 Hz

I

Mz L 1.00000, Win w: 0.00000 -

ﬂgure 5.9: Dominant mode shape in X-direction with natural frequency of 5.28 Hz
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Response Spectrum in Accordance with EN 1998-1 CEN

The horizontal design response spectrum in accordance with EN 1998-1 [1] Section 3.2.2.5 is

defined as:
0<T<Tg :Sd(T):ag~S-[§+%-<2§—§>} (5.3)
TBngTC:Sd(T):ag~S~2;5 (5.4)
q
{ a.5.25 T
Te <T<Tp:54(T) g qg T (5.5)
> [-aq
{:a .s.é.TCTD
T, <T : S4(T) 9 q T? (5.6)
> 5 a,
where
T : Vibration period in [s]
a, : Design ground acceleration, a, = 7; - agg, in [m/s?]
ag : Reference ground acceleration in [m/s?]
v, : Importance factor
Tz : Lower limit of the period of the constant spectral acceleration branch, in [s]
Tc  : Upper limit of the period of the constant spectral acceleration branch, in [s]
Tp : Value defining the beginning of the constant displacement response range of
the spectrum, in [s]
S : Soil factor
S4(T) : Acceleration values of the design spectrum in [m/s?]
q : Behaviour factor that describes the ductility
I} : Lower bound factor for the horizontal design spectrum

In the example, the reference ground acceleration of a;z = 1.0 and importance factor of y; = 1.0
(importance category ll) are assumed. The parameters S, T, T, and T, are chosen in accordance
with ground type C and spectra type 1. The behaviour factor q is kept with 1 on the safe side, and
the lower bound factor 3 = 0.2 is kept as recommended in the standard.

The settings in RF-DYNAM Pro and the resulting horizontal and vertical response spectra are
illustrated in Figure 5.10 and Figure 5.11.
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File Settings Help

RF-DYNAM Pro Input Data

General I Mass Cases | Mass Combinations | Natural Vibration Cases I Response Spectra IDynamic Load Cases‘

Existing Response Spectra

H rs2

EN1998-1 CEN Design Vertical

RS No. Response Spectrum Description
\ EN1953-1 CEN Design Horizontal vl
General
Definition Type Code Parameters | Table
(®) According to Standard: Mational Annex: B Type of Spectum A
Type of Spectum Design spectrum for
EM 1998-1:2010 v CEM v
|- | ‘- | Type of Spectrum 1
Spectrum direction Hoarizontal spectum
O User-gefined B Earthquake action
_ Reference peak ground ac | agr 1.000 | [m/s2]
Generate from acceleration: Importance factor 11 10
=) Design ground dEn 1.000 | m/52]
[ Parameter for description of response spectrum
Ground type c
Soil factor 5 1.150 | [
Lower limit of area of constz | Ta-H 0.200 | [s
Upper limit of area of constz | ToH 0.600 | [s]
Value defining the beginning | ToH 2,000 |5
= Factors
Behavior factor q [ 1.000 |
Limit value for horizontal de: | B | 0200|H e
" K =
e
2,500
2.000
1.500
1.000
0.500
0.250 0.750 1.250 1.750 2250 2750 3250 3750 55s; Sa mis2 o7

ﬁgure 5.10: Horizontal design response spectrum in accordance with EN 1998-1 Section 3.2.2.5

File Settings

Help

RF-DYNAM Pro Input Data

General I Mass Cases | Mass Combinations | Natural Vibration Cases I Response Spectra IDynamic Load Cases‘

Existing Response Spectra

RS1

EN1998-1 CEN Design Harizantal

RS No. Response Spectrum Description
\ EN1998-1 CEN Design Vertical vl
General
Definition Type Code Parameters | Tahle
(®) According to Standard: National Annex: B Type of Spectrum ~
Type of Spectrum Design spectn.
ElEN 1998-1:2010 v| ECEN v
| | ‘ | “Type of Spectrum 1
Spectrum direction Vertical spectn
O User-defined [ Earthquake action
i Reference peak ground act | agR 1.000 | [m/s2]
Generate from acceleration: Importance factor T 10
= Design ground 1| agv 0.900 | [m/s%]
B Parameter for description of response spectrum
Ground type C
Soil factor 5 1.150 | [
Lower limit of area with cone | Ta-v 0.050 | [s
Upper limit of area with cons | Ty 0.150 | [s]
Value defining the beginning | To-v 1.000 | [s]
[ Factors
Behavior factar [a [ 1.000 | H
Limit value for horizortal des | B | 0.200|H v
" X P | &
["Sa (mis?]
2.000
1.500
1.000
0.500
z z
0250 0.750 1250 | 13725 Sa: 0180 mis? 759 3250 3750 2350 4750 T

ﬂgure 5.11: Vertical design response spectrum in accordance with EN 1998-1 Section 3.2.2.5 - peak value
S4(T) < 2.5m/s? so that vertical direction can be neglected (see EN 1998-1 Section 4.3.3.5.2)
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Response Spectra Analysis with Equivalent Loads

In the RF-DYNAM Pro - Equivalent Loads module, a multi-modal response spectrum analysis is
performed. Then equivalent loads are exported to RFEM separately for each eigenvalue and exci-
tation direction. The settings are done in the Dynamic Load Cases tab as illustrated in Figure 5.12.

RF-DYMAM Pro Input Data
File Settings Help

General | Mass Cases | Mass Combinations | Natural Vibration Cases | Response Spectra | Dynamic Load Cases

Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve
Ml DLC1 | Equivalent Static Force Analysis 1 Equivalent Static Force Analysis v

General | Equivalent Force Analysis | Mode Shapes

Assign Response Spectrum

Direction Response spectrum: Factor Rotate ax and ay
X3 RS 1 - EN1998-1 CEN Design Horizontal v 1.000 |3 about Z
= o 0.0000 |5 [rad]
= EEIRS1 - EN1998-1 CEM Design Horizontal v 1.000 5
Oz: EBAIRS2 - EN1998-1 CEN Design Vertical %
Seftings To Generate
Consider acddental torsional actions: Load cases with Ex,i /Ev,i /Ez,from all modal
Eccentricity ex 700.000 3| [mm] shapes
Number of first generated load
ey: 250.000 | [mm] case: 4=

Combination of Modal Responses.

Modal response combination rule: (@ sRSS

Result Combination (modal combination)

Number of first generated result
combination:

Ocqc Combination of directional components with:
Preserve Signs (0) Quadratic (SRS5)
[ signed Resuilts using dominant mode (®)100/30 %
() 100/ 40 %
% Mode shape 1 (f:1.201 Hz)
b Mode shape 28 (f:5.280 Hz)
Zy Mode shape 1 (f:1.201Hz)

ﬂgure 5.12: Dynamic Load Cases tab with settings for Equivalent Force Analysis

The horizontal design response spectrum is applied in the X- and Y-directions. The Z-direction
does not need to be taken into account because the vertical spectrum is less than 2.5 m/s2 (see
EN 1998-1 [1] Section 4.3.3.5.2).

The option to Consider accidental torsional actions is selected to account for uncertainties in the
location of mass. This is described in EN 1998-1 [1] Section 4.3.2. The eccentricities to be applied
are calculated with e; = 0.05 - L; where L; is the length of the building.

The equivalent loads are exported to Load cases; the number of the first generated load case is set
to 4.

The combination of modal responses is done with the SRSS rule in this example. It can be used
when the eigenvalues are independent. This is the case when the criteria T; < 0.9 - T; is fulfilled
with TJ- < T, (EN 1998-1 [1] Section 4.3.3.3.2). All adjacent natural periods T, are independent in

this example:
0.718 < 0.9:0.833 =0.750 (5.7)
0.514 < 0.9-0.718 = 0.646 (5.8)

The SRSS rule is applied in form of the equivalent linear combination. The formula of this combina-
tion rule is provided in Section 2.11.3 in Equation 2.24.

The results of different excitation directions are to be combined according to the 700/30 % rule.
The directional combinations are regulated in EN 1998-1 [1] Section 4.3.3.5.1.
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In the Mode Shapes sub-tab, the results of the assigned natural vibration case NVCT are listed. Here
specific eigenvalues can be selected that are to be used for the multi-modal response spectrum
analysis. The response spectrum is shown in the graphic below the table. The corresponding
acceleration values of each eigenvalue are listed in the table and are marked in red in the graphic.
The selection of this example is shown in Figure 5.13.

