Engineering Structures 177 (2018) 395-408

Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

Dynamic analysis of single-degree-of-freedom systems (DYANAS): A
graphical user interface for OpenSees

Check for
updates

Georgios Baltzopoulos™*, Roberto Baraschino™”, Iunio Iervolino®, Dimitrios Vamvatsikos”

2 University of Naples Federico II, Department of Structures for Engineering and Architecture, Via Claudio 21, Naples, Italy
® National Technical University of Athens, Department of Civil Engineering, Heroon Polytechneiou 9, Athens, Greece

ARTICLE INFO

Keywords:

Performance-based earthquake engineering
Pushover analysis

Incremental dynamic analysis
Multiple-stripe analysis

Cloud method

ABSTRACT

Non-linear dynamic response of SDOF systems enjoys widespread application in earthquake engineering,
sometimes as a testing ground for cumbersome analytical procedures, but often as a direct proxy of first-mode-
dominated structures, within the family of simplified, pushover-based methods for seismic structural assessment
and/or design. This article presents DYANAS, a MATHWORKS-MATLAB -based graphical user interface that uses
the OpenSees finite element platform to perform nonlinear dynamic analysis of single-degree-of-freedom (SDOF)
oscillators. The scope of this open-source, freely distributed software is to serve as a tool for earthquake en-
gineering research. The main advantages offered by the DYANAS interface are ease in the definition of the
required analysis parameters and corresponding seismic input, efficient execution of the analyses themselves and
availability of a suite of convenient, in-built post-processing tools for the management and organization of the
structural responses. The types of dynamic analysis frameworks supported are incremental, multiple-stripe and
cloud. Simultaneous consideration of pairs of uncoupled dynamic systems gives the possibility for intensity
measures to refer to bidirectional ground motion. In the paper, an outline of the types of dynamic analysis
frameworks typically used in performance-based earthquake engineering is provided, followed by a detailed
description of the software and its capabilities, that include an array of post-processing tools. In order to properly
place this software tool within its natural performance-based earthquake engineering habitat, some example

applications are provided at the end of the paper.

1. Introduction

Earthquake engineering sees widespread usage of simple structural
systems, such as single-degree-of-freedom (SDOF) yielding oscillators,
as a means of providing insights into the response of more complex
engineered systems, such as buildings or bridges. Although this type of
simplification was initially motivated by the lack of computational re-
sources for performing dynamic analysis of larger numerical models, in
recent years the trend remains - only for different reasons. Advances in
performance-based earthquake engineering (PBEE, e.g., [10]) and
seismic structural reliability (e.g., [45]) have brought forth the need for
an adequate probabilistic representation of structures’ post-elastic be-
havior during earthquake excitation. Due to the inherently stochastic
nature of this phenomenon, mainly (but not solely) attributable to the
so-called record-to-record variability of seismic response [51], such a
probabilistic description by analytical means may require a prodigious
number of dynamic analyses, putting a strain even on modern com-
putational power. For this reason, methods that employ SDOF-level
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approximations of structural systems have been duly preserved in the
arsenal of PBEE and have continued to undergo refinement and de-
velopment.

Looking back, the dynamic response of yielding SDOF oscillators to
base acceleration has been in the limelight of earthquake engineering
research since its early steps [59] and remained there throughout its
evolution, as simplified methods for seismic assessment and design of
buildings appeared that were reliant on pushover analysis to define an
equivalent, substitute SDOF structure [60,12,7,41,13,46,18]. In more
recent years, with the PBEE paradigm gaining an ever-steadier foothold
in the earthquake engineering community, new SDOF-based procedures
began to surface that additionally sought to map the probabilistic dis-
tribution of seismic structural response (e.g., [58,16,5]). Other PBEE-
related contexts that employed yielding SDOF oscillators as structural
proxies, include the direct use of inelastic displacement as a measure of
shaking intensity [54] and the critical scrutiny of prevalent ground
motion record selection and modification practices for conducting re-
sponse history analysis of structures [22,31].
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Some of the issues that permeate all of the aforementioned cases
are: the shape of the backbone curve of the SDOF system, the hysteretic
law it follows during cyclic loading and the potential presence of
strength and/or stiffness cyclic degradation in the hysteresis. The force-
displacement relationship describing response to monotonic static
loading; i.e., the backbone curve, is typically an idealization of the
pushover curve obtained analytically for the corresponding structure.
This idealization can be a simple bilinear shape, or it can also include a
descending, negative stiffness branch and even a residual strength
plateau. The appearance of negative stiffness in a structure’s pushover
may be due to P-A effects or material strength degradation (often both)
and the importance of its representation on the equivalent SDOF’s
backbone has been strongly advocated by past research [19,1].

