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1 Introduction

1.1 Add-onModule RF-DYNAM Pro

Whether you are a beginner or already an expert user workingwith 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-onmodule. There are many new features available, which improves and enhances the
possibilities of a dynamic analysis.

The RF-DYNAM Promodule is split into three 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 and time history analysis of the
given structure can be performed with the module RF-DYNAM Pro - Forced Vibrations. The add-on
module RF-DYNAM Pro - Equivalent Loads offers 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 team from DLUBAL SOFTWARE GMBH

Natural Vibrations
RF-DYNAMPro -Natural Vibrations determines the lowest eigenvalues of the structure. 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:

• Automatic consideration of masses from self-weight

• Direct import of masses from load cases or combinations

• Optional definition of additional masses (nodal, linear, surface masses as well as inertia
masses)

• Combination of masses in different mass cases and mass combinations

• Preset combination factors according to EN 1998-1 CEN

• Optional import of normal force distributions (for example for considering prestress)

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

• Consideration of failed supports or members possible as initial conditions

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

• Output of eigenvalue, angular frequency, natural frequency and period

• Determination of mode shapes and masses in FE mesh points

• Output of modal masses, effective modal masses, and modal mass factors

• Visualization and animation of mode shapes

• Different scaling options for mode shapes

• Documentation of numerical and graphical results in the printout report
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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 RFEM add-on module RF-DYNAM Pro -
Natural Vibrations. Mechanical structures that are excited by transient or harmonic force-time or
acceleration-time diagrams can be analyzed using the modal analysis or the direct integration.
Furthermore, multi-modal and multi-point response spectra analysis can be performed. The
required spectra can be created according to the standards or user-defined. The add-on module
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:

• Combination of user-defined time diagrams with load cases or load combinations (nodal,
member and surface loads aswell as free andgenerated loads canbe combinedwith functions
varying over time)

• Combination of several independent excitation functions possible

• Extensive library of earthquake recordings (accelerograms)

• Modal analysis or direct integration in the time history analysis available

• Structural damping using the Rayleigh damping coefficients or the Lehr's damping values

• Direct import of initial deformations from a load case or a load combination possible

• Graphical result display in a time course monitor

• Export of results in user-defined time steps or as an envelope

The features of the response spectra analysis are listed below:

• Response spectra of numerous standards (EN 1998 [1], DIN 4149 [2], IBC 2012 [3] etc.)

• Response spectra can be user-defined or generated from accelerograms

• Direction-relative response spectra approach

• Different response spectra can be assigned to different supports (multi-point option)

• Relevant mode shapes for the response spectra can be selected manually or automatically
(the 5% rule from EC 8 can be applied)

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

• 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 history diagram. Here, you have
the possibility to superimpose different nodes or positions within one member. All results are
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displayed as a function of time. The numeric values can be exported to Excel. In case of a time
history analysis, you can export results of a single time step or filter the most unfavorable results
of all time steps. In case of a response spectra 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 into RF-DYNAM Pro and the exported load cases and result combinations are part
of the printout report.

Equivalent Loads
RF-DYNAM Pro - Equivalent Loads is an extension of the RFEM add-on module RF-DYNAM Pro -
Natural Vibrations. You can perform seismic analyses 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.

• Response spectra of numerous standards (EN 1998 [1], DIN 4149 [2], IBC 2012 [3] etc.)

• Input of user-defined response spectra

• Direction-relative response spectra approach

• Relevant mode shapes for the response spectra can be selected manually or automatically
(the 5% rule from EC 8 can be applied)

• Generated equivalent static loads are exported into load cases, separately for eachmode and
direction

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

• Combination of themodal responses (SRSS rule) and combination of the results fromdifferent
excitation directions (SRSS or 100% / 30% rule)

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 subsequently superimposed in result combinations. Combination of the modal results
takes place first. Afterwards, the results of different excitation directions are combined.

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

1.2 RF-DYNAM Pro Team

The following people were involved in the development of RF-DYNAM Pro:

Program coordination
Dipl.-Ing. Georg Dlubal
Dipl.-Ing. (FH) Younes El Frem
Ing. Pavel Bartoš

Dr. M.Sc. Dipl.-Ing. (FH) Gerlind Schubert
Dipl.-Ing. Stefan Frenzel

Programming
Doc. Dr.-Ing. Ivan Němec
Dr.-Ing. Radoslav Rusina
Dr.-Ing. Zbyněk Vlk
Dr.-Ing. Ivan Ševčik
Ing. Petr Horák
Ing. Radek Dubina

Ing. Jiří Buček
Ondřej Vydra
Ján Juranko
Michal Zelenka
Ing. Michal Brabec
RNDr. Jan Gregor
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Program design
Dipl.-Ing. Georg Dlubal
MgA. Robert Kolouch

Ondrej Vydra

Program testing
M.Eng. Dipl.-Ing. (FH) Walter Rustler
M.Eng. Dipl.-Ing. (BA) Andreas Niemeier
Ing. Jonáš Bartoň

Dr. M.Sc. Dipl.-Ing. (FH) Gerlind Schubert
Dipl.-Ing. Stefan Frenzel

Manual, Help System, and Translation
Dr. M.Sc. Dipl.-Ing. (FH) Gerlind Schubert
BSc Eng Chelsea Jennings
M.A. Melanie Most
Dipl.-Ü. Gundel Pietzcker
Dipl.-Ing. (FH) Robert Vogl
Oliver Vogl
Ing. Nikola Tomšů
Ing. Ladislav Kábrt
Ing. Fabio Borriello
Ing. Dmitry Bystrov
Eng. Rafael Duarte

Ing. Jana Duníková
Ing. Lara Caballero Freyer
Ing. Ph.D. Alessandra Grosso
Ing. Aleksandra Kociołek
Eng. Nilton Lopes Fernandes
Mgr. Ing. Hana Macková
Ing. Téc. Ind. José Martínez Hernández
Mgr. Petra Pokorná
Ing. Michaela Prokopová
Ing. Marcela Svitáková

Technical support and final testing
M.Eng. Cosme Asseya
Dipl.-Ing. (BA) Markus Baumgärtel
Dipl.-Ing. Moritz Bertram
M.Sc. Sonja von Bloh
Dipl.-Ing. (FH) Steffen Clauß
Dipl.-Ing. Frank Faulstich
Dipl.-Ing. (FH) René Flori
Dipl.-Ing. (FH) Stefan Frenzel
Dipl.-Ing. (FH) Walter Fröhlich
Dipl.-Ing. (FH) Wieland Götzler
Dipl.-Ing. Thomas Günthel
Dipl.-Ing. (FH) Sebastian Hawranke
Dipl.-Ing. (FH) Paul Kieloch

Dipl.-Ing. (FH) Bastian Kuhn
Dipl.-Ing. (FH) Adrian Langhammer
Dipl.-Ing. (FH) Ulrich Lex
Dipl.-Ing. (BA) Sandy Matula
Dipl.-Ing. (FH) Alexander Meierhofer
M.Eng. Dipl.-Ing. (BA) Andreas Niemeier
M.Eng. Dipl.-Ing. (FH) Walter Rustler
M.Sc. Dipl.-Ing. (FH) Frank Sonntag
Dr. M.Sc. Dipl.-Ing. (FH) Gerlind Schubert
Dipl.-Ing. (FH) Christian Stautner
Dipl.-Ing. (FH) Lukas Sühnel
Dipl.-Ing. (FH) Robert Vogl

1.3 Using theManual

Topics like installation, graphical user interface, evaluation of results, and printout are described
in detail in the manual of the main program RFEM. The present manual 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 dialog boxes, windows, and menus are set in
italicsmaking the connection between the explanations in the manual and the program clearer.

At the end of themanual, you find the index. If you still cannot findwhat you are looking for, check
our website www.dlubal.com, where you can go through the FAQ pages, watch the recorded
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webinars, or study the examples provided. The Dlubal Blog is also highly recommended, you find
that under www.dlubal.com/blog/en/.

1.4 Opening the RF-DYNAM ProModule

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

Menu
To open the add-on module, you can select on the RFEM menu Add-onModules → Dynamic →
RF-DYNAM Pro, shown in Figure 1.1.

Figure 1.1: Menu Add-onModules → Dynamic → RF-DYNAM Pro to open the module RF-DYNAM Pro

When RF-DYNAM Pro was open before and is your current module, you can also use the menu
Add-onModules → Current Module.

Navigator
Alternatively, you can open the add-on module in the Data Navigator by clicking

Add-onModules → RF-DYNAM Pro

When you right-click on the add-onmodule you can add it to your favorites. The project navigator
is shown in Figure 1.2.

Panel
When the results from RF-DYNAM Pro are already available, you can also open the add-on module
from the panel.

To see the panel you have to choose the RF-DYNAM Pro case from the drop-down menu in the
main program RFEM, make the results visible with the [Show Results] button and display the panel
by clicking the [Panel] button.

Use the [RF-DYNAM Pro] button in the panel to re-open the add-on module.
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Figure 1.2: Data navigator Add-onModules → RF-DYNAM Pro to open the module RF-DYNAM Pro

Figure 1.3: Panel with [RF-DYNAM Pro] button shown in Figure 1.3 to re-open the add-on module.
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2 Input Data
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 your input 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 select the corresponding check boxes.

The first window that appears when you open the module is shown in Figure 2.1.

Figure 2.1: Module window General Data.

In the General tab you decide whether you want to analyze only natural frequencies and mode
shapes of the structural system (RF-DYNAMPro -Natural Vibrations) or whether youwant to analyze
the response of the system to forced vibrations (RF-DYNAM Pro - Forced Vibrations) or whether you
want to generate equivalent static forces (RF-DYNAMPro - Equivalent Loads). Add-on modules that
were not purchased can still be opened but run only as a demo version. You can also activate a
30-day trial version of those add-on modules.

Natural Vibrations
This option is always selected because a natural vibration analysis of the structure is mandatory.
The tabsMass Cases and Natural Vibration Cases belong to this option by default. When you select
theMass combination check box another tab appears as shown in Figure 2.1.