RF-DYNAM Pro Input Data

File Settings Help
General Mass Cases Mass Combinations Natural Vibration Cases  Response Spectra
Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve
i cict Jcassensercroce s |(EYNT e g
General Equivalent Force Analysis
To Generate Modes
Mode | To Generate Frequency Period Accelerstion Effective Modal Mass Factor [-] ~
No. @ [rad/s] [Hz] Tl 5amss?] fmex [kg] fme lkal fmez lkg]
1 & 7543 120 0.833 2071 0.000 0.893 0.000
2 ) 8756 1.354 0718 2404 0.000 0.035 0.000
3 =] 12220 1.945 0514 2875 0.000 0031 0.000
4 O 15.157 242 0415 2875 0.000 0.000 0.000
5 O 15.157 2412 0415 2875 0.000 0.000 0.000
6 O 15.157 242 0415 2875 0.000 0.000 0.000
7 O 15.356 2444 0409 2875 0.000 0.001 0.000
8 O 16.092 2,561 0.390 2875 0.000 0.005 0.000
9 O 16.766 2668 0375 2875 0.000 0.005 0.000
10 O 17629 2.306 0.356 2875 0.000 0.000 0.000
1 O 17.630 2.806 0.356 2875 0.000 0.000 0.000
12 O 17630 2.306 0.356 2875 0.000 0.000 0.000
13 O 17.808 2814 0.353 2875 0.000 0.000 0.000
14 O 18.522 2548 0339 2875 0.000 0.000 0.000
15 O 18.127 3044 0328 2875 0.000 0.000 0.000
16 O 20.159 3.208 0312 2875 0.000 0.000 0.000
7 O 20.160 3.209 0312 2875 0.000 0.000 0.000
18 O 20.3%0 334 0.299 2875 0.000 0.000 0.000
19 O 22082 3514 0.285 2875 0.000 0.003 0.000
20 O 223984 3658 0273 2875 0.000 0.000 0.000
2 O 22985 3658 0273 2875 0.000 0.000 0.000
s O 23351 3716 0.269 2875 0.000 0.000 0.000
ps] O 25130 4646 0.215 2875 0.000 0.006 0.000
24 O 31.082 45947 0.202 2875 0.000 0.001 0.000
25 O 31291 43580 0201 2875 0.000 0.000 0.000
26 O 31.292 4580 0.201 2875 0.000 0.000 0.000
27 O 2632 5.134 0.193 2796 0.000 0.000 0.000
28 ) 33173 5280 0.189 2763 0817 0.000 0.000 %
[select al Weif i/ EM 0.917 0.959 0.000
Deselect modes with
Metf, i/ EM < Calculate Mode Shapes
| 8a mis] ] ®x
1 ¥
2.500 O
z
207
1.500-
1.000
| os00
| 5 T:4.163 5; Sa: 0.200 m/s? :
ol 0.83 2000 3.000 4000l T:4-183 5; 52: 0.200mis= | goo 8.000 9000 10000 T [s]
]

ﬂgure 5.13: Selection of eigenvalues for multi-modal response spectrum analysis

The Load Cases and Result Combination are exported automatically. Due to the accidental torsion,
two load cases for each eigenvalue and excitation direction are exported — one with positive
torsional moments and one with negative torsional moments. The list of exported Load Cases is
shown in Figure 5.14.

Edit Load Cases and Combinations

Load Cases | Load Combinations | Result Combinations

Existing Load Cases
Self-Weight
Imposed Load, top level

Imposed Load, bottom level

DLC1 - Mode shape 1, direction - Y , torsion -
DLC1 - Mode shape 2, direction - Y, torsion +
DLC1 - Mode shape 2, direction - Y , torsion -
DLC1 - Mode shape 3, direction - Y, torsion +
DLC1 - Mode shape 3, direction - Y, torsion -
DLC1 - Mode shape 28, direction - X , torsion +
DLC1 - Mode shape 28, direction - X , torsion -

ﬂgure 5.14: List of exported Load Cases containing equivalent loads separately for each eigenvalue and
excitation direction — due to accidental torsion two load cases are created for each eigenvalue
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The list of exported Result Combinations is shown in Figure 5.15.

Edit Load Cases and Combinations

Load Cases | Load Combinations | Result Combinations

Existing Result C

1.35G/p + 1.5QIAL + 1.5QiA2
DLC1 - Result Envelope -
RCS DLC1 - Result Envelope -

RCE DLC1 - Result Envelope - 100% X/ 30% ¥

RCT DLC1 - Result Envelope - 30% %/ mn%v|
RCI0  |Final RC -ESF

=

Directional
Combination

ﬂgure 5.15: List of exported Result Combination for modal combination and directional combination

For the modal combination, load cases (LC) resulting from different eigenvalues but from the same
excitation direction are combined with the SRSS rule. The two LCs with positive and negative
torsional moments are grouped together (alternative combination). The combination scheme is
shown in Figure 5.16.

Edit Load Cases and Combinations

Load Cases | Load Combinations | Result Combinations

Existing Result C i RC No. Resultt Combination Description Use
RC1 1.356/p + L5QIAL + 1.5QiAZ 5 w| DLC1-Result Envelope - ¥
RC4 DLC1 - Result Envelope - X

DLC1 - Result Envelope - General | Calculation Parameters General| Calculation Parameters

RCE DLC1 - Result Envelope - 100% X/ 30% Y
RC7 DLC1 - Result Envelope - 30% X/ 100% Y
RC10 Final RC - ESF

Loading in Result Combination RC Options
Description Criterion Group
DLC1 - Mode shape 1, direction - ¥, torsion + | Permanent 1
DLC1 - Mode shape 1. direction - Y . torsion - | Permanent
DLC1 - Mode shape 2. direction - Y, torsion + | Permanent
DLC1 - Mode shape 2. direction - Y, torsion - | Permanent
DLC1 - Mode shape 3, direction - Y, torsion + | Permanent
DLC1 - Mode shape 3, direction - Y, torsion - | Permanent

| Quadratic combination (®)5R55

Ccoc @

Preserve signs of corresponding values

IR -

Extreme value signs:

(®) Positive (max) / negative (min)
(O Positive (max)

() Negative (min)

() According to LC / CO:

ﬂgure 5.16: Modal combination scheme to combine modal response resulting from excitation in Y-direction
More information on the modal combination when accidental torsion is applied can be found in
the Knowledge Base - 001118.

For the directional combination, the 100% / 30% rule is applied in this example. This is simply
achieved with combination factors as shown in Figure 5.17.

Edit Load Cases and Combinations

RC No. Result Combination Description

6 w | | DLC1 - Result Envelope - 100% X/ 30% Y

General | Calculation Parameters

Loading in Result C RC
Factor Mo. Description Criterion Group
1.00 RC4 DLC1 - Result Envelope - X Permanent -
0.30 RCE DLC1 - Result Envelope - Permanent

ﬂgure 5.17: Directional combination scheme to combine results from different excitation directions with
100% / 30% rule

RF-DYNAM Pro exports two RCs in this example because two excitation directions are taken into
account. The RC leading to the most unfavourable results is used for the seismic design situation.
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Base Shear Force
There are several options in RF-DYNAM Pro and RFEM to evaluate the base shear force.
e List of equivalent loads in Tables 5.8 and 5.9

The equivalent loads are listed in the results tables 5.8, 5.9, and 5.10 together with the sum of
the equivalent loads. When Mode Shape 1 is selected, the equivalent loads Fy are listed in Table
5.9. The sum is provided as 141.29 kN as shown in Figure 5.18. Note that the equivalent loads
are listed twice because accidental torsions have been activated. Thus, the loads are given for
the cases Torsion + and Torsion -. The real base shear force for Mode Shape 1 is Fy, = 70.65 kN.

5.9 Equivalent Loads (Y-excitations)

=] 9| € || = 7| DLCI-Equivalent Static Force Analy = @ > | Made Shape 1 f: 1.201 Hz) - QB
B C D I E I F G I H I I I J
Mode shape LC Object Location Equivalert Load
No. Ma. Type XIm] Y [m] Z[m] Fx [kN] F [kN] Fz [kM] Mz [kNm]
1 4 Surface 0.000 1.000 -4.000 0.00 017 0.00 0.12
1 5 Surface 0.000 1.000 -4.000 0.00 017 0.00 012
200 1 4 Surface 1.000 1.000 -4.000 0.00 0.23 0.00 0.16
1 5 Surface 1.000 1.000 -4.000 0.00 0.23 0.00 .16
201 1 4 Surface 1.500 1.000 -4.000 0.00 0.23 0.00 0.16
1 5 Surface 1.500 1.000 -4.000 0.00 0.23 0.00 .16
202 1 4 Surface 2,000 1.000 -4.000 0.00 0.23 0.00 016
1 5 Surface 2,000 1.000 -4.000 0.00 0.23 0.00 016
803 1 4 Surface 2.500 1.000 -4.000 0.00 0.23 0.00 016
1 5 Surface 2.500 1.000 -4.000 0.00 0.23 0.00 016
sum 0.00 141.29 0.00
Equivalent Loads ($-excitations) | Equivalent Loads (Y-axciations) |

ﬂgure 5.18: Sum of equivalent loads > Fy resulting from Mode Shape 1, dominant in Y-direction — note
that the equivalent loads are listed twice for Torsion + and Torsion - cases

The sum of equivalent loads resulting from Mode Shape 28 is listed in Table 5.8 (see Figure 5.19).
Again the equivalent loads are listed twice. The real base shear force is Fy = 96.83 kN.