With regard to the hysteretic behavior that ought to characterize a
substitute SDOF system in order to best represent global response of the
corresponding structure, there was a shift in modern practice, from the
simple, kinematic hardening rules that saw extensive use in the past,
towards phenomenological, evolutionary hysteretic rules (e.g., [20])
that are more representative of real structural behavior. Various pro-
posals exist in the literature in this regard, typically based on experi-
mental data that refer to specific structural typologies: for instance, the
studies of Takeda et al. [53] for reinforced concrete, Graziotti et al. [17]
for unreinforced masonry and Lignos and Krawinkler [33] for steel
structures, are mentioned. Typically, the same model used for a struc-
ture’s numerical simulation at the element level (especially in cases of
concentrated plasticity modelling) is also assigned to the equivalent
SDOF oscillator for that structure. However, it should be noted that, in
the case of parametric phenomenological modelling of cyclic degrada-
tion effects, experimental model calibration at the element level may
not be adequately representative of the entire structure’s global beha-
vior and a dedicated study may be needed (e.g., [27]).

The present article introduces a new earthquake-engineering-or-
iented software: DYANAS, a MATHWORKS MATLAB"-based graphical
user interface (GUI) that expedites the definition of inelastic SDOF
systems in the OpenSees (Open System for Earthquake Engineering
Simulation; [40]) finite element platform, streamlines the execution of
dynamic analyses under suites of base-acceleration time histories and
allows for methodical processing of the final results. The analysis
method and post-processing aspects of the software are focused on fa-
cilitating dynamic analysis schemes that draw on the PBEE paradigm.
The graphical interface components of the software run in MATLAB
environment. Interaction with OpenSees is performed by manipulating
Tcl/Tk scripts (Tool Command Language — a general scripting language
that has been extended with OpenSees-specific commands; [42]) via
MATLAB functions, in a process that will be described in the following
sections.

OpenSees is an open-source, object-oriented finite element platform
developed for PBEE. Since its inception, OpenSees has seen extensive
use for numerical analysis in structural, geotechnical and seismic re-
liability problems (e.g., [50]). In the past, various GUIs have been built
around OpenSees, intended to facilitate the definition of numerical
models and subsequent running of analyses. Such examples are the
Build-X software [47] and the GID interface [43] that are both intended
for aiding the definition of multi-DOF building models, as well as the
web platform of DolSek et al. [11] and the II-DAP interactive interface
[32] that operate on the SDOF level. DYANAS is a new addition to this
list and is, primarily, a PBEE tool that incorporates a multitude of
functions oriented towards efficient seismic analysis of simple struc-
tures (e.g., [56]).

The software presented in this article, DYANAS, is freely available
for research purposes as a software package (http://wpage.unina.it/
georgios.baltzopoulos/software/software_page.html) and is also dis-
tributed as open-source code, obtainable at https://github.com/
georgebaltz/SDOF-OSEES. DYANAS allows users to easily define
yielding SDOF oscillators with classical viscous damping, piece-wise
linear monotonic backbones and a choice of six evolutionary or
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hardening hysteretic rules that are already implemented in OpenSees
(to follow). Subsequently, the GUI gives users the opportunity to per-
form non-linear dynamic analyses to large sets of accelerometric input,
supporting incremental dynamic analysis (IDA; [55]), multiple-stripe
analysis (MSA; e.g., [25]) and cloud analysis (e.g., [26]). For each
analysis session, users may define a single, or two uncoupled, SDOF
oscillators. In the latter case, these can be run simultaneously, using
bidirectional ground motion records. Finally, the software has the
capability to post-process results, graphically represent them for the
users and allows exporting figures and data files for further elaboration.
The remainder of this paper is organized in the following fashion: first,
an outline of the dynamic analysis methods prevalent in PBEE and
supported by the GUI is given. Subsequently, a description of the soft-
ware’s function, structure and capabilities is provided. Then, a section
dedicated to a few illustrative applications that showcase specific as-
pects of the software’s utility as a PBEE tool are to be found, followed by
some closing remarks and discussion.