Forced Vibrations
With this module you can either perform a response spectra analysis or a time history analysis.
When you select the accelerations you can generate the response spectrum from an accelera-
tion-time diagram. The tab Response Spectra appears when the response spectra are selected, the
tab Accelerograms appears when accelerations are selected, and the tab Time Diagrams appears
when time diagrams are selected. The tab Dynamic Load Cases is available for all three options of
the RF-DYNAM Pro - Forced Vibrationsmodule.
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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 tab belong to the module RF-DYNAM Pro - Equivalent Loads.

2.1 Structure of theMain TabWindows

The windows of RF-DYNAM Pro always contain the following buttons:

The [Help] button gives direct access to the manual and further online 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 Placeswindow as known from the main RFEM program. This window can
also be reached by the Settings → Units and Decimal Places... menu. This is further discussed
in Sections 2.10 and 4.6.

In the Details dialog box you define global settings that apply to whole dynamic calculation
performed in RF-DYNAM Pro. This dialog box is also accessible by Settings → Details. These
settings are explained in Section 2.9.

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 Promodule press the [OK & Calculate] button.

To save the input data but not perform the calculation press [OK]. By doing so you exit the RF-DY-
NAM Promodule and return to the main program.

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

As shown in Figure 2.1 themain 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 theMass Casewindow shown Figure 2.2.

On the left hand side of each main window you have a list of existing cases together with their
description, this is marked with an orange box in Figure 2.2. These 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 buttons to create new cases,
copy existing cases or delete existing cases.

You have buttons to select all cases, deselect all cases, and to invert the selection of cases.

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 with 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 this, you find the
main entering area for your input data which firstly opens in the General sub-tab. Eventually more
sub-tabs might appear depending on the selected check boxes.

In the General sub-tab you have some space to enter comments; this space is marked with a green
box in Figure 2.2.
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2.2 Mass Cases
In RF-DYNAM Pro you have the possibility to define severalMass Cases. TheMass Casewindow is
shown in Figure 2.2.

Figure 2.2: Module windowMass Caseswith the General tab open. The MC2 is selected and all four op-
tions to define additional masses are selected to show the appearing 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.

Mass Case Type
Choose one of the mass case types from the drop-down list. This is especially important when you
useMass Combinations (see Section 2.3). Combination factors are then preset in accordance with
EC0 [4] and EC8 [1].

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 activating the
check box from force components of load case / load combination. Choose the load case or load
combination to be imported from the drop-down menu.

The factor to modify loads of load cases, which can be set in the calculation parameters of RFEM,
is not overtaken into RF-DYNAM Pro. To increase the masses by a factor you have to employMass
Combinations described in Section 2.3.

When you import a load case that contains self-weight of the structure make sure the `from
self-weightof structure' checkbox inRF-DYNAMPro is cleared. Otherwise youdouble the self-weight
of the structure.
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In Settings → Details 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 Details dialog box is
explained in Section 2.9.

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 appear as shown in Figure 2.2. The settings within those sub-tabs are detailed
in the Sections 2.2.1 and 2.2.2.

Sum of Masses
On the right hand side of the window the sums of masses are provided to double-check the input
of self-weight, imported masses from load cases or combinations, and additional masses. The
total mass and the resulting center of mass are provided.

2.2.1 Additional Nodal Masses

The nodal mass tab is shown in Figure 2.3.

Figure 2.3: Module window Nodal Masseswhich is available when additional masses at nodes in the Gen-
eral tab are selected.

You can provide a list of nodes manually or by using the [Multiple Selection] button shown on the
left to select nodes in the graphic.

The masses 𝑚 [𝑘𝑔] can only be defined manually and act in the directions defined in the Natural
Vibration Cases (see Section 2.4).

In additionmassmoments of inertia 𝐼u� , 𝐼u� , and 𝐼u� can be provided tomodel more complexmass
points (i.e. rotation of a machine can approximately be considered).

The buttons on the bottom of the table provide usual table functions as described in the RFEM
manual in Section 11.5.

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

In addition to nodal masses you can provide line, member or surface masses manually. The
corresponding sub-tabs appear when the check boxes Lines,Members or Surfaces in theMass Case
tab shown in Figure 2.2 are selected. The table to enter the line masses is shown in Figure 2.4.

Figure 2.4: Module window LineMasseswhich is available when additional masses at lines in the General
tab are selected.

The tables to enter member and surface masses appear very similar and are not explicitly shown
here.

A list of lines (members or surfaces) can be entered manually or by using the [Multiple Selection]
button shown on the left to select lines (members or surfaces) graphically.

Line and member masses are provided in 𝑘𝑔 per unit length. Surface masses are given in 𝑘𝑔 per
unit area. They can only be defined manually and act in the directions defined in the Natural
Vibration Cases (see Section 2.4).

Masses are only considered in translational directions when a diagonal mass matrix is chosen for
the calculation (except the mass moments of inertia as detailed in Section 2.2.1). Rotation about
the longitudinal axis of a line or member is taken into account when a diagonal mass matrix with
torsional elements is chosen. Only with the consistent mass matrix, masses can act in translational
and rotational directions. See Section 2.4 for further details about the mass matrices.

2.3 Mass Combinations

Mass cases can be combined to mass combinations. This is done in analogy to load cases and
load combinations in the main program RFEM as is described in the RFEMmanual in Section
5.5.1. TheMass Combination tab only exist when the corresponding check box in the General tab
(see Figure 2.1) is selected. When you open theMass Combinationwindow the first time, a mass
combination is preset and the existing mass cases are listed.

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
preset automatically by RF-DYNAM Pro but can be changed manually.
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Similarly, you can remove single or all mass cases from a mass combination by using the buttons
shown on the left.

Themodule windowwithmass combinationMCO1 containing self-weight and imposed loadmass
cases is illustrated in Figure 2.5.

Figure 2.5: Module windowMass Combinationswith all existing mass cases selected for the mass combi-
nation. The combination factors are preset by RF-DYNAM Pro.

The combination factors are preset in accordance to EC0 [4] and EC8 [1]. Those factors can be
adjusted manually by entering a value or choosing a value from the drop-down list. As regulated
in EN 1998-1 in Section 3.2.4 [1] additional masses beside the self-weight have to be considered
to calculate inertia effects.

∑ 𝐺u�,u�“+” ∑ 𝜓u�,u� ⋅ 𝑄u�,u� (2.1)

where Gk,j are the permanent loads and Qk,i any imposed load. 𝜓E,i are the combination factors
for the imposed loads defined as

𝜓u�,u� = 𝜑 ⋅ 𝜓2,u� (2.2)

where 𝜓2,i are regulated in EN1990 Table A.1.1 [4] and 𝜑 are provided in EN 1998-1 Section
4.2.4 [1].

These combination factors might be regulated differently in each national annex of EC8 and in
other international building standards.
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2.4 Natural Vibration Cases

The Natural Vibration Case tab is the centerpiece of the module RF-DYNAM Pro - Natural Vibrations
and a very important basis for the two additional modules. Here, 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 any stiffness modification or import axial forces as an initial
condition.

The General tab of the Natural Vibration Casewindow is shown in Figure 2.6.

Figure 2.6: Module window Natural Vibration Caseswith the General tab open.

For each Natural Vibration Case you can set various calculation parameters as shown in Figure 2.7

The Natural Vibration Case number is set automatically and cannot be edited. When a case is
deleted later the numbers do not change. You can decide whether or not the specific Natural
Vibration Case is solved by selecting or clearing the check box To Solve.

You can calculate each Natural Vibration Case separately by using the context menu and apply
Calculate. The colour of a NVC is grey when no results of this NVC are available and turns green
as soon as the calculation finished and results are available, more information are provided in
Section 3.3.

2.4.1 Number of Eigenvalues

In the General tab you set the number of lowest eigenvalues to be calculated. The maximum
number of eigenvalues is limited to 9999 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).

You can calculate eigenvalues only above a certain value of natural frequency 𝑓 to reduce the
number of produced results.
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Figure 2.7: Module window Natural Vibration Caseswith the Calculation Parameter tab open.

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).

2.4.2 ActingMasses

For each Natural Vibration Case you can import differentMass Cases orMass Combinations. Please
choose from the drop-down menu in the General tab.

You must define the direction in which the masses are acting. The masses can act in the global
translational 𝑋 , 𝑌 , or 𝑍 -direction by activating the corresponding check boxes. Masses can act
rotationally about the global 𝑋 , 𝑌 , and 𝑍 -axis by activating the corresponding check boxes.

These settings change yourmassmatrix, and you get different resultingmode 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 direction. Only when your are interested in rotational
mode shapes you should consider rotating masses.

Rotationalmasses are only consideredwhen the type ofmassmatrix is set to diagonalwith torsional
elements or consistent. When using a diagonal mass matrix, the activation of about axis has no
influence on the results unless you defined nodal mass moments of inertia (see Section 2.2.1).

2.4.3 Type of Mass Matrix

Four different types of mass matrices are available in the Calculation Parameter tab as shown in
Figure 2.7.

Diagonal MassMatrix: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 masses acting on each FE-node in
the translational directions 𝑋 , 𝑌 , and 𝑍 . Masses rotating about the 𝑋 , 𝑌 or 𝑍 - axis are neglected
even when the about axis check boxes in the General tab are selected. Only mass moments of
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inertia IX, IY and IZ as provided in the Nodal Mass table (see Section 2.2.1) are considered. The
diagonal mass matrix 𝐌 is structured as follows,

𝐌 = 𝑑𝑖𝑎𝑔 (𝑀1,u�,𝑀1,u� ,𝑀1,u� ,𝐼1,u�,𝐼1,u� ,𝐼1,u� ,𝑀2,u�,⋯ ,𝐼2,u�,⋯ ,𝑀u�,u�,⋯ ,𝐼u�,u�) (2.3)

with n = 1… FE-nodes and j = X, Y and Z directions.

Diagonal Mass Matrix with Torsional Elements: This matrix is still a diagonal matrix where the
masses are lumped to the FE-nodes but themasses acting about the longitudinal axis of amember
or surface are taken into account automatically when acting masses about the 𝑋 , 𝑌 and 𝑍 -axis
are activated. The direction that is taken into account depends on the local longitudinal direction
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 2 + 𝑍 2, 𝑋2 + 𝑍 2, 𝑋2 + 𝑌 2) (2.4)

with 𝑋 , 𝑌 , or 𝑍 being the distances to the center of total mass provided in the Mass Case tab
described in Section 2.2.