5.8 Equivalent Loads [X-excitations)
B EEE [ [|9|€ | = |4 | DLC1 -Equivalent Static Force Anah ~ < > | Mode Shape 28 {f: 5.280 Ha) - Q>

B < 1] | E | F G | H | 1 | J
Mode shape Lc Object Location Equivalent Load
No. No Type Xm] Y [m] Z[m] Fx [kN] Fr [kN] Fz [kN] Mz fchm]
28 10 | Suface 0.000 1.000 -4.000 0.16 0.00 0.00 0.04
28 11 | Suface 0.000 1.000 -4.000 0.16 0.00 0.00 0.04
200 28 10 | Suface 1.000 1.000 -4.000 0.23 0.00 0.00 0.06
28 11 | Suface 1.000 1.000 -4.000 0.23 0.00 0.00 0.06
801 28 10 | Suface 1.500 1.000 -4.000 023 0.00 0.00 0.06
23 11 Surface 1.500 1.000 -4.000 023 0.00 0.00 .06
802 23 10 Surface 2.000 1.000 -4.000 023 0.00 0.00 0.06
23 11 Surface 2.000 1.000 -4.000 023 0.00 0.00 .06
803 23 10 Surface 2500 1.000 -4.000 023 0.00 0.00 0.06
23 11 Surface 2500 1.000 -4.000 023 0.00 0.00 .06
sum 193.66 0o 0.00
Equivalent Loads (¥-excitations) lEquwa\ent Loads (Y-excitations) J

ﬂgure 5.19: Sum of equivalent loads 3 Fy resulting from Mode Shape 28, dominant in X-direction

o Information on load cases in Table 4.0

In Table 4.0 Results - Summary, the sums of all loads and the sums of support forces are listed.
For the dominant eigenvalue in Y-direction, which is exported to LC4 and LC5 respectively, the
base shear force is Y F, = 70.65 kN (see Figure 5.20).

4.0 Results - Summary

F @|E| == |‘;§|-E| == J | LC4-DLCT-Modesha ~ | 2
A

Description

Sum of loads in X 0.00 | kN
Sum of support forces in X 0.00 kN
Sum of loads in Y -70.65 kN
Sum of support forces in Y -70.65 | kN

ﬂgure 5.20: Sum of loads Y Fy for LC 4 resulting from Mode Shape 1, dominant in Y-direction

For the dominant eigenvalue in X-direction, which is exported to LC70 and LCT7 respectively,
the base shear forceis > Fy, = 96.83 kN (see Figure 5.21).
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4.0 Results - Summary

Z2EEEE=E H|€ || =[] 1c10-DLCT -Modesh ~ | @

A
Description

- DLC1 - Mode shape
Sum of loads in X -96.83 |kN
Sum of support forces in X -96.83 | kN
Sum of loads in Y 0.01 |kN
Sum of support forces in Y 0.01 |kN

ﬁgure 5.21: Sum of loads >_ Fy for LC 10 resulting from Mode Shape 28, dominant in X-direction

o Evaluation with Result Beam

A result beam can be placed anywhere in the model as a virtual member. It integrates the
results over the objects that you define. For further details, see Chapter 4.17 of the RFEM
manual and the Knowledge Base - 000704. The result beam is very useful to evaluate the base
shear forces separately for each storey of the building. In this example, the result beam is

placed outside the structural system. It includes all objects as shown in Figure 5.22.

A Sufaces
Solids

Members:

Hember Type

/

Include Objects

No

Al

Al

Al

e

ﬂgure 5.22: Structural system with result beam placed outside of model, including all objects

In LC4, the shear forces V, in the result beam provide the base shear forces resulting from Mode
shape 1 in Y-direction. In LC10, the shear forces V, in the result beam provide the base shear
forces resulting from Mode shape 28 in X-direction. Both are displayed in Figure 5.23 and the

results are summarised in Table 5.1.

Internal Forces Y-y [kMN] Internal Forces Y-z [kM]
LiZ4 : DLCT - Mode shape 1, direction - ¥, torsion + L0 DLET - hiode shape 28, direction - X | torsion +
-R0.34
3376
-95.36
-58.44 ¢
-56.83
-70.65
Mz ¥y -39.76, Min W-y: -TOES kM Ms -7 -B0.84, Min v-z: -96 83 kN

ﬂgure 5.23: Base shear forces of result beam for LC4 (V, resulting from mode shape 1 in Y-direction) and

LC10 (V, resulting from mode shape 28 in X-direction)
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The base shear forces of the result combinations (RC) can also be evaluated, which gives the
base shear forces of the combined results. RC5 contains the results of the SRSS rule in the
Y-direction, RC4 the combined results in the X-direction.

The shear forces in the result beam are shown in Figure 5.24.

Internal Forces -y [kN] Internal Forces Y-z [kM]
RCS: DLCT - Result Envelope - % RC4: DLCT - Result Envelope - X
986 -60.84
~39.86 6054
42,35 ] gas 5. 64.73
e .
_E9.59 95.36
70.80 9683
70,80 .83
Mazx Wy 7080, Min Wy <7080 kN Mare W-z: 96.83, Min Y-z -96.53 kN

ﬁgure 5.24: Base shear forces showing combined dynamic results of result beam for RC5 (Vy in Y-direction)
and RC4 (V, in X-direction)

The base shear forces of the single storeys are listed in Table 5.1.

LevelZ=—-8m LevelZ=—4m >F
LC4: Mode Shape 1 - Y-Direction 39.76 kN 30.89 kN 70.65 kN
LC10: Mode Shape 28 - X-Direction 60.84 kN 35.99 kN 96.83 kN
RC5: SRSS - Y-Direction 39.86 kN 30.94 kN 70.80 kN
RC4: SRSS - X-Direction 60.84 kN 35.99 kN 96.83 kN

./
ﬂable 5.1: Base shear forces of single storeys resulting from dominant eigenvalues and modal combination
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Storey Drift

Maximal displacements can be used to evaluate the inter-storey drift. In accordance with EN
1998-1 [1] Section 4.4.2.2, the influence of the second-order effects (P-A effect) can be neglected
when the inter-storey drift sensitivity coefficient § is small enough. It is defined as follows:

Pror - d,
0= Vo h <0.1 (5.9)
where
0 : Inter-storey drift sensitivity coefficient
Pt © Total gravity load at and above the storey considered
d, : Design inter-storey drift, i.e. difference of the lateral displacements d, at the top

and bottom of the storey under consideration
Vot © Total seismic storey shear
h : Inter-storey height

To evaluate the total gravity load at and above the storey considered, the masses on each FE-node
need to be analysed.

The masses on each FE-node together with the coordinates of those FE-nodes are listed in Table 5.6.
That table can be exported to Excel and filter options can be used to summarise the masses for
each storey. For the roof level Z = —8 m, the mass m;__g ., = 19,588.21 kg has to be considered.
The mass at level Z = —4 m consists of the bottom storey, which is mygom = 17,927.17 kg,
and the mass at the roof level. Altogether the mass to be considered at the level Z = —4 m is
my__, m = 37,515.38 kg. For the level Z = 0 m, the sum of masses is m,_, ,, = 813.32 kg; those
are not considered as this is the level of support.

The storey shear forces were discussed in the last paragraph. The loads are summarised in Table 5.1.
The height of the storeysish = 4 m.

The global deformations uy in RC5 (earthquake in Y-direction) are illustrated in Figure 5.25.

Wisibility mode
Global Deformations u-Y [mm]
RCS: DLCT - Result Envelope - Y

Max u-Y: 514, Min u-Y: 0.0 mm

4.5 Members - Global Deformations

B EBEE =R | 9€ | B res-pict-Resuten » | 4 > | | L E | ]| =

B C D | E | F G [ H | 1
Member Mode Location Displacements [mm] Rotations [mrad]
Ne. No. xm] ux uy uz % oy 9z
2.000 Max uy 514
2.000 Win uy 514
M 2.000 Max uy 360
2.000 Min uy -36.0
Results - Summary | Nodes - Suppart Forces | Nodes - D 15 | Members - Local D s | Members - Global D 13 | Members - Inter

ﬁgure 5.25: Global deformations uy resulting from earthquake excitation in Y-direction (RC5)
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The design inter-storey drift for the top level is d, ;,, = 51.4 — 36.0 = 15.4 mm. For the bottom
level, d, porom = 36.0 mm. The inter-storey drift sensitivity coefficient for the top level can be
calculated with
0 — 19,588.21/100 - 15.4/1,000
o 39.86 - 4
and for the bottom level with
37,515.38/100 - 36.0/1,000

ebottom = 30.94 -4 =0.11. (5.11)

The limit of 0.1 is exceeded in the bottom level.

=0.02 (5.10)

The global deformations uy in RC4 (earthquake in X-direction) are illustrated in Figure 5.26.

“izihility mode
Global Deformations u-X [mm]
RC4: DLCT - Result Envelope - ¥

Mz u-H: 3.2, Min u-x: 0.0 mm

4.2 Nodes - Deformations

EEEEE =596 =[] rea-pict-Resutin = | @ > | ] 2 E

[A (e Cc [ 0D E | _F I G |
Node Displacements [mm] Reotations [mrad]
Na. ux uy uz X oY 9z
Max 32 08 0.0 0.0 0.0 0.1
Min 32 0.8 0.0 0.0 0.0 01
5 Max 18 0.6 0.0 0.0 01 01
Min -1.8 06 0.0 0.0 0.1 01
Results - Summary | Nodes - Support Forces | Nodes - Def ions | Members - Local Def ions | Members - Glc

ﬁgure 5.26: Global deformations uy resulting from earthquake excitation in X-direction (RC4)

The design inter-storey drift for the top levelis d, ;,, = 3.2 — 1.8 = 1.4 mm. For the bottom level,

d\ pottom = 1.8 mm. The inter-storey drift sensitivity coefficient for the top level can be calculated

with
~19,588.21/100 - 1.4/1,000
top ™ 60.84 -4

and for the bottom level with

37,515.38/100 - 1.8/1,000 _
Boortom = 3/5.99 4 [LO%0 469 102, (5.13)

In the X-direction of the building, the limit of 0.1 is not exceeded.

0 =1.13x 1073 (5.12)

In this example the inter-storey drift sensitivity coefficient § according to Equation 5.9 in the
bottom level in Y-direction is slightly exceeded. In accordance with EN 1998-1 [1] Section 4.4.2.2 (3),
second-order effects can be approximately taken into account by multiplying the seismic action
effects with a factor of 1/(1 — 6), provided that the sensitivity coefficient 6 is smaller than 0.2.
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Second-Order Effects

e Approximate consideration of P-A effects with factor 1/(1 - 0)

Toincrease results in order to approximately consider P-A effects, Factor 1/(1—0.11) = 1.124
is used in the dynamic load case DLC2 as shown in Figure 5.27. Only the Y-direction is increased
by this factor.

RF-DYNAM Pro Input Data

File Settings Help

General Mass Cases  Mass Combinations Matural Vibration Cases Response Spectra | Dynamic Load Cases

Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve

DLC1 Equivalent Static Force Analysis ‘ 2 | | ESF - Factor for P-Delta effect v ‘
M DLC? |ESF -Factor for P-Delts effect

General | Equivalent Force Analysis | Mode Shapes

Assign Response Spectrum

Direction Response spectrum: Factor Rotate ax and ay

X: [EEIRS1 - EN1995-1 CEN Design RS - Horizontal v [ vom s about 2 _

1z [EBIRs 1 -EN1995-1 CE Design RS - Horizontal ~| || 1124 & | " @ =] [rad]
Oz: EEIRS2 - EN1998-1 CEN Design RS - Vertical :

ﬂgure 5.27: Factor 1/(1 — 6) to approximately consider P-A effects

o Geometric stiffness matrix to consider P-A effects

When you have larger storey drifts and need to consider the P-A effects in a more exact manner,
you can activate the influence of axial forces in RF-DYNAM Pro. This takes the geometric
stiffness matrix into account. Frequencies and equivalent loads will then be calculated with a
modified stiffness matrix. The influence of axial forces can be activated in the Natural Vibration
Cases tab as shown in Figure 5.28.

RF-DYNAM Pro Input Data

File Settings Help

General Mass Cases  Mass Combinations | Matural Vibration Cases | Response Spectra Dynamic Load Cases

Existing Natural Vibration Cases NVC No. Natural Vibration Case Description To Solve

IWCl No Shftues Mocificanon ‘ 2 | | Consideration of Geometric Stiffness Matrix V ‘
MNVC2 Consideration of Geometric Stiffness |
General | Calculation Parameters

Acting Masses Internal Divisions

(O Mass case: Edit FE mesh settings =]

IEMMC 1 - Self-Weight
Stiffness Modifications

(®) Mass combination: () No stiffness modification
[ Mol -seff weight + Imposed Loads | (O Global stiffness modification from RFEM
(®) Import axial forces, failing members, surfaces and supports,

In direction About axis stiffness modifications, extra options and deactivations from:
X X

(O Load case:
v ¥

IEMLC 1 - Self-Weight
Oz z <

(®) Load combination:
Type of Mass Matrix ‘

CO2 - Desig Situation Earthquake {without Equivalent ~

(®) Diagonal matrix (translational DOFs)

() Diagonal matrix (translational and torsional DOFs)
() Diagonal matrix (translational and rotational DOFs)
O Consistent matrix

() Unit matrix

Edit Load Cases and Combinations

CO No. Load Combination Description
2 ‘ ~ | | Desig Situation Earthquake (without Equivalent Loads)
Load Cases in Load C ion CO2
100 MEE LY Self-Weight
030 Lc2 Imposed Loads, Top Level

0.30 Lc3 Imposed Loads, Bottom Level

ﬂgure 5.28: Consideration of axial forces in natural vibration case to consider geometric stiffness matrix
with axial forces taken from CO2

Load combination CO2 combines the load cases with self-weight and imposed loads in accor-
dance with the Design Situation Earthquake. The combination factors ¥, are in accordance
with EN 1990 [4] Table A.1.1. This CO2 is used for the modification of the stiffness matrix, as
this is the design combination which is relevant in an event of an earthquake.
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The settings of the natural vibration case (NVC) influence the natural frequencies of the system.
The NVC has to be assigned to the dynamic load case (DLC) so that the modified frequencies
are used for the calculation of equivalent loads. The settings of DLC3 are shown in Figure 5.29.

RF-DYNAM Pro Input Data

File Settings Help

General Mass Cases Mass Combinations Natural Vibration Cases Response Spectra | Dynamic Load Cases

Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve
DLC1 | Equivalent Static Force Analysis I 3] [ EsF - Consideration of Geometric Stiffess Matrix ]
DLC2 ESF - Factor for P-Delta effect
I DLC3 ESF - Consideration of Geometric Stifl Equivalent Force Analysis Mode Shapes
Method Type Assign Natural Vibration
(@ Equivalent static force analysis Natural vibration case:
(respanse spectrum required) NYC?2 - Consideration of Geometric Stiffness Matrix v
General Equivalent Force Analysis | Mode Shapes
To Generate Modes
Mode | To Generate Frequency Period Accelerstion Effective Modal Mass Factor [-] ~
Mo. @ [rad/s] [Hz] Tl 5a[mss?] fmex [kg] fme k] fmez lkg]
1 ] 7.396 1177 0.850 2031 0.000 0.887 0.000
2 i) 8637 1.375 0727 2371 0.000 0.042 0.000
3 ) 12131 1931 0.518 2875 0.000 0.031 0.000
28 ) 33.148 5276 0.150 2.765 0517 0.000 0.000 »
[selectall Meff, i/ TM - 0.517 | 0.60 | 0.000
Deselect modes with
Meff, if W < 0.030 |& Calculate Mode Shapes
| Sa fmis2] ] @x
] i Or
2.500 O
H z
203
1.500
1.000
0.500
= H
085 2,000 3000 aooplT:483s; Sa: 0200 mis? [gpg 8.000 9000 10000 T [s]