Consistent Mass Matrix: The consistent mass matrix is a full mass matrix of the finite elements,
so the masses are not simply lumped to the FE-nodes, instead shape functions are used for a
more realistic distribution of the masses within the FE-elements. With the consistent 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):

𝐌 = 𝑚 ⋅

⎡
⎢
⎢
⎢
⎢
⎢
⎣

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 𝑌 2 + 𝑍 2 −𝑋𝑌 −𝑋𝑍
0 0 0 −𝑋𝑌 𝑋2 + 𝑍 2 −𝑌 𝑍
0 0 0 −𝑋𝑍 −𝑌 𝑍 𝑋2 + 𝑌 2

⎤
⎥
⎥
⎥
⎥
⎥
⎦

(2.5)

with the mass 𝑚 and the distances 𝑋 , 𝑌 , or 𝑍 to the center of total mass given in theMass Case
tab described in Section 2.2.

Unit Matrix: The unit matrix overwrites all the previously defined masses (see Section 2.4.2). 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].

2.4.4 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 |𝐮u�| = √𝑢2

u� + 𝑢2
u� + 𝑢2

u� = 1
scales the magnitude of the mode shape vector 𝐮u� (only translational parts) to 1. The option
max{𝑢u�,𝑢u� ,𝑢u�} = 1 chooses the maximum translational part of the mode shape vector and
sets it to 1. The option max{𝑢u�,𝑢u� ,𝑢u� ,𝜑u�,𝜑u� ,𝜑u�} = 1 considers the complete mode shape
vector including the rotational parts, chooses the maximum and sets this to 1. For all those three
options the scaling is done separately for each eigenvalue 𝑗 .

The option𝐮u�
u� 𝐌𝐮u� = 1 𝑘𝑔 is always used internally for timehistory or response spectrumanalysis

regardless the choices set here. The modal masses 𝑚u� 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 𝑢u� , 𝑢u� and 𝑢u� are di-
mensionless and the rotational mode shapes 𝜑u� , 𝜑u� and 𝜑u� are provided in [1/𝑚]. The resulting
mode shapes are discussed in Section 4.1.
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2.4.5 Eigenvalue Solver

There are different methods available to solve the eigenvalue problem. The choice is dependent
on the size of the structural system considered and is more a question of performance than of
accuracy. The methods are all suitable to determine accurate eigenvalues.

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

Method by Lanczos: The method by Lanczos is an iterative method to determine the 𝑝 lowest
eigenvalues and corresponding mode shapes of large structures. In most cases, this algorithm
allows to reach a quick convergence. It is possible to calculate 𝑛 − 1 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 with this method. For
further details see Bathe [6].

ICG Iteration: This method is also suitable for large structures 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 structure
can be calculated.

2.4.6 FEMesh Settings

The button shown on the left links directly to the FE mesh settings of the main RFEM program.
The FEMesh Settings dialog box is also available under Calculation → FEMesh Settings... in the
main program RFEM. Further details about the FE mesh and parameters that can be adjusted are
given in the RFEMmanual in Section 7.2.

2.4.7 Stiffness Modifications and Axial Forces as Initial Condi-
tions

Axial forces, stiffness modifications and extra options as set in any load case or load combinations
are imported as initial condition into RF-DYNAM Prowhen the Initial Conditions in Figure 2.6 are
activated.

The global stiffness modifications are only available when no load case is imported or when the
imported load case or combination does not contain any stiffness modifications. Global stiffness
modifications import the material partial factor 𝛾u� set in the Edit Material dialog box in the main
program RFEM (see RFEM manual Section 4.3), cross-section modifications as set in the Edit
Cross-Section dialog box in themain program RFEM (see RFEMmanual Section 4.13), and stiffness
modifications of members as set in the Edit Member dialog box (see RFEMmanual Section 4.17).

The Calculation Parameters of a load case or combination that modify the stiffness are shown on
the left hand side. The check boxesMaterials, Cross-Sections, andMembers activate the modifica-
tions made in the material, cross-section, and member dialog boxes as described above for the
global stiffness modifications. When you selectmodify stiffness an additional tab in the Calculation
Parameter dialog box opens that allows you to enter factors for materials, cross-sections, supports
and hinges. In addition to that, members, surfaces and solids can be deactivated which leads to a
different structural system that is imported into RF-DYNAM Pro. When extra options are selected
the stiffness from the add-on module RF-CONCRETE can be imported. Further details about the
calculation parameters of load cases are given in the RFEMmanual in Section 7.3.
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Axial forces and also failing supports, members, surfaces or solids are imported automatically
(without activating any stiffness modifications in the LCs / COs) as soon as the initial conditions are
selected and the corresponding load case or combination is imported.

To summarize, RF-DYNAMPro imports the stiffness matrix of the structural system after the load
case or the load combination has been calculated in RFEM. This is an initial condition for the
eigenvalue analysis performed in RF-DYNAMPro, the calculation itself is still linear. With this option,
you can approximately consider nonlinear effects, as for example, failing members, supports and
hinges. If no results for the load case or load combination exist, the calculation is performed
automatically before the RF-DYNAM Promodule calculation.

When you want to consider axial forces only (for example prestress in cables) make sure that no
stiffness modifications are activated in the calculation parameters of the imported load case or
combination.

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

A complex figure of this feature is provided in theDlubal Blog (www.dlubal.com/blog/16774/dlubal
-rfem-5-rstab-8-import-of-axial-forces-stiffness-modifications-and-extra-options-in-rf-dynam-pro
-natural-vibrations/).

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 still 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-DYNAMPro offers themulti-modal andmulti-point (only with RF-DYNAMPro - 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 is also able to generate
a response spectrum from any given accelerogram (only available with RF-DYNAM Pro - Forced
Vibrations).

The Response Spectra tab is only available when the response spectra or the equivalent loads are
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.

The Response Spectra tab is illustrated in Figure 2.8.

In RF-DYNAM Pro you have three options to enter response spectra: according to a building
standard, user-defined or generated from an accelerogram.
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Figure 2.8: Module window Response Spectrawith the General tab open. Response spectra according to
standard is chosen, the code parameters are shown.

Response Spectra according to building standards
The parameters according to a building standard can be entered to generate a response spectrum.
The available list of building standards is provided in Figures 2.9a and 2.9b.

a) National annexes of the EN 1998-1 [1]. b) International building standards.

Figure 2.9: List of implemented international building standard that regulate the earthquake design of
structures and provide formulas for response spectra.

Choose a standard from the drop-down list; the code parameters and their default values (see Fig-
ure 2.8) change depending on the chosen standard. The parameters are selected from drop-down
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lists or can be entered manually depending on the type of parameter and depending on the
chosen building standard. The fields that are not editable are determined by another parameter al-
ready set. For example in EN 1998-1 CEN [1] the ground classes 𝐴 to 𝐸 determine the parameters
𝑇u�, 𝑇u� and 𝑇u�, those parameters cannot be edited manually.

When you change the ground type to Others you can adjust the parameters 𝑇u�, 𝑇u� and 𝑇u�
manually.

The resulting response spectrum is illustrated in the graphic seen in Figure 2.8. You can use the
mouse cursor to get information about the displayed values. The values of the generated response
spectra are listed in the table tab as shown in Figure 2.10.

Figure 2.10: Tabulated values of the generated response spectrum.

Those tabulated values can be exported to Excel. The time step shall be adjusted before exporting
the data.

User-defined response spectra
Any kind of response spectrum can be defined by entering the period 𝑇 and corresponding
accelerations 𝑆u� [𝑚/𝑠2] in the table shown in Figure 2.11.

Figure 2.11: User-defined entry of a response spectrum. Period 𝑇 and acceleration 𝑆u� [𝑚/𝑠2] must be
provided.

User-defined response spectra can be stored in a library and can be opened whenever needed.
The [Save] button opens a dialog box to enter a file name.
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You can export your user-defined response spectra to Excel or can import a response spectra from
Excel.

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

This option is only available when accelerations are 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 a response spectra from a given acceleration are shown in
Figure 2.12.

Figure 2.12: Generated response spectrum from a given acceleration. The response spectrum is shown
in the graphic and the values are listed in the table.

The [Edit] button links to the Accelerogram tab described in Section 2.6, where you can define
acceleration-time diagrams yourself or load accelerograms from a large library containing earth-
quake recordings. When accelerograms are already defined you can choose from the drop-down
menu.

You can adjust the parameters shown on the left. The generated response spectrum is illustrated
in the graphic below and the values of period 𝑇 and acceleration 𝑆u� are listed in the table (see
Figure 2.12). Both gets updated as soon as you change one of the parameters.

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

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 minimum 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 2.12.

The maximum 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 2.12.

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 Excel.
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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 2.13.

Figure 2.13: Module window Accelerogramswith the General tab open.

The accelerogram tab is only available when accelerations are selected in the General tab shown
in Figure 2.1. This tab belongs to the add-on module RF-DYNAM Pro - Forced Vibrations.

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

Library containing earthquake recordings
In RF-DYNAM Pro a library is available offering a very large number of existing and measured
accelerograms. By now, there are more than 1018 accelerograms 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 2.14.

You can select the accelerograms in a tree structure on the left.

It is possible to sort the entries bymeasuring station or seismic event. 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 parameters. It is characterized by, for example, the country,
latitude and longitude and by the distance to the epicenter. These data are provided on the
right-hand side of the library shown in Figure 2.14.

The chosen accelerogram is displayed in the graphic at the bottom of the dialog box shown in
Figure 2.13. Most of the accelerograms differ in the three directions 𝑋 , 𝑌 , and 𝑍 . You can switch
between those directions in the graphic.
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Figure 2.14: Library offering a large number of earthquake recordings.

Accelerograms loaded from the library can be saved with a different file name. The [Save] button
opens a dialog box to enter a file name. Alternatively you can export those accelerograms to Excel.