ﬁgure 5.29: Modified stiffness matrix assigned to DLC - the frequencies are slightly changed, as well as the
corresponding acceleration values S, read from the response spectrum (cf Figure 5.13)

The equivalent loads are calculated with those modified frequencies and are then exported to
the main program RFEM. The stiffness modifications are not automatically applied in the load
cases. You need to consider the modified stiffness matrix also to calculate your final results like
deformations and internal forces. The settings as shown in Figure 5.30 have to set manually.
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s and Combinations

Load Cases  Load Combinations Reslt Combinations

Existing Load Cases
EELC1 Self-Weight
Lcz Imposed Loads, Top Level
Lc3 Imposed Loads, Bottom Level
| AE JNec) DLC1 - Mode shape 1, direction - Y , to
LCS DLC1 - Mode shape 1, direction - Y, to
AE JRe DLC1 - Mode shape 2, direction - Y, to
LC7 DLC1 - Mode shape 2, direction - Y, to
ESALcs DLC1 - Mode shape 3, direction - Y , to
LCs DLC1 - Mode shape 3, dirsction - ¥, tor
LC10 DLC1 - Mode shape 28, direction - X , t
ESLc1 DLC1 - Mode shape 28, direction - X, t
Lc1z DLC2 - Mode shape 1, direction - Y , to
3L Cc13 DLC2 - Mode shape 1, direction - Y, to
LC14 DLC2 - Mode shape 2, direction - Y, to
ESLC1s DLC2 - Mode shape 2, direction - Y, to
LC16 DLC2 - Mode shape 3, dirsction - ¥, tor
LC17 | DLC2 - Mode shape 3, direction - ¥ , to
ES L1 DLC2 - Mode shape 28, direction - X , t
DLC2 - Mode shape 28, direction - X, t
DLC3 - Mode shape 1, direction - Y , tof
DLC3 - Mode shape 1, direction - Y, tof
DLC3 - Mode shape 2, direction - Y, tof
DLC3 - Mode shape 2, direction - Y, tof

DLC3 - Mode shape 3, direction - Y, tof
DLC3 - Mode shape 3, direction - Y , tof
DLC3 - Mode shape 28, direction - X , 1]
DLE3 - Mode shape 28, direction - X , 4

< >

== R BRG] X

LC No. Load Case Description

General | Calculation Parameters | Extra Options

Method of Analysis
() Geometrically linear analysis
I@ Second-order analysis (P-Delta P-delta}l
(O Large deformation analysis
() Postrritical analysis

Method for Solving System of
Menlinear algebraic equations:
Mewton-Raphson
MNewton-Raphson combined with Picard
(®) Picard
Mewton-Raphson with constant stiffness matrix

Modified Newton-Raphson

General  Calculation Parameters | Extra Options

Initial Strain from Other LC/CO
O Activate

Load case:

Load combination:

Options.
(] Modify loading by factor: NS
Divide results by loading factor

Activate stiffness factors of:

[IMaterials (partial factor M)

[ cross-sections (factor for 3, Iy, Iz, A, Ay, Az)
[CImembers (Definition Type)

[surfaces (Definition Type)

Activate special settings in tab:

[[Modify stiffness

Extra options

[JDeactivate

Stiffness from Module RF-CONCRETE

... due to reinforcement and crack

D?ﬂod\ﬁ« stiffness of membersfsurfaces used in the |
dd-on module RE-CONCRETE

Case of module RF-CONCRETE Members:

Case of module RF-CONCRETE Surfaces:

Multiply all with Fackor:

Individually... =

Initial Deformation from Module RF-IMP

[ Activate generated imperfections from add-on
module RF-IMP

Stiffness Modification

Activate
Import axial forces to modify the stiffness from:
O Load case:

® Load combination:

Case of module RF-IMP;

To use this option an RF-IMP case musk exist,

| 02 - Desig Situation Earthquake (without Equivale ~ |

ﬂgure 5.30: Stiffness modification of load cases exported from DLC3 - the geometric stiffness matrix has to
be taken into account for the calculation of those load cases

Result Combination for Design Situation Earthquake

The two result combinations exported from RF-DYNAM Pro (RC6: 100% X, 30% Y and RC7: 30% X,
100% Y) are combined with OR. The disadvantageous RC is used as Ag, in the design combination
for earthquake. This is defined in EN 1990 [4] Section 6.4.3.4, Equation (6.12).

Ed — Z Gk,j wprpugr AEd “p” Z !IIZ,iOk,i

j>1

(5.14)

The combination factors ¥, are listed in EN1990 [21] Table A.1.1. Note that those combination
factors have already been used in the mass combinations (MCO).

The combination for the seismic design situation has to be defined manually in RFEM. This can be
done using load cases (LC) or the priorly defined load combination CO2. Both options are shown

in Figure 5.31.

RC No. Result Combination Description

10 \

| [Desiq Situation Earthquake (with LCs)

General | Calculation Parameters

RC No. Result Combination Description

11 \

| [ Desia Situation Earthquske (with CO)

Loading in Result C RC10
Factor Description Criterion Group | General | Caladation Parameters
1.00 HEH LC1 Self-Weight Pemanent - Loading in Result C RCM
030 Imposed Loads, To | Variable - Factor No. Description Citerion | Group
030 Imposed Loads, Bo | Variable - 1.00 coz Desig Situation Ear | Permanent -
1.00 DLC1 - Result Env | Variable 1 1.00 RCE DLC1 - Result Env | Variable 1
1.00 DLC1 - Result Env | Variable 1 1.00 RC7 DLC1 - Result Env | Variable 1

a) Combination with LCs b) Combination with CO2
ﬁgure 5.31: Seismic design situation in accordance with EN 1990: a) combination with load cases and b)
combination with load combination CO2 defined earlier using the same combination factors &,
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The use of a load combination (CO) is recommended when nonlinearities exist in the model, or
when second-order effects have to be considered.

The resulting moment My and the support forces on selected members of the structure are illus-
trated in Figure 5.32.

Visibility mode
Internal Forces hi-y [kim]

Support Reactions [kN]

RCAD: Desiy Situation Earthyuake (with LCs)

=27

-33.26

A1)

6255 |

LECR

o780

Meit M-y 56 50, Min M-y -52.55 kiim
Maix P 011, Min P-x" 079 kN
Mt P 1572, Min Py =14 21 kN
Mazx P-Z" 97,80, Min P-Z: 14.58 kN

ﬂgure 5.32: Results of RC70 for seismic design situation showing moments My and support forces on
selected members

The internal forces are listed in Table 4.6 as shown in Figure 5.33 for member 6.

4.6 Members - Internal Forces

E=E= = (|9€| = RC10-Desig Situation ~ | @ > | 7 | £ ||E| =
B C D [ E [ F G [ H [ I
Member MNode Location Forces [kN] Moments [kMm]
No. No. x[m] N Vy Vz Mt My Mz
6 5 4.000 min N 9578 .54 -15.49 0.09 6245 232 |LC147.811
max Vy -19.35 -0.06 1273 £.10 51.42 007 |LC1.2569.10
min Vv -38.99 -0.63 -1424 0.10 -57.47 267 |LC1.3569.10
max Vz -17.42 0.1 14.00 0.09 56.50 1.00|LC1.24.7.8.10
| min Vz -50.92 047 1551 0.09 62.55 174[LC1,3.47.8.10
max M1 -51.61 054 -14.21 0.10 -h7.34 203 (LC1-356911
min Mt -16.73 0.14 1270 -0.10 51.29 0.71|LC 156911
max My, -17.42 0.1 14.00 0.09 56.50 1.00|LC1.24.7.8.10
min M-y -50.92 0.47 -15.51 0.09 -62.55 1.74|LC 1347810
max Mz -65.70 .58 462 0.06 -18.63 283|LC13565910
min Mz 4264 £.11 31 0.06 12.58 -0.09|LC1.256510
Results - Summary | Nodes - Support Forces | Nodes - Deformations | Members - Local Deformations | Members - Global Deformations | Members - Intemal Forces | Members

ﬂgure 5.33: Table 4.6 Member - Internal Forces showing results of RC710 for seismic design situation for
member 6 at node 5

The modal combination rule was applied in form of the equivalent linear combination. The effect
of this can be seen on the corresponding internal forces — they are smaller compared to the
maximum values (displayed bold on the main diagonal) and have varying signs.

The second-order effects were taken into account (1) by an approximate method with the factor
1/(1 — 6) (DLC2 in RF-DYNAM Pro) and (2) by a more exact method with the consideration of the
geometric stiffness matrix (DLC3). For both methods, the final seismic design combination was
built as described above. Figure 5.34 shows a comparison of those internal forces.
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Wigikility moce
Interrsl Forces -y [kkm]
Support Reactions [kM]

RC20: Desig Situation Earthguake (with LCs), Approximate P-Delta

AR

Mz M-w: 5381, Min M-y: 6355 kNm
hax P-X' 0.12, Min P-X" -0.50 kM
Nz P-* 17 56, Min P-Y* <1604 kM
hzx P-I' 102.40, Min P-I': 3.97 kn

2348 |

0.80

02.40

isihility mode
Internal Forces -y [kMm]

Support Reactions [kN]

RC30: Desiy Situation Earthouake, P-Delt

6415 |

Maix Wl-y: 5T 67, Min M-y -64.13 kNm
Mgz P-' 002, Min P-X% -0.75 kbl
Ma: P-Y" 1582, Min P-Y" 14 30 kN
Max P-I' 98.28, Min P-Z" 21.61 kb

a

2689 |

98.28

-10.76

ﬁgure 5.34: Results of seismic design situations considering P-A effect by a factor (RC20) and by the geo-
metric stiffness matrix (RC30) showing moments My and support forces on selected members

The approximate method using the factor 1/(1 — ) leads to results on the safe side.

With those result combinations for the seismic design situation, the design of the single construc-
tion elements can be performed, for example with the add-on modules RF-STEEL, RF-STEEL EC3,

or RF-CONCRETE.
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5.2 Machine-Induced Vibrations

In the second example, the dynamic excitation of two rotating machines is analysed by a linear
time history analysis in the add-on module RF-DYNAM Pro - Forced Vibrations.

The steel framework that supports the two machines is excited in resonance first, which means
that the frequency of the structure is the same as the frequency of the excitation. Resulting from
resonance, the systems experiences unacceptable large deformations and accelerations. Changing
the cross-sections and thus modifiying the natural frequency of the structure is compulsory.

5.2.1 Structural System, Machines, and Load Cases in RFEM

Figure 5.35 shows the structural system and the applied materials and cross-sections.

Cross-Sections

I i: HEA 220; Steel 5 235
2: IPE 180; Steel 5 235

I 3: HEA 100; Steel S 235

4.000 m

4,000 m

T Saw g

g o im]

ﬂgure 5.35: Structural system with coloured cross-sections and materials and openings where machines
are located

In the openings in the lower and upper levels, two machines are located. The machines themselves
are not modelled - they are represented by their dead loads and the centrifugal forces that they
produce.

The self-weight of the steel frame in the +Z-direction and an additional surface load of 0.5 kN/m?
are defined in LCT. This load case will be imported as mass in RF-DYNAM Pro.

Each of the machines has a self-weight of m = 1.84 t. This dead load acts as line loads on the
adjacent members. It is defined in LC2 as illustrated in Figure 5.36.
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LiC2 : Self-wWeight Machines
Loacds [kMim)

”
-

ﬂgure 5.36: Self-weight of machines, defined as line loads on members around openings

= 19 mm.
This movement is illustrated in Figure 5.37. The centrifugal force F, acts perpendicularly to the
rotational movement.

The mass of the rotor my = 0.5 t rotates with 310 rpm with an eccentricity of e =

A
Fr
ma Rotation of m=
Froyo
»
ma
A Ep

ﬂgure 5.37: Rotation of rotor mass mg within machine and resulting centrifugal force F,

The excitation frequency of the machine can be calculated with:

w, =27m-310/60s = 32.463 rad/s (5.15)
We will define time diagrams later in RF-DYNAM Pro when the excitation frequency w, is entered.
The value of the centrifugal force is defined with:

F,=w?-e-mg=10.01kN (5.16)
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The modelling in RFEM is simplified by defining only the horizontal and vertical centrifugal forces,
which is of sufficient accuracy. The horizontal component is delayed in time and defined with a
phase shift in the periodical time diagram. This will be considered when the time diagrams are
created in RF-DYNAM Pro.

Again, the centrifugal forces are defined as line loads along the openings. The vertical and hori-
zontal components are arranged in separate load cases. The loads in LC3 and LC4 determine the
size and the position of the time-invariant excitations. Those load cases are shown in Figure 5.38.

LC3 - Centrifugal Force, vertical

LC4.: Centrifugsl Force, horizontsl
Loacs [knin]

Loads [aiiim]

ﬂgure 5.38: Centrifugal forces F, defined as vertical and horizontal line loads along openings in two load
cases

5.2.2 Module RF-DYNAM Pro

In the General tab, the Response spectrum analysis and the Time Diagrams are activated of the
RF-DYNAM Pro - Forced Vibrations module (see Figure 5.39).

RF-DYMNAM Pro Input Data

File Settings Help

Mass Cases Mass Combinations Matural Vibration Cases  Time Diagrams  Dynamic Load Cases
To Activate
Options: Required add-on module:
Matural vibrations RF-DYMAM Pro - Natural Vibrations
Mass combinations

Response spectrum analysis | RF-D'YMAM Pro - Forced Vibrations
Linear time history analysis

[Jresponse spectra
[ Accelerations
Time diagrams

[OnMonlinear time history analysis RF-DYMAM Pro - Monlinear Time History (Beta)
Accelerations
Time diagrams

[]Respanse spectrum analysis with RF-DYMAM Pro - Equivalent Loads
generation of equivalent loads

ﬂgure 5.39: General tab of RF-DYNAM Pro with Forced Vibrations module and Time Diagrams selected
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Definition of Masses

In this example, only the self-weight of the steel frame and of the machines are of relevance. Thus,
the two relevant load cases LCT and LC2 are imported as masses into RF-DYNAM Pro. Two mass
cases are defined: MCT is shown in Figure 5.40, MC2 is defined analogously by importing LC2.

RF-DYNAM Pro Input Data bd

File Settings Help

General Mass Combinations Natural Vibration Cases  Time Diagrams Dynamic Load Cases

Existing Mass Cases MC No. Mass Case Description
G _|MCE Self-Weight Structure ‘ il | Self-Weight Structure v
| G _Jllek] Self-Weight Engines

General

Mass Case Type Sum of Masses

‘ﬂPermanent ~|| Self-weight: [kal

Components of LC/CO: [ka]

Additional masses at

Masses

[] From self-weight of structure

From force components of: Hades: [ka]
(®) Load case: Lings: [ka]
[mEmLC1 - selfweight (53— el
() Load combination: Surfaces: [ka]

- -
Manually define additional masses at:
Center of total mass
[Inodes
ot 1, 7 -
[Lines
[ Members

Surfaces

ﬁgure 5.40: Mass case MCT with self-weight imported from LCT (option From self-weight of structure cleared
as self-weight has been considered in LCT)

The two mass cases of self-weight are combined in mass combination MCO1 using factors of 1.0.
This is shown in Figure 5.41.

RF-DYNAM Pro Input Data

File Settings Help

General Mass Cases | Mass Combinations  Natural Vibration Cases  Time Diagrams  Dynamic Load Cases

Existing Mass Combinations MCO No. Mass Combination Description
I 1] Self-Weight -
General
Existing Mass Cases Mass Cases in Mass C

1.00 IGRENIC] ¥ Seff-Weight Structurs
1.00 MEM MC2 Sef-Weight Engines

ﬁgure 5.41: Mass combination MCO1 with combined masses

Natural Vibration Analysis

A time history analysis with the linear implicit Newmark solver does not require any eigenvalues
or mode shapes - the analysis is done via a time step integration scheme. Important for the
accuracy of the solution is the choice of the time step (see next section). Nevertheless, the natural
frequencies are important to understand the behaviour of the structural system. They should be
analysed, therefore, so that possible cases of resonance become clear.

In the natural vibration analysis, a diagonal mass matrix is considered with the masses acting in
the three translational direction X, Y, and Z. The rotational degrees of freedom are taken into
account as well.