User-defined acceleration-time diagrams
Any kind of acceleration-time diagram can be defined by entering the required values in the table
shown in Figure 2.15.

Figure 2.15: User-defined entry of an acceleration-time diagram.
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User-defined accelerograms can be stored in a library and can be opened whenever needed. The
[Save] button opens a dialog box to enter a file name.

You can export your user-defined accelerogram to Excel or can import an acceleration-time dia-
gram from Excel.

The defined accelerogram is displayed in the graphic (see Figure 2.13). You can switch between
the 𝑋 , 𝑌 , and 𝑍 -direction in the graphic.

2.7 Time Diagrams

Time diagrams can be defined either transient, periodic or can be entered as function. They excite
the system at a specific position. The load position is defined in static load cases (LCs), where any
type of load can be entered. The static load cases (LCs) are connected to the time diagrams (TDs)
in the Dynamic Load Cases (see Section 2.8), and the multiplier 𝑘 is used to determine the final
quantity of the excitation force.

The time diagram tab is only available when time diagrams are selected in the General tab shown
in Figure 2.1. This tab belongs to the add-on module RF-DYNAM Pro - Forced Vibrations.

Transient Time Diagrams
The TimeDiagram tab is illustrated in Figure 2.16 with an example of a transient time diagram. The
values are entered in the table and the resulting time diagram is illustrated in the graphic at the
bottom.

Figure 2.16: Module window Time Diagrams showing the input of transient time diagrams.

The table entries can be stored in a library and can be opened whenever needed, an import and
export from and to Excel is possible.
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Periodic Excitation
To enter periodic functions, the angular frequency 𝜔 [𝑟𝑎𝑑/𝑠], the shift 𝜑 [𝑟𝑎𝑑], and the multiplier
𝑘 have to be provided in tabular form; this is shown in Figure 2.17.

Figure 2.17: Module window Time Diagrams showing the input of 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) = 𝑘1 ⋅ 𝑠𝑖𝑛 (𝜔1 ⋅ 𝑡 + 𝜑1) + 𝑘2 ⋅ 𝑠𝑖𝑛 (𝜔2 ⋅ 𝑡 + 𝜑2) + … (2.6)

The usual open, save, import and export buttons are available.

Functions
You can enter a function 𝑘(𝑡) directly in an edit field to define your time diagram. The parameter
𝑡 is reserved for the time. The resulting time diagram is displayed in the graphic as shown in
Figure 2.18. The generated tabulated values are listed on the right hand side.

The maximum time 𝑡u�u�u� can be adjusted, which influences the graphic and also the tabulated
values.

All operators and functions that are available in RFEM can be used also in RF-DYNAM Pro. You can
use the parameters that you defined in the main program RFEM. For more information about the
parametric input please consult the RFEMmanual in Section 11.6.

The tabulated values can be saved to the library or exported to Excel. The time steps shall be
adjusted before exporting the data.

2.8 Dynamic Load Cases

The Dynamic Load Cases combine the input that has been made so far and set calculation para-
meters for the analysis to be performed. Four different types of Dynamic Load Cases are available:
Response spectrum analysis, time history analysis of accelerograms, time history analysis of time
diagrams, and the equivalent static force analysis. The first three types belong to the add-on mod-
ule RF-DYNAMPro - Forced Vibrations and the last option belongs to the add-onmodule RF-DYNAM
Pro - Equivalent Loads. The General tab of the Dynamic Load Case tab is shown in Figure 2.19.
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Figure 2.18: Module window Time Diagrams showing the input of functions as time diagrams. The para-
meter 𝑡 is reserved for the time.

Figure 2.19: Module window Dynamic Load Caseswith the General tab open.

The options are only available when the required input data (as stated in brackets) is provided.
When some input data is missing, the options in the General tab (Figure 2.19) are grayed out.

You can choose between theDirect Integration andModal Analysiswhen performing a time history
analysis. Further details about those time history solvers are provided in Sections 2.8.2 and 2.8.3.

One specific Natural Vibration Case (discussed in Section 2.4) needs to be assigned to the dynamic
load case (DLC).
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The Dynamic Load Case number is set automatically and cannot be edited. When a case is deleted
later the numbers do not change. You can decide whether or not the specific Dynamic Load Case
is solved by selecting or clearing the check box To Solve. You can also access this switch in the
context menu (right-click on the existing DLCs).

You can calculate each Dynamic Load Case separately by using the context menu and apply Calcu-
late. The color of a DLC is grey when no results of this DLC are available and turns green as soon as
the calculation finished and results are available, for more information see Section 3.3.

Load cases (LCs) and / or result combinations (RCs) are generated in each of the Dynamic Load
Cases when the check boxes in the To Generate frame are selected (in the tab Response Spectra
Analysis in Figure 2.20, the tab TimeHistory Analysis in Figure 2.23 and 2.26, and tab Equivalent Force
Analysis in Figure 2.27). Those LCs and RCs are generated automatically and are overwritten when
the RF-DYNAMPro calculation is performed again. The names of the LCs and RCs refer clearly to the
originating DLCs. Optionally, you can enter the number of the first generated LC / RC. RF-DYNAM
Pro does not overwrite existing LCs or RCs (static or generated from other add-on modules), it
chooses the first unused LC- / RC-number available. Load cases and results combinations from
RF-DYNAM Pro are deleted when the results of the corresponding Dynamic Load Case are deleted.

2.8.1 Response Spectra Analysis

A response spectra analysis is performed when the corresponding radio button in Figure 2.19 is
selected; this is only available in RF-DYNAM Pro - Forced Vibrations.

The corresponding sub-tabs when performing a response spectra analysis are called General, Re-
sponse Spectra Analysis, Damping andMode Shapes. The Response Spectra Analysis tab is illustrated
in Figure 2.20.

Figure 2.20: Module window Dynamic Load Caseswith the Response Spectra Analysis tab open.
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Assign Supports

The supports that are excited by the response spectrum 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.

You can create several sets of supports by clicking the [New] button. You can switch in between
the available sets by using the drop-down menu. Use the [Delete] button to delete a specific set.
For each set, a list of supported nodes must be provided. This can be entered manually or can be
selected in the graphic by using the button.

Assign Response Spectrum

In each direction a different response spectrum can be assigned, at least one of the directions
must be selected. The available response spectra are chosen from the drop-down menu. The
multiplier factor can be adjusted independently for each direction.

The excitation direction can be rotated in the 𝑋 -𝑌 plane about the 𝑍 -axis. So for example, when
your response spectra shall excite the structure 45° rotated about the 𝑍 -axis, activate only the
𝑋 -direction with your response spectra and enter 𝛼 = 45°.

For each set of supports the response spectra in each specific direction must be activated sepa-
rately. This allows for different response spectra on each set of supports.

Combination Rules

In the settings you define how the responses resulting from different modes of the structure and
resulting from different excitation directions are combined.

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. The results 𝑅 are combined with the SRSS rule
as follows,

𝑅u�u�u�u� = √𝑅2
1 + 𝑅2

2 + … + 𝑅 2
u� (2.7)

where 𝑅u� are the contributions resulting from 𝑝 modes of the structure.

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

𝑇u�
𝑇u�

< 0.9 (2.8)

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

𝑅u�u�u� = √
u�

∑
u�=1

u�

∑
u�=1

𝑅u�𝜀u�u�𝑅u� (2.9)

with the correlation coefficient 𝜀

𝜀u�u� =
8 ⋅ √𝐷u�𝐷u� (𝐷u� + 𝑟𝐷u�) 𝑟3/2

(1 − 𝑟2)2 + 4𝐷u�𝐷u�𝑟 (1 + 𝑟2) + 4 (𝐷2
u� + 𝐷2

u� ) 𝑟2
with 𝑟 =

𝜔u�

𝜔u�
(2.10)

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

𝜀u�u� = 8 ⋅ 𝐷2(1 + 𝑟)𝑟3/2

(1 − 𝑟2)2 + 4𝐷2𝑟(1 + 𝑟2)
(2.11)

The internal forces resulting from different excitation directions can be combined quadratically
with the SRSS rule, or using the 100% / 30% (40%) rule as known from EN 1998-1 Section 4.3.3.5
[1]. The SRSS rule is applied as defined in Equation2.7 but now 𝑖 = 1..𝑝 are the excitationdirections
𝑋 , 𝑌 and 𝑍 .
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Export Result Combinations

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

One RC is generated for the SRSS rule, but amaximumof three RCs are generatedwhen you choose
the 100% / 30% (40%) rule.

Damping for the CQC rule

The Damping tab is only available when the CQC rule is chosen for the combination of mode
shapes (defined in Equation 2.10).

For the CQC rule the Lehr's damping values 𝐷u� are needed, those can be defined equally or
differently for each mode of the system. Also the Rayleigh damping with the coefficients 𝛼 and
𝛽 is available and is internally converted to the Lehr's damping. The Damping tab is shown in
Figure 2.21.

Figure 2.21: Module window Dynamic Load Caseswith the Damping tab open.

Structural viscose damping ismore important for the time history analysis and is therefore detailed
in Section 2.8.2.

Mode Shape Selection

In theMode Shapes tab illustrated in Figure 2.22, the natural frequencies 𝜔 and 𝑓 and periods 𝑇
are listed together with the corresponding accelerations 𝑆u� of the response spectrum and the
effective modal mass factors 𝑓u�u� in the translational directions. The assigned response spectrum
is illustrated in the graphic. Corresponding values are displayed in red when you select a row in
the table.

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

In the table you can select modes that shall be used for the response spectra analysis.

All modes are selectedwhen the check box Select all is activated. In the table all modes are selected
and this cannot be changed manually.

Using the check box deselect modes with, you can deactivate modes with an effective modal mass
factor below a certain value. This selection is remembered when you clear the check box.

When both check boxes are cleared you can choose individual modes manually.

The sum of the effective modal mass factors 𝑓u�u� is 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 are provided in
Section 4.1.
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Figure 2.22: Module window Dynamic Load Caseswith theModes Shapes tab open. The third mode is
selected in the table and marked red in the graphic.

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

2.8.2 Time History Analysis of Accelerograms

A time history analysis of accelerograms is performed when the corresponding radio button in
Figure 2.19 is selected; this is only available in RF-DYNAM Pro - Forced Vibrations.

The corresponding sub-tabs when performing a time history analysis are called General, Time
History Analysis and Damping. The Time History Analysis tab is illustrated in Figure 2.23.

Modal Analysis versus Direct Integration

In the General tab (see Figure 2.19) you can choose between the modal analysis and the direct
integration.

The modal analysis uses a decoupled system based on the eigenvalues and mode shapes of the
structure, determined in the assignedNaturalVibrationCase. Themulti-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 found with an implicit (Newmark) solver. Once the eigenvalues are
determined, the modal analysis provided in RF-DYNAMPro - Forced Vibrations is slightly faster than
the direct integration.

The direct integration is an implicit (Newmark) solver that requires sufficient small time steps to
achieve accurate results. By now, this solver can only handle linear systems in RF-DYNAM Pro -
Forced Vibrations. There is no modal analysis required, so the number of required eigenvalues can
be set to 1 in the assigned Natural Vibration Case (see Section 2.4).

The most important when performing a time history analysis is the choice of the time step. It is a
compromise between calculation time and accuracy, the smaller the time step the longer takes the
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Figure 2.23: Module window Dynamic Load Caseswith the Time History Analysis (Accelerograms) tab open.

calculation, but when the time step is chosen too large the results are not accurate. The following
advice can be given [10]:

• Considering the time diagram (see Section 2.7), the shortest length of the discrete time
diagram shall be split into at least 7 time steps

• The largest 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 𝛥𝑡 ≤ 1 / 20𝑓

The recommended time steps achieve accurate deformations and forces, but when you are inter-
ested in velocities and accelerations you have to choose even smaller time steps.

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.

You can create several sets of supports by clicking the [New] button. You can switch in between
the available sets by using the drop-down menu. Use the [Delete] button to delete a specific set.
For each set, a list of supported nodes must be provided. This can be entered manually or can be
selected in the graphic by using the [Pick] button.

Assign Accelerogram

Choose the available accelerograms from the drop-downmenu. You can apply differentmultiplier
factors in each direction.

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

For each set of supports you can assign different accelerograms.



2 Input Data

©Dlubal Software GmbH 2015

32

2
Integration Parameters

RF-DYNAM Pro can choose the time steps automatically according to the assigned accelerogram,
or you can define time steps and maximum time manually. Results for each single time step are
produced.

Initial Deformation

When you select initial deformations from load case you can import initial conditions directly from
a load case; these are the conditions at time step 𝑡 = 0 𝑠𝑒𝑐 .

Export of Load Cases and Result Combinations

You can export load cases for single time steps by activating the generate load cases check box.
Choose the load case type from the drop down list below.

In the list shown in Figure 2.24, you can select the time steps that you want to export.

Figure 2.24: Dialog box to choose time steps for the load case export in the time history analysis.

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

Structural Damping

In RF-DYNAM Pro structural viscose damping is available, this can be entered using the Rayleigh
coefficients 𝛼 and 𝛽 , or using the Lehr's damping values 𝐷u�. The Lehr's damping value can be
equal or different for each mode of the system. The Damping tab is shown in Figure 2.25.

With the Rayleigh coefficients, the damping matrix 𝐂 is defined as

𝐂 = 𝜶𝐌 + 𝜷𝐊 (2.12)

using the factors 𝛼 and 𝛽 . The Rayleigh damping coefficients are used for direct integration
where a damping matrix 𝐂 is required, which does not need to be a diagonal matrix. For more
information and the pro and cons of the Rayleigh damping see for example [10].

The Lehr's damping values 𝐷u� are used for the modal analysis where the structure is decoupled in
its single eigenvalues. Here the dampingmatrix 𝐂 is 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:

𝐷u� = 𝑐u�
2 ⋅ 𝑚u� ⋅ 𝜔u�

(2.13)
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Figure 2.25: Module window Dynamic Load Caseswith the Damping tab open.

where 𝑐u� are the entries in the diagonal damping matrix, 𝑚u� are the modal masses and 𝜔u� the
angular frequencies of the system.

RF-DYNAM Pro is internally converting the damping values depending on the method of analysis.
For the conversion the following system of equation is solved for two independent frequencies of
the system:

𝐷u� = 1
2

( 𝛼
𝜔u�

+ 𝛽𝜔u�) (2.14)

When direct integration is employed for the time history analysis (set in General Data, see Fig-
ure 2.19), Lehr's damping values can only be entered for the first two modes of the system. This
is due to the internal conversion to Rayleigh coefficients (Equation 2.14). When only one Lehr's
damping value is provided or only one eigenvalue is calculated in the natural vibration cases
(NVCs) the coefficient 𝛽 is set to zero and Equation 2.14 is used to calculate 𝛼.

2.8.3 Time History Analysis of Time Diagrams

A time history analysis of time diagrams is performed when the corresponding radio button in
Figure 2.19 is selected; this is only available in RF-DYNAM Pro - Forced Vibrations.

The corresponding sub-tabs when performing a time history analysis of time diagrams are called
General, TimeHistoryAnalysis andDamping. The TimeHistoryAnalysis tab is illustrated in Figure 2.26.
It looks slightly different to the Time History Analysis tab associated to accelerograms. Here, any
point of the system can be excited in any direction by the defined time diagrams, not only supports.

Modal Analysis versus Direct Integration

In the General tab (see Figure 2.19) you can choose between the modal analysis and the direct
integration. The solvers are identical to those used for the time history analysis of accelerograms;
the details were provided in Section 2.8.2.



2 Input Data

©Dlubal Software GmbH 2015

34

2

Figure 2.26: Module window Dynamic Load Caseswith the Time History Analysis (Time Diagrams) tab
open.

Loading - Time Diagram Sets

Load cases defined in the main program RFEM are combined with Time Diagrams defined earlier
(see Section 2.7) to Loading - TimeDiagramSets. In the table, choose a load case and 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 such Loading - Time Diagram Sets by filling more rows in the table as
shown in Figure 2.26. This is required to simulate an excitation that is varying in time but also
changing its position, i.e. pedestrian walking on a bridge.

Integration Parameters

RF-DYNAMPro can choose the time steps automatically according to the assigned time diagram.
For harmonic time diagrams the maximum time is set to 𝑡u�u�u� = 10 ⋅ 2𝜋/𝜔 which is ten times the
period length. For transient time diagrams the maximum time is overtaken from the user-defined
time diagram. When the automatic settings do not suit, you can define time steps and maximum
time manually. Results for each single time step are produced.

Initial Deformations

By activating Initial deformations from load case you can import initial conditions directly from a
load case; these are the conditions at time step 𝑡 = 0 𝑠𝑒𝑐 .
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Export of Load Cases and Result Combinations

You can export load cases for single time steps by activating Generate load cases. Choose the load
case type from the drop down list below.

You can select the time steps that youwant to export by choosing from the list shown in Figure 2.24
on page 32.

Result combinations (RCs) as a result envelope with maximum and minimum values of all time
steps is generated when you select Create result combination.

Structural Damping

The settings for structural damping were discussed in detail in Section 2.8.2 and are the same for
the time history analysis of time diagrams.

2.8.4 Equivalent Load Analysis

The equivalent load analysis is performed when the corresponding radio button in Figure 2.19
is selected; this 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 SpectraAnalysis in the add-onmodule RF-DYNAMPro - ForcedVibrations
(described in Section 2.8.1) are listed below:

• Load cases with equivalent loads are exported to RFEM separate for each mode and each
excitation direction

• The calculation of load cases is done in the main program RFEM

• Accidental torsional actions can be considered automatically

• Base shear forces can be easily evaluated separate for each mode

• The modal responses are combined with the SRSS rule using a preserve sign option[11]

• Result combinations are produced separately for each excitation direction (combined modal
responses) and for the combination of results from different excitation directions

• 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 calledGeneral, Equiv-
alent Force Analysis andMode Shapes. The Equivalent Force Analysis tab is illustrated in Figure 2.27.

Assign Response Spectrum

In each direction a different response spectrum can be assigned, at least one of the directions
must be selected. The available response spectra have to be chosen from the drop-down menu.
The multiplier factor can be adjusted independently for each direction.

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

Accidental Torsional Actions

RF-DYNAM Pro considers accidental torsion actions automatically when you select the check box
and enter the eccentricities 𝑒u� and 𝑒u� . This is regulated for example in EC8 Section 4.3.2 and
4.3.3.3.3 [1] and is similarly regulated in other international building standards. The eccentricities
𝑒u� and 𝑒u� define how far the center of mass shall be considered as being displaced, to account
for uncertainties in the location of masses.
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Figure 2.27: Module window Dynamic Load Caseswith the Equivalent Force Analysis tab open.

When you export load cases with generated equivalent loads, two LCs are generated for each
mode shape and each direction. One with positive torsional moments, and the other one with
negative torsional moments. RF-DYNAM Pro creates an alternative combination of those two LCs.

Combination Rules

In the add-on module RF-DYNAM Pro - Equivalent Loads the SRSS rule is available to combine the
different modal responses. In the To Generate frame you select the RCs to be exported. The modal
responses of the structure and results from different excitation directions are combined.

The modal responses are combined using the Square Root of the Sum of the Squares (SRSS) rule.
Maximum results are combined and the signs are lost in the standard form of the SRSS rule. The
results 𝑅 are combined with the SRSS rule as follows,

𝑅u�u�u�u� = √𝑅2
1 + 𝑅2

2 + … + 𝑅 2
u� (2.15)

where 𝑅u� are the contributions resulting from 𝑝 modes of the structure.

In RF-DYNAM Pro - Equivalent Loads a modified form of the SRSS rule is used in order to preserve
the signs. This modified SRSS rule was first published by Katz [11] and is defined as follows:

𝑅u�u�u�u� =
u�

∑
u�=1

𝑓u� ⋅ 𝑅u� with 𝑓u� = 𝑅u�

√
u�

∑
u�=1

𝑅 2
u�

(2.16)

Using this formula the result combinations are consistent in itself. The corresponding internal
forces are getting smaller.