The settings of the natural vibration case NVCT are illustrated in Figure 5.42. There are 10 eigenval-
ues to be calculated.
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File Settings Help

General Mass Cases Mass Combinations | Matural Vibration Cases | Time Disgrams  Dynamic Load Cases

Existing Natural Vibration Cases NVC No. Natural Vibration Case Description To Solve

I NVC1 | Diagonal Matrix ‘ Disgonal Matrix = ‘
WC2 | Consistent Matrix
Calulation Parameters General [ Calculation Parameters

Setings Acting Masses Internal Divisions
Number of lowest eigenvalues to - (OMass case Edit FE mesh settings =
calaate: =

EIMC 1 - Self-Weight Structure
Stiffness Modifications
[ search for eigenvalues greater N (e
than: 2 (® Mass combination: @ No stiffness modification

Scaling of Mode Sh [ meos-sefweight ] ) Global stiffress modification from RFEM
caing of Mode Shapes

(O Import axial forces, faling members, surfaces and supports,

@ lujl = Vius? +uy? +ud) = 1 In direction About axis stiffress modifications, exira options and deactivations from:
OMax {ux uy,uzk = 1 Bx (%23

OMax {ux, Uy, Uz 9x 9y 92 = 1 (=0 Ay food coses

O TMfg=1 =z =L I LC1 - Seff-eight

Load combination:
Type of Mass Matrix
() Diaganal matrix (translational DOFs)
O biagonal matri (transiational and torsional DOFs)
(@ Diagonal matrix (translational and rotational DOFs)
(O Consistent matrix
O unit matrix

Method for Solving Eigenvalue Problem
(ORoot of the characteristic polynomial
@ Lanczos

(O Subspace iteration

OICG iteration

Comment

S]] S

ﬂgure 5.42: Natural vibration case NVCT employing a diagonal mass matrix and with masses acting in all
directions and about all axes

The relevant mode shape 6 in the X-direction with a natural frequency of f = 5.192 Hz is illustrated

Figure 5.43. The other eigenvalues are also listed together with the effective modal mass factors.

The dominant eigenvalues are highlighted.

Hatural vibration u [-]
RF-DVNAM Pro, NVC 1
Mode shepe Mo, 6 - 5192 Hz

Max u 1.00000, Min u 0.00000 - Ay

5.1 Natural Frequencies

B [ = || 58 =3 || H|E || B8 (]| nvci - piagonal Matrix ~ 9 > | ModeShape 1(f:1.213 Hz) Q> | R P A
B C D H I [ J
Mode Eigenvalue Anguiar Frequency | Natural frequency Natural perod Effective Modal Mass Factor
Ne. * © [rad/s] flHz] Tl Fmex F fmey F fmez [1
1 58.108 7623 1213 0824 0000 0718 0000
2 80411 8967 1.427 0701 0.000 0.027 0.000
3 139.345 11.804 1.879 0532 0000 0011 0.000
ﬁ 211.851 14555 2317 0432 0.000 0057 0.000
5 269,686 16.422 2614 0383 0000 0171 0.000
3 1064.367 32625 5192 0.193 0.729 0.000 0008
7 1074.89 32786 5218 0192 0000 0.000 0000
g 1122.936 33510 5333 0.188 0001 0.000 0015
E] 1137.065 33720 5367 0.186 0015 0.000 0365
10 1208.129 34758 5532 0.181 0000 0.000 0000
Sum 0745 0584 0389
Natural Frequencies [Mode Shapes by Node | Mode Shapes by Member | Mode Shapes by Mesh Node | Masses in Mesh Points | Effective Modal Mass Factors

ﬁgure 5.43: Relevant mode shape 6 in X-direction illustrated in work window and all calculated eigenvalues
tabulated with effective modal mass factors
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With its frequency of f = 5.192 Hz, the illustrated mode shape 6 is very close to the excitation
frequency of the machines which is f, = 5.167 Hz.

For time history analyses, the use of the consistent mass matrix is recommended in general. The
consistent matrix distributes the masses more equally over the members, which results in more
local mode shapes to be identified. In this example, however, a diagonal mass matrix is sufficient.

Time Diagrams

The centrifugal forces as defined in LC3 and LC4 shall act over time as harmonic excitations. There-
fore, the definition of time diagrams is required in RF-DYNAM Pro. The excitation frequency is
w = 32.463 rad/s (see Equation 5.15). For the vertical component, no phase shift is defined in
the periodic time diagram. The horizontal component has to be shifted to express the time delay,
however. This is done with a phase shift of ¢ = 7/2. The factor kis set to 1 because the magnitude
of the load was defined in load cases LC3 and LC4.

The definition of the time diagrams is shown in Figure 5.44 and Figure 5.45.

RF-DYNAM Pro Input Data bd

File Settings Help
General Mass Cases  Mass Combinations  Natural Vibration Cases : Dynamic Load Cases
Existing Time Diagrams TOD No. Time Diagram Description
=== TD1 Periodic Load for the Vertical Compan ‘ 1 | Periodic Load for the Vertical Component v
fet TD2 Periodic Load for the Horizontal Comp
General
Type Time Function
. Angular Frequency Shift Muttiplier
OTransient Mo. @ frad/s] olrad] kH
® Periodic 1 32.4630 0.0000 1.000
() Function 2
Kb=
Step size: = [s1
Max b | 51
K Ol 5] |=
wa
0.750
0.500
0.250
2‘2!0 0.010 0.030 0.050 0.070 0.0%0 0.110 0.130 150 0.170 t[s]
-0.500
-0.750
A +
A0

ﬂgure 5.44: Definition of periodic time diagram for vertical component of centrifugal force

RF-DYNAM Pro Input Data

File Settings Help
General Mass Cases Mass Combinations  Matural Vibration Cases : Dynamic Load Cases
Existing Time Diagrams TD No. Time Diagram Description
foet TD1 Periodic Load for the Vertical Compon \ ] | Periodic Load for the Horizontal Compenent v
== 02 Periodic Load for the Horizontal Comp
General
Type Time Function
Angular Freguency Shift Multiplier
(O Transient No o [od/s] ofad] kH
® Periodic 1 324630 1.5708 1.000
() Function 2
kit)y=
Step size; = N
Max b | 51
=
0.750
0.500
0.250
0.
0.250 0.010 0.030 0. 0.010 0.090 0.110 0.130 0.150 0170 0.190 t[s]
=0.500
-0.750
-1, -
4250

ﬂgure 5.45: Definition of periodic time diagram for horizontal component of centrifugal force
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Time History Analysis

In the dynamic load case DLCT, the load cases LC3 and LC4 of RFEM are connected to the time
diagrams TD7 and TD2 that have been defined in RF-DYNAM Pro. The linear implicit Newmark
solver is chosen as the solving algorithm.

In the Time History Analysis tab, the time steps, the maximum time for calculation, and the export
options are defined as shown in Figure 5.46.

RF-DYNAM Pro Input Data

File Settings Help

General Mass Cases Mass Combinations Natural Vibration Cases  Time Diagrams | Dynamic Load Cases

Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve
Bl CLC1  Machine Induced Vibrations ‘ 1 | | Machine Induced Vibrations — ‘

General | Time History Analysis | Calculation Parameters  Damping

Loading - Time Diagram Sets.

No. Load Case Muttiplier Time diagram Muttiplier
LC3 | Machine vertical 1000 |F= TD1 | Periodic Load for the Veri 1.000
LC4 | Machine horizontal 1000 |l TD2| Periodic Load for the Hoz | 1.000

Time Steps and Maximum Time: To Generate
Saved Time Steps At: [5] [ Generate load cases
Maximum Time tmax : 15.000 | 5] Select time steps. .. =
Mumber of first generated load
Time Steps for Calculation case! 15
() Automatic Load case bype;
(® Manual At: 0.001 5{*| =) EEMlPermanent
Activate Create result combination
Initial deformations from load case: humber of first generated result
combination: 15

HEMLC1 - Self-Weight

| |E av|[ex|[B2] [X

ﬂgure 5.46: Settings for linear time history analysis of DLC7 with connected load cases and time diagrams,
time steps, and export options

The time step for calculation is set to At = 1 ms to achieve the required accuracy of the results.

The relevant frequency of the structure and those of the excitation are about 5.2 Hz. The required
time step can be estimated with the following formula:

At=1/(20f) = 9.6 ms (5.17)

To ensure also exact velocities and acceleration, the time step is chosen even smaller for this
example.

In the Calculation Parameters sub-tab, the acting masses and the mass matrix options are set. This
is shown in Figure 5.47. The Diagonal matrix considering all degrees of freedom is selected.
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RF-DYNAM Pro Input Data bd

File Settings Help

General Mass Cases Mass Combinations Natural Vibration Cases  Time Diagrams | Dynamic Load Cases

Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve
BDLC1  |Machine Induced Vibrations ‘ 1 | | Machine Induced Vibrations - ‘
General  Time History Analysis | Calculation Parameters | pamping
Acting Masses Internal Divisions
(C) Mass case: Edit FE mesh settings =]

EElMC1 - Self-Weight Structure

(®) Mass combination:

[ mMco1 - self-weight -

In direction About axis
X X
¥ ¥
z z

Type of Mass Matrix

() Diagonal matrix (translational DOFs)

() Diagonal matrix (ranslational and torsional DOFs)
(®) Diagonal matrix (translational and rotational DOFs)
() Consistent matrix

ﬂgure 5.47: Settings of DLCT in Calculation Parameters tab for acting masses and mass matrix

In the Damping sub-tab, the structural damping is defined. The settings for damping used in this
example are shown in Figure 5.48.