The internal forces resulting from different excitation directions can be combined quadratically
with the SRSS rule, or using the 100% / 30% (40%) rule as known from EN 1998-1 Section 4.3.3.5
[1]. The SRSS rule is applied as defined in Equation 2.15 but now 𝑖 = 1..𝑝 are the excitation
directions 𝑋 , 𝑌 and 𝑍 .
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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. When you select create result combinations
several result combinations are automatically generated.

• RCs containing the modal response combination (SRSS) separately for each direction.

• 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% / 30% (40%) rule.

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. TheMode Shape tab and the settings in there were
discussed in detail in Section 2.8.1 and are the same for the equivalent load analysis.

2.9 Global settings in theDetails dialog box

The Details dialog box can be accessed by pressing the button [Details]. You can also reach this
by Settings → Details. You can set global parameters in this dialog box that are valid for the
overall dynamic calculation independent of any defined cases within the module. The dialog box
is shown in Figure 2.28.

Figure 2.28: The Details dialog box to adjust global parameters for the RF-DYNAM Promodule.

Mass Conversion Type
In Section 2.2 the mass import from load cases was explained. You can modify which loads are
imported by switching between the radio buttons shown in Figure 2.28. You can import only
the 𝑍 -components of loads in both global 𝑍 -directions, or in the direction of gravity only. The
third option imports full loads regardless their direction. Masses behave differently than loads.
You have to consider them as a mass point not as a load acting in a specific direction. So, when
different loads are acting on one FE-node they are added together.

Thedirectionof gravity is defined in thedirectionof theglobal𝑍 -axiswhen thepositive orientation
is defined downwards, and is defined against the direction of the global 𝑍 -axis when the positive
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orientation is defined upwards. The settings shown on the left can be found in the Edit → Model
Data → General Data.

Acceleration of Gravity
You can change the acceleration of gravity 𝑔 [𝑚/𝑠2]. The default value set is 𝑔 = 10 𝑚/𝑠2 as
used also in the main program RFEM.

Display Response Spectra
You can change the display of the response spectra shown in the graphic in Figure 2.8 and 2.22.
The default display uses a linear x-axis, but you can change this to a logarithmic scale by activating
the check box.

Minimal Axial Strain for Cables andMembranes
For this special type of members a minimum axial strain is required. When this limit is set too
small, the eigenvalues achieved are not realistic and only local mode shapes are determined. The
default value is reasonable in most of the cases. For more details about cables have a look at the
RFEMmanual Section 4.17.

Instability Detection
The stability of a system can be analyzed, 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 seeRFEMmanual
Section 7.3.3 for further details.

Equivalent Loads
As discussed in Section 2.8.4 load cases are exported containing the generated equivalent loads.
Loads can only be viewed in the graphic when less than 10000 loads are produced. You can
change this value here in the Details dialog box but note that the process of displaying more than
10000 is very slow. The maximum number of loads that RFEM can produce and export to LCs is
99999. 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 99999 FE-nodes. When your structure has more FE-nodes,
the smallest equivalent loads are neglected, and only 99999 loads are produced. You can adjust
the maximum number of generated equivalent loads in the Details dialogue.
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2.10 Units and Decimal Places

You can access the Units and Decimal Places dialog box with the button shown on the left; the
dialog box is shown in Figure 2.29.

Figure 2.29: The Units and Decimal Places dialog box is illustrated where the units and decimal places of
the RF-DYNAM Pro input data can be adjusted.

Search for the add-on module RF-DYNAM Pro in the list of modules. The Input Data tab is open
and units can be chosen from the drop-down menus and decimal places can be adjusted.
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3 Calculation

3.1 Check

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

The module shows the Input Data Verification dialog box displaying any warning and error mes-
sages. When no errors where found the message no consistency errors found is displayed.

Figure 3.1: Input Data Verification dialog box with warning and error messages.

When you click [OK & Calculate] the check is also performed. When errors occur, the Input Data
Verification dialog 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. Calculated are only the cases (NVCs and
DLCs) where no results are available, and which are selected to be solved (To Solve check box). The
add-on module closes once the calculation is finished.

To start the calculation of single natural vibration cases (NVCs) or dynamic load cases (DLCs) you
can right-click on the specific case and press Calculate. Only the selected case within RF-DYNAM
Pro is calculated. Once the calculation is finished the module stays open, the color of the selected
case changes from grey to green. When you select to calculate a DLC then also the assigned NVC
is calculated.

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. Calculated are only the cases (NVCs and DLCs) where no results
are available, and which are selected to be solved (To Solve check box).

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

The To Calculate dialog 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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Figure 3.3: Dialog box To Calculate

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

To transfer the selected RF-DYNAM Pro case to the list on the right, use the or button.
Click [OK] to start the calculation. Calculated are all cases (NVCs and DLCs) where no results are yet
available, and which are selected to be solved (To Solve check box).

Once you started the calculation you can observe the analysis process in a separate dialog box
shown in Figure 3.4.

Figure 3.4: Process of the RF-DYNAM Pro calculation.
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3.3 Availability of the results

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

The color 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 tight to the
results, and are deleted as soon as the results of a case are deleted.

Results of a specific case are deleted, when

• you use the context menu to delete the results

• something is changed in the NVCs or DLCswithin RF-DYNAM Pro

• assigned mass cases (MCs), mass combinations (MCOs), natural vibration cases (NVCs), re-
sponse spectra (RSs), accelerograms (ACs) or time diagrams (TDs) change

• assigned load cases LCs, load combinations COs that are defined in RFEM change

• exported LCs or RCs are deleted that belong to the DLC

Results of a specific case are not deleted, when

• only the description of the case is modified

• in NVCs the scaling of mode shapes is altered
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4 Results
The results of RF-DYNAMPro are embedded in themain program RFEM. The general interpretation
of the results is described in Chapter 8 and Chapter 9 of the RFEMmanual.

In Figure 4.1 themain programRFEM is shown. The results of aNatural VibrationCase are displayed,
the first mode shape is illustrated and the natural frequencies are listed in the table.

Figure 4.1: Results of an Natural Vibration Case in the main program RFEM.

The Display Navigator and Results Navigator are discussed in Section 3.4.3, the Tables in Section
3.4.4 and the Control Panel in Section 3.4.6 in the RFEM manual. Here in the RF-DYNAM Pro
manual only the newly available results are discussed.

You can access all the relevant result tables of your dynamic analysis with the button [Dynamic
Analysis].

Each of the result tables discussed in this chapter can be exported to Excel. The values within the
tables are saved as strings, so only the number of decimal places that are displayed are exported.
When you need a higher accuracy you have to adjust the decimal places in the Unit and Decimal
Places dialog box accessible with the button.

With the drop-down menu you can switch between the available Natural Vibration Cases and the
Dynamic Load Cases. You can also switch between the cases using the and buttons. The
available result tables depend on this choice. This is clarified in the following sections.

The graphic in the work area of RFEM is also updated according to this choice. 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 is working as usually in RFEM.
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4.1 Natural Vibration Cases

The result tables that belong to Natural Vibration Cases are available when an NVC case is chosen
in the drop-down menu. The result tables 5.1 to 5.7 belong to the Natural Vibration Cases. These
results are always available; they belong to the module RF-DYNAM Pro - Natural Vibrations. The
input data required for Natural Vibration Caseswere discussed in Section 2.4.

You can switch between the several availablemode shapes in the graphic by using the drop-down
menu shown on the left, or by using and buttons. The maximum deformation displayed
in the graphic depends on the scaling option; this was discussed in Section 2.4.4.

Table 5.1 Natural Frequencies
Table 5.1 provides the natural frequencies of the undamped system, the result table is shown in
Figure 4.2.

Figure 4.2: Result Table 5.1: Natural frequencies with eigenvalues 𝜆 [1/𝑠2], angular frequencies
𝜔 [𝑟𝑎𝑑/𝑠], natural frequencies 𝑓 [𝐻𝑧], and natural period 𝑇 [𝑠].

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 in
Bathe [6] or Tedesco [9] for example. The equation of motion is defined with

𝐌𝐮̈ + 𝐊𝐮 = 𝟎 (4.1)

where 𝐌 is the mass matrix discussed in Section 2.4.3, 𝐊 the stiffness matrix, and 𝐮 the mode
shapes containing translational and rotational parts

𝐮 = (𝑢u�,𝑢u� ,𝑢u� ,𝜑u�,𝜑u� ,𝜑u�)u� (4.2)

The eigenvalue 𝜆 [1/𝑠2] is connected to the angular frequency 𝜔 [1/𝑠] with 𝜆u� = 𝜔2
u� . The natural

frequency 𝑓 [𝐻𝑧] is then derived with 𝑓 = 𝜔/2𝜋 , 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 𝜆u� and corresponding mode
shapes 𝐮u� exist for each mode 𝑖.

Table 5.2 - 5.5 Mode Shapes
Each frequency of the system has a correspondingmode shape. Thesemode 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 standardized displacements 𝑢u� , 𝑢u� , and 𝑢u� and
rotations 𝜑u� , 𝜑u� , and 𝜑u� are sorted by nodes; this table is illustrated in Figure 4.3.
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Figure 4.3: Result Table 5.2: Mode Shapes sorted by nodes. The standardized displacements 𝑢u� , 𝑢u� ,
and 𝑢u� and the standardized rotations 𝜑u� , 𝜑u� , and 𝜑u� are provided.

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

The maximum value of 𝑢 and 𝜑 is dependent on the chosen scaling option discussed in Sec-
tion 2.4.4. The standardized displacements 𝑢 are dimensionless, and the standardized rotations 𝜑
are given in 1/𝑚. These units result from the scaling procedure.

Table 5.6 Masses in Mesh Points
Depending on the imported masses (see Section 2.2), on the settings in the Details dialog box
(see Section 2.9), and on the final assigned Mass Case or Mass Combination (see Section 2.4.2)
the masses in mesh points are calculated. Provided here are only the masses in the translational
directions 𝑚u� , 𝑚u� , and 𝑚u� . The sum of the masses is provided at the bottom of the table. The
table is shown in Figure 4.4. Beside that the positions of the mesh points in the global coordinate
system are listed.

Figure 4.4: Result Table 5.6: The masses in the translational directions 𝑚u� , 𝑚u� , and 𝑚u� determined for
each mesh point are listed. The sum of the masses is provided at the bottom of the table.

Table 5.7 Effective Modal Mass Factors
The Table 5.7 provides modal masses 𝐌u�, effective modal masses 𝑚u� and effective modal mass
factors 𝑓u�u�; the table is illustrated in Figure 4.5. The effective modal masses describe how much
mass is activated by each eigenmode of the system in each direction.
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Figure 4.5: Result Table 5.7: Modal masses 𝑀u�, effective modal masses in the translational directions
𝑚u�u� , 𝑚u�u� , and 𝑚u�u� , and around the global axis 𝑚u�u� , 𝑚u�u� , and 𝑚u�u� are listed. Also provided are the

effective modal mass factors 𝑓u�u�u� , 𝑓u�u�u� , and 𝑓u�u�u� .

The modal mass is defined with

𝑀u� = 𝐮u�
u� ⋅ 𝐌 ⋅ 𝐮u� (4.3)

where 𝐮u� is the eigenvector of a single mode 𝑖 as defined in Equation 4.2, and 𝐌 is the mass
matrix discussed in Section 2.4.3. The modal mass 𝐌u� is independent of direction. The modal
mass changes depending on the scaling option chosen for the mode shapes (see Section 2.4.4);
when the option 𝐮u�

u� 𝐌𝐮u� = 1 𝑘𝑔 is chosen all modal masses are 𝑀u� = 1 𝑘𝑔 .

The effective modal masses 𝑚eff
u�u� 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 𝛤u�,u�.

𝛤u�,u� = 1
𝑀u�

𝐮u�
u� 𝐌𝐓u� (4.4)

where 𝐓u� is the 𝑗th column in matrix 𝐓

𝐓 =

⎡
⎢
⎢
⎢
⎢
⎢
⎣

1 0 0 0 (𝑍 − 𝑍0) −(𝑌 − 𝑌0)
0 1 0 −(𝑍 − 𝑍0) 0 (𝑋 − 𝑋0)
0 0 1 (𝑌 − 𝑌0) −(𝑋 − 𝑋0) 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

⎤
⎥
⎥
⎥
⎥
⎥
⎦

(4.5)

with 𝑋 , 𝑌 and 𝑍 being the global coordinates of the considered FE-node provided in Table 5.6
(see Figure 4.4), and 𝑋0, 𝑌0 and 𝑍0 being the center 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 participation factors defining also the rotational degrees of freedom is detailed
in [12] in Section 15.7.5. The participation factor 𝛤u�u� is dimensionless for translations and has the
unit [𝑚] for rotations.
The effective modal masses are defined with

𝑚eff
u�u� = 𝑀u� ⋅ 𝛤 2

u�u� (4.6)

where the effective masses for translations 𝑚u�u� , 𝑚u�u� , and 𝑚u�u� are provided in 𝑘𝑔 and for rota-
tions 𝑚u�u� , 𝑚u�u� , and 𝑚u�u� in kgm2.

The sum of the effective modal masses ∑ 𝑚u� is provided in Table 5.7 (see Figure 4.5) and in the
translational directions these sums are equal to the total sum of the structure 𝑀u�u�u�u�u� (see Table
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5.6 in Figure 4.4) 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 𝑓u�u� are needed to decide whether or not a specific mode must
be taken into account for the response spectra analysis or the equivalent load analysis. The EN
1998-1 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 [1].
The effective modal mass factors 𝑓u�u� are defined as follows:

𝑓u�u� = 𝑚u�
∑ 𝑚u�

(4.7)

Further details about modal analysis can be found for example in the books written by Meskouris
et al. [13] and Tedesco et al. [9].

4.2 Dynamic Load Cases - Response Spectra Analysis

The result tables that belong to Response Spectrum Analysis Cases are available when the corre-
sponding DLC case is chosen in the drop-down menu. The result 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 were discussed
in Sections 2.5 and 2.8.1.

You can switch between results in the separate excitation directions 𝑋 , 𝑌 and 𝑍 , and between
the combined results (SRSS or 100% / 30% rule) with the drop-downmenu shown on the left. The
tabulated results and also the graphic in the work area of RFEM update according to your choice.

From a response spectrum analysis in the RF-DYNAM Pro - Forced Vibrations you get result combi-
nations only; this means the modal responses are combined with the SRSS or CQC rule according
to your choice. This is why maximum and minimum values are provided in all result tables.

When you selected the export of result combinations as discussed in Section 2.8.1, the RCs are
available in the drop-down list in the Toolbar in RFEM shownon the left. You have also access to the
RCs using Data Project Navigator → Load Cases and Combinations → Result Combinations
or from the Edit Load Cases and Combinations dialog box accessed with the button.

Table 5.11 and 5.12: Support Forces
The nodal support forces are provided in Table 5.11, shown in Figure 4.6. Similarly, the line support
forces are listed in Table 5.12. Maximum and minimum values are provided.

Figure 4.6: Result Table 5.11: Maximum and minimum nodal support forces and moments in the three
directions 𝑋 , 𝑌 and 𝑍 are listed.
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Table 5.13: Nodal Deformations
The nodal deformations are provided in Table 5.13 as shown in Figure 4.7. Maximumandminimum
values are provided.

Figure 4.7: Result Table 5.13: Maximum and minimum nodal displacements 𝑢u� , 𝑢u� , 𝑢u� , and rotations
𝜑u� , 𝜑u� and 𝜑u� are listed.

Table 5.14: Member Internal Forces
The internal forces of members are listed in Table 5.14 as shown in Figure 4.8. Maximum and
minimum values are provided.

Figure 4.8: Result Table 5.14: Maximum and minimum internal normal forces 𝑁 , shear forces 𝑉u� and 𝑉u� ,

and moments 𝑀u� , 𝑀u� , and 𝑀u� are listed.

Table 5.15 and 5.16: Surface Results
Table 5.15 provides the surface internal forces as shown in Figure 4.9. Maximum and minimum
values are provided together with point coordinates where the maximum or minimum value of
the specific internal force occurs.

Figure 4.9: Result Table 5.15: Maximum and minimum internal normal forces 𝑛u� , 𝑛u� and 𝑛u� , shear
forces 𝑣u� and 𝑣u� , and moments 𝑚u� , 𝑚u� , and 𝑚u�u� are listed.

Surface stresses are listed in Table 5.16 as shown in Figure 4.10.
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Figure 4.10: Result Table 5.16: Maximum and minimum normal and shear stresses are listed.

4.3 Dynamic Load Cases - Time History Analysis

The result tables that belong to Time History Analysis Cases are available when the corresponding
DLC case is chosen in the drop-down menu. The result tables 5.17 to 5.24 belong to this type
of Dynamic Load Cases. The Time History Analysis belongs to the module RF-DYNAM Pro - Forced
Vibrations. The input data required for a time history analysis of accelerograms were discussed
in Sections 2.6 and 2.8.2 and that for a time history analysis of time diagrams were discussed in
Sections 2.7 and 2.8.3.

Results are available separately for each time step, also available is an result envelope providing
maximum and minimum results of all time steps. You can switch between the results using the
drop-down menu shown on the left. The tabulated results and also the graphic in the work area
of RFEM update according to your choice. The results can also displayed versus time in the Time
Course Monitorwhich is accessible with the button.

When you selected the export of load cases and / or result combinations as discussed in Sec-
tions 2.8.2 and 2.8.3, the LCs and RCs are available in the drop-down list in the Toolbar in RFEM
shown on the left. You have also access to the LCs byData Project Navigator→ Load Cases and
Combinations→ Load Cases or similarly for the RCs by Result Combinations. Load cases and
result combinations are also accessible in the Edit Load Cases and Combinations dialog box.

Table 5.17 and 5.18: Support Forces
The nodal support forces are provided in Table 5.17, shown in Figure 4.11. Similarly, the line
support forces are listed in Table 5.18. Maximum and minimum values are provided in the case of
the Dynamic Envelope, but in case of a specific time step only one value per node is listed.

Figure 4.11: Result Table 5.17: Nodal support forces and moments in the three directions 𝑋 , 𝑌 and 𝑍
are listed.
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Table 5.19: Nodal Deformations
The nodal deformations are provided in Table 5.19 as shown in Figure 4.12. Maximum and mini-
mum values are provided in the case of the Dynamic Envelope, but in case of a specific time step
only one value per node is listed.

Figure 4.12: Result Table 5.19: Nodal displacements 𝑢u� , 𝑢u� , 𝑢u� , and rotations 𝜑u� , 𝜑u� and 𝜑u� are
listed.

Table 5.20: Member Internal Forces
The internal forces of members are listed in Table 5.20 as shown in Figure 4.13. Maximum and
minimum values are provided in the case of the Dynamic Envelope, but in case of a specific time
step only one value per position is listed.

Figure 4.13: Result Table 5.20: Internal normal forces 𝑁 , shear forces 𝑉u� and 𝑉u� , and moments 𝑀u� ,

𝑀u� , and 𝑀u� are listed.

Table 5.21 and 5.22: Surface Results
Table 5.21 provides the surface internal forces, this is shown in Figure 4.14.

Figure 4.14: Result Table 5.21: Internal normal forces 𝑛u� , 𝑛u� and 𝑛u� , shear forces 𝑣u� and 𝑣u� , and mo-
ments 𝑚u� , 𝑚u� , and 𝑚u�u� are listed.
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Surface stresses are listed in Table 5.22 as shown in Figure 4.15.

Figure 4.15: Result Table 5.22: Normal and shear stresses are listed.

Table 5.23 and 5.24: Nodal Accelerations and Velocities
Additionally to the standard results, nodal accelerations and velocities are provided in Table 5.23
shown in Figure 4.16 and Table 5.24 shown in Figure 4.17. These results are available for each time
step and also the dynamic envelope is provided.

Figure 4.16: Result Table 5.23: Nodal acceleration 𝑢̈u� , 𝑢̈u� , 𝑢̈u� , and rotations 𝜑̈u� , 𝜑̈u� and 𝜑̈u� are listed.