RF-DYNAM Pro Input Data

File Settings Help

General Mass Cases  Mass Combinations Matural Vibration Cases  Time Diagrams | Dynamic Load Cases

Existing Dynamic Load Cases DLC No. Dynamic Load Case Description To Solve
Ml DLC1 | Machine Induced Vibrations ‘ 1 | | Machine Induced Vibrations - ‘
General Time History Analysis Calculation Parameters
Type Lehr's Damping Measure
. Mode Damping
Rayleigh dampin,
®Raykigh damping No BYE| Comment

o ommBle @
o [ om0y 4] 1

Lehr's damping
S8 —o [

Lehr's damping separate for each frequency...

ﬂgure 5.48: Settings of DLCT in Damping tab for Rayleigh coefficients o and

The linear implicit Newmark solver requires Rayleigh damping coefficients. To convert available
Lehr's damping values to Rayleigh coefficients, the following relation can be used:

Q B w;
D=—+°224 5.18
=3 += (5.18)
In this example, the most important eigenvalues in the X- and Y-directions shall be damped with
D = 0.01. The relevant eigenvalues (7 and 6) have angular frequencies of w, = 7.623 rad/s and
wg = 32.620 rad/s. In the Lehr’s to Rayleigh damping calculator which can be accessed via the

button, the angular frequencies and the damping values are defined as seen in Figure 5.49.

After [OK], the corresponding Rayleigh coefficients « = 1.235839E — 01 and 3 = 4.9692E — 04
are set in the Damping tab (see Figure 5.48).
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Lehr's to Rayleigh damping calculator *
Angular Frequency Damping
No. @ [rad/s] DH
7632 0.010000
2 32.620 0.010000
| (B Cancel

ﬂgure 5.49: Settings in Lehr’s to Rayleigh damping calculator

Results in Case of Resonance

As stated earlier, the natural frequency in X-direction is very close to the excitation frequency,
which causes resonance. The results are expected to be very large. The deformation of the
structural system are illustrated in Figure 5.50. In the Time Course Monitor, the displacements in
X-direction at Node 73 are displayed versus the time. The resonance can be clearly seen. The
maximum displacement is about u = 145.2 mm

Deformations u ] panel 2 x
NAM Pra, DLC 1
Time History Analysis, Dynamic Envelope Deformations
ulmm]

Max : 145.2
Mn ;0.0
RF-DYNAM Pro
2
Time Course Monitor
FE Mesh Point Selection FEWesh POt
Surface f Member {rent
P Nodes v 1200, £14170s; Ux: 110.8 mm
fle 1000,
M u: 1452, Wiz 0.0 mm P Y
value o
5.20 Nodes - Deformations Displacement X ® 600. ]
121 5 1 5 9 | [ 58 (2] 01t -Machine Induced Vibrations * @ 5 | Dymamicemelone 4| pmyeoo 400 I W Ak
5 R zz-| ~LallMAMTRARIER L R
ode: pr—— jons FEs |
No. uxlom] | uyfmm] | uzfm] ox fad] o rad] oz l=d] FE60 00. "‘Jumuh‘-‘ ‘F‘ T i T - Hilhoo <11
25 03 FE67 f W w‘ i \‘ F ' | I Ml
: - =2 \ !
115 07 il
00 [ iy 400 | |
7 & FE7L
7 = =72 e
: e —7 || g
7 8 [Provide RMS value up to: _100.0-
] 7 LT !
7 4 7 E s} -1200. £ 14.460 5; Uxi -110.8 mm
a TI08] 1 5 i
Nodes ~Suppat Forses | Modes - Defomations | Mambers el Foroes | odes - Acomrations | Nodes Valoctes |

ﬁgure 5.50: Displacement u resulting from time history analysis with dynamic envelope in work window and
displacement uy at node 73 displayed versus time in Time Course Monitor showing resonance
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Adjustment of Structural System

To avoid that kind of resonance case as seen in Figure 5.50, the cross-sections of the beams and
columns are modified as illustrated in Figure 5.51. This is done to achieve a considerable shift of
the dominant natural frequency.

Cross-Sections
M 1: HEA 180; Steel 5 235

W z: IPE 120; Steel 5 235
M 3: HEA 100; Steel 5 235

-

4.000

4.000

[

5000 _ B et

ﬁgure 5.51: Structural system with modified cross-section of beams and columns

The changed frequencies of the structure are listed in Figure 5.52. The dominant eigenvalues are

highlighted.
5.1 Natural Frequencies
FzlE =l |9 €| == 4 wvcr-piagonal Matrix v @ > | ModeShape 1 (f: 0.736 Hz) b
B C D H | I | ] |
Mods Eigenvalue Angular Frequency Natural frequency Natural period Effective Modal Mass Factor
Mo. A @ [rad/s] f [Hz] Tl fmex [1 fmev fmez [
21.400 4626 0.736 1.358 0.000 0620 0.000
2 25444 5.044 0.803 1.246 0.000 0.020 0.000
H] 71.362 8448 1.344 0.744 0.000 0.020 0.000
4 111.051 10.538 1.677 0.596 0.000 0.106 0.000
5 132464 11.509 1.832 0.546 0.000 0213 0.000
6 259.071 17.234 2.752 0.363 0.000 0.000 0.140
7 304.556 17.452 277 0.360 0.000 0.000 0.268
8 322441 17.957 2.858 0.350 0.000 0.000 0.000
] 364.591 19.094 3.039 0.329 0.000 0.001 0.000
10 405.248 20131 3.204 0.312 0.000 0.000 0.000
11 421.940 20.541 3.269 0.306 0.000 0.000 0.000
12 633.773 25175 4.007 0.250 070 0.000 0.000
Sum 070 0.985 0.408
MNatural Frequencies lMode Shapes by Node 1Mode Shapes by Member lNodaI Masses lBTecuve Modal Mass Factors J

ﬂgure 5.52: Eigenvalues of modified structural system showing dominant mode shape 72 in X-direction
with frequency f;, = 4.00 Hz

The dominant frequency is now about f = 4.00 Hz and, therefore, shifted by 1.2 Hz compared to
the critical frequency.

Additionnally, the Rayleigh damping coefficients need to be adjusted so that the dominant frequen-
cies are damped with D = 0.01. With the modified frequencies, the coefficients are determined
asa=7.82x10%2and 3 =6.71 x 107%,

The other settings are kept as before. Then the time history analysis is performed again.

[ N ©DLUBAL SOFTWARE 2020

[ 1]
111



i

Dlubal

As a result, the displacements are much smaller. In the Time Course Monitor, the effect of damping
can be well seen compared to the case of resonance. There the root mean square value (RMS),
which is calculated from the displacement values fromt = 0stot = 10 s, is shown as well.

Deformations u [l
RF-DYNAM Pro, DLC1
Time History Analysis; Dynanic Envelape

Panel L

Deformations
w[mm]

Max : 18.9
Mn ;0.0

RE-DYNAM Pro

o %
FE Mesh Point 73
z
Maxus 183,
20tiodes -Deormations i o
[ Displacement X ~ g
WS B D€ = 4| 0101 -Nahine nducea vibrations = 9 > | pynamic envelope
ﬁ B T T D I E I 3 FE Mesh Points. 5.0
Node Deplacomerts Rotaiors A
No ux[m]:‘ vl | uziml | oxked | oviadl | ozimdl e 00
3 00 FEST
13 00 FE&8
00 00 FE&9 5.0-
R
e & =
FE72 0.0
7. -
1
1 7 [ Provide RMS value up to 5.0
7 7. = ——
o[ wowlE
. [ mom] e

‘TNodes - Support Forges | Nedes - Deformations | Members - Intemal Foroes | Nodes - Accelerations | Nedes - Velosties |

ﬂgure 5.53: Displacement u of altered structural system with dynamic envelope in work window and
displacement uy at node 73 displayed versus time in Time Course Monitor and RMS value of
6.9 mm showing no resonance

This example demonstrates how to analyse machine-induced vibrations by RFEM and the add-on
module RF-DYNAM Pro. It shows how important it is to analyse the frequencies of the structure in
order to eliminate resonance cases.
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