Figure 4.17: Result Table 5.24: Nodal velocities 𝑢̇u� , 𝑢̇u� , 𝑢̇u� , and rotations 𝜑̇u� , 𝜑̇u� and 𝜑̇u� are listed.

Nodal accelerations and velocities are not included in the load cases or result combinations that
are exported to the main program RFEM.
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Time Course Monitor
All results that are listed in the tables discussed above can be displayed versus the time with the
Time Course Monitor. This is the most important post-processing tool of a time history analysis.

This graphic is available with the [Time Course Monitor] button. The button can be found in the
table toolbar and in the Panel in the Display Factors tab.

The Time Course Monitor is displayed in Figure 4.18.

Figure 4.18: Time Course Monitor to display results versus time. Here the displacement 𝑢u� of three
nodes are displayed. The maximum and minimum values are provided.

You can choose between nodes, members, surfaces, and support nodes in the drop-down menu
shown on the left. Depending on this choice different results are available as shown in Fig-
ures 4.19a, 4.19b, 4.19c, and 4.19d.

a) Results on nodes b) Results on members c) Results on surfaces d) Results on supports

Figure 4.19: Available results for (a) nodes, (b) members, (c) surfaces, and (d) support nodes.

In the case of members and surfaces you have to choose the member or surface number from the
drop-down list.

Depending on the choices above either a list of finite element mesh points (see Figure 4.18) or
a list of distances on members (see Figure 4.20) is available. A multiple choice of listed points or
positions is possible by using the [Ctrl] key.

The legend in the graphic is set automatically and also the axis labels and axis scales are adjusted
depending on the choices you made. Minimum and maximum results together with the corre-
sponding time steps are provided. You can use your mouse wheel to zoom into the graph. Values
are displayed on the tip of your mouse cursor when moving along the graph.
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The work area of RFEM, the tables and the Time CourseMonitor are interacting. So when you select
a row with a specific member in a table or when you select a node in the graphic, for example, the
settings in the Time CourseMonitor are adjusted. You only have to choose the result that shall be
displayed (Figures 4.19a - 4.19d).

The Root Mean Square (RMS) value of any results up to a specific time can be displayed optionally,
when the check box shown on the left is selected and a time is provided. The RMS value is
calculated as follows

𝑅u�u�u� = √ 1
𝑛

(𝑅2
1 + 𝑅2

2 + … + 𝑅 2
u�) (4.8)

where 𝑅u� are the results of each time step with 𝑛 considered time steps. The RMS value is illus-
trated in the Time Course Monitor; this is shown in Figure 4.20.

Figure 4.20: Time Course Monitor with the Root Mean Square (RMS) value. Here the moment 𝑀u� is dis-
played versus time, the RMS value up to 1.0 𝑠𝑒𝑐 is provided.

The Root Mean Square value is only available when a single graph is plotted. When you overlay
results of several nodes the RMS check box is not available.

With the [Print] button you can print the Time Course Monitor in the printout report directly. In the
window appearing you can define a header for this graphic to be used in the report.

When you right-click on the Time Couse Monitor you have three options: (1) You can access the
numerical values in tabular view. The time steps are listed together with all results displayed in
the graphic. An example is provided in Figure 4.21, the values as tabulated can be exported to
Excel using the button. (2) You can save the Time Course Monitor as picture, and (3) you can
access the settings of the graph. The settings dialog box of the Time CourseMonitor is shown in
Figure 4.22.

Figure 4.21: Numerical values of the plot displayed in the Time Course Monitor.
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Figure 4.22: Settings of the Time Course Monitor.

4.4 Dynamic Load Cases - Equivalent Load Analysis

The result tables that belong to Equivalent Load Analysis Cases are available when the correspond-
ing DLC case is chosen in the drop-down menu. The result 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 - Equiva-
lent Loads. The input data required for an equivalent load analysis were discussed in Sections 2.5
and 2.8.4.

You can switch between tables showing the equivalent loads for all eigenvalues of the system, or
separately for each mode.

Equivalent Loads
When performing an equivalent load analysis, only the equivalent loads are calculated in RF-DY-
NAM Pro, the remaining calculation is performed in the main program RFEM.

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

⎧{
⎨{⎩
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𝐹u�
𝐹u�

⎫}
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with

𝛤 Participation factors in 𝑋 , 𝑌 , and 𝑍 -direction as defined in Equation 4.4 using a modal
mass of 𝑀u� = 1 𝑘𝑔 .

𝑢 Displacement values in 𝑋 , 𝑌 and 𝑍 -direction of the mode shape scaled so that
𝑀u� = 𝐮u�

u� ⋅ 𝐌 ⋅ 𝐮u� = 1 𝑘𝑔
𝐒u�(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, in Equation 4.10 the loads resulting from a response spectrum in 𝑌 -direction,
and in Equation 4.11 the loads resulting from a response spectrum in 𝑍 -direction are calculated.
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These equivalent static forces exist at each FE-node within the structure as long the mass 𝑀 and
the mode shape 𝑢 are not 0 at this point.

The result tables for the equivalent load analysis are separated into the three excitation directions;
in Table 5.8 the resulting equivalent loads for response spectra acting in 𝑋 -direction, in Table
5.9 those for response spectra acting in 𝑌 -direction, and in Table 5.10 those for response spectra
acting in 𝑍 -direction are listed. The Table 5.9 is illustrated in Figure 4.23.

Figure 4.23: Result Table 5.9: Generated equivalent loads resulting from response spectra in 𝑌 -direction.

Torsional Moments
The accidental torsional actions can be considered as described in Section 2.8.4 to account for
uncertainities in the location of masses. The center of mass is considered to be displaced by the
accidental eccentricities 𝑒u� and 𝑒u� . The torsional moments are calculated as follows

𝑀u� = |𝐹u� ⋅ 𝑒u� | + |𝐹u� ⋅ 𝑒u�| (4.12)

where 𝑀u� are the torsional moment and 𝐹u� and 𝐹u� the equivalent loads on each FE node as
defined in Equations 4.9, 4.10, and 4.11. The torsionalmoments𝑀u� are considered in bothpositive
and negative directions.

Exported Load Cases
The equivalent loads as listed in the dynamic result tables are exported as load cases into themain
program RFEM. This is done separately for each eigenvalue and for each excitation direction. The
list of load cases generated can be viewed in the Edit Load Cases and Combinations dialog box. The
calculation parameters cannot be changed, a geometrically linear static calculation is performed.

The equivalent loads generated can be displayed by pressing the [Show Loads] button. When
more than 10000 loads are generated the display is deactivated by default. But in theDetailsdialog
box the number of displayed equivalent loads can be changed; this was discussed in Section 2.9.

When the accidental torsional actions (described in Section 2.8.4) are activated, two load cases for
each mode and direction are generated. The torsional moments are considered in positive and
negative directions. Those two load cases are combined as an alternative combination before the
modal responses are combined with the SRSS rule.

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 rule and the results are exported in RCs separately for each excitation direction, and
(2) the directional results are combined either with the SRSS or with the 100 % / 30% rule and the
final RCs are exported. A list of generated result combinations can be found in the Edit Load Cases
and Combinations dialog box displayed in Figure 4.24.
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Figure 4.24: Exported result combinations from the equivalent load analysis shown in the Edit Load Cases
and Combinations dialog box. Here the RC containing the combined modal responses in 𝑍 -direction is
selected.

In Figure 4.24 in the frame Loading in Result Combination RC a list of LCs, that are used to build the
RC in 𝑍 -direction, is provided; those LCs are combined with the SRSS rule as set in the calculation
parameters shown in Figure 4.25.

Figure 4.25: Calculation parameters of the exported RCs combining modal responses. The SRSS rule is
applied.

By default, the check box Preserve Signs is selected, which uses the SRSS rule as stated in Equa-
tion 2.16. When you clear this check box the standard form of SRSS is used (Equation 2.15). You
can also decide whether both the maximum and minimum results, or only one of those are saved
in the result combinations by changing the radio buttons in Figure 4.25.

In the second step the responses resulting from different excitation directions are combined; one
of the final RCs is selected in Figure 4.26. Note the factors 1 and 0.3 that are used to perform the
100% / 30% rule.

4.5 Printout Report

You can create a printout report containing your dynamic results. Detailed information about the
printout report can be found in Chapter 10 in the RFEMmanual.
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Figure 4.26: Exported result combinations from the equivalent load analysis shown in the Edit Load Cases
and Combinations dialog box. Here the RC containing the directional combination with the 100% / 30%
rule is selected.

Figure 4.27: Printout report selection with input data available for the RF-DYNAM Pro case.
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Figure 4.28: Printout report selection with the natural vibration case (NVC) data available.

When dynamic results are available, you can include Input Data and Natural Vibration Case data in
the Printout Report Selection as shown in Figures 4.27 and 4.28.

Each of the entries can be selected for all cases (NVCs or DLCs) or you can clear the All check box
and select only single cases (NVC or DLC).

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 in the RFEMmanual.

4.6 Units and Decimal Places
You can access the Units and Decimal Places dialog box with the button shown on the left. The
dialog box with Results tab of the RF-DYNAM Pro add-on module open is shown in Figure 4.29.

Figure 4.29: The Units and Decimal Places dialog box is illustrated where the units and decimal places of
the RF-DYNAM Pro result data can be adjusted.

Search for the add-on module RF-DYNAM Pro in the list of modules and change to the Results tab.
Units can be chosen from the drop-down menus and decimal places can be adjusted.
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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 4.30.

Figure 4.30: The Units and Decimal Places dialog box is illustrated with the Results tab of RFEM open.
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5 Examples
Examples are added to thismanual fairly soon, please check ourwebsitewww.dlubal.com/en/man-
uals-for-category-dynamics.aspx regularly for an update of this manual.

Verification examples are available on our website to demonstrate the accuracy of RF-DYNAM Pro.
Please visit www.dlubal.com/en/examples.aspx?category=Dynamic%20Analysis.

An example how to perform a natural vibration analysis and amulti-modal response spectra analy-
sis using the module Equivalent Loads is shown in the webinar Natural Frequencies and Equivalent
Static Force Analysis with RFEM, which is accessible using www.dlubal.com/en/webinars.aspx.
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