2. Dynamic analysis methods for PBEE

The primary use of dynamic structural analysis in PBEE is as a
means of quantifying the ability of a structure to meet certain perfor-
mance objectives, in a probabilistic framework. An understanding of
this can be obtained through Eq. (1), that looks at part of the PEER
framing equation [8] to provide the annual rate of a structure’s failure
to meet some performance objective, A;, which is a measure of seismic
risk.

A= fim P[EDP > edp; \IM = im] 1A o)

Eq. (1) is based on two fundamental variables, the so-called en-
gineering demand parameter (EDP) and the seismic intensity measure
(IM) that will be both assumed scalar, for simplicity. In that case, 1;,
represents the annual rate of exceeding a specific value im at the site of
the structure and is therefore a measure of seismic hazard [39]. Finally,
the conditional probability that structural response given a certain IM
level, exceeds the performance objective threshold, edpf,
P[EDP > edp; |IM = im] is typically termed a fragility function
(sometimes simply written as the probability of failure given IM,
P[f IIM = im]). EDP is a generic term used for any measure of structural
response of engineering significance, that can be used to check or de-
termine if the structure has failed to meet a given performance objec-
tive due to, for example, excessive stress or deformation. Examples of
often-used EDPs for building structures are inter-storey drift ratio or
roof-level displacement. In this context, failure (sometimes also termed
“exceedance of a limit state”) can be expressed as the exceedance of a
predefined threshold EDP-value. On the other hand, an IM can be some
direct instrumental measure of ground motion amplitude, such as peak
ground acceleration (PGA), or a quantity of elastic response, such as
spectral pseudo-acceleration at various periods, Sa(T).

While the concept of structure-specific fragility functions sees ex-
tensive use in PBEE and seismic risk analysis, in order to determine such
a functional relationship between EDP and IM as
P[EDP > edp; |IM = im] by analytical means, engineers may need to
resort to a number of nonlinear dynamic analyses of a numerical model
of the structure, according to some methodology that maps the dis-
tribution of EDP for various IM levels. The methods used most fre-
quently to obtain this EDP-IM mapping for seismic response are incre-
mental dynamic analysis, multiple-stripe analysis and cloud analysis.
The principal objective of this software is to streamline and facilitate
the execution of these types analyses using suites of ground acceleration
records, when the structural model adopted is an SDOF simplification of
the original structure (or an actual SDOF system, naturally). For this
reason, the three aforementioned dynamic analysis methodologies (plus
a variant of IDA) are briefly outlined below, whilst other issues men-
tioned in this first part of the section, such as seismic fragility and
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Fig. 1. Illustrating the dynamic analysis
methods most frequently used in PBEE:
thirty IDA curves of a yielding SDOF oscil-
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of a non-linear structure at six IM levels
obtained via MSA (b); logarithmic-scale
scatter plot of EDP-IM responses obtained
via cloud analysis and corresponding or-
dinary least squares regression line (c).
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hazard will receive little more attention, by virtue of being beyond the
scope of the software presented.

2.1. Incremental dynamic analysis

IDA consists of running a series of dynamic analyses for a non-linear
structure, using a suite of accelerograms that are progressively scaled
upwards in amplitude in order to represent a broad range of IM levels.
Structural response, in terms of some EDP, is being continuously re-
gistered at each IM level; thus, for each acceleration record, a con-
tinuous EDP-IM relationship is obtained, termed an IDA curve (Fig. 1a).
A common way of summarizing IDA results for the entire suite of re-
cords, is to calculate the 16, 50 and 84% fractile IDA curves of EDP
given IM or vice-versa. As can be seen in the figure, while individual-
record IDA curves can be non-monotonic, the fractile curves generally
are. In fact, for structures susceptible to dynamic instability, when a
record is scaled up to levels that can induce such behavior, the IDA
curve tends to become horizontal, indicating almost-infinite increase in
EDP for small IM increments; thus IDA flat-lines are taken to indicate
structural collapse (for further details the interested reader is referred
to [55]). It is mentioned in passing that IDA has already found its way
into guidelines for practicing engineers that espouse PBEE principles
(e.g., [15]).

2.2. Multiple-stripe analysis

MSA, like IDA, has the objective of calculating EDP-responses of a
structure at various, increasing IM levels. The difference from IDA is
that MSA does not necessarily resort to scaling the same suite of ac-
celerograms to reach these IM levels, but may instead use different sets
of (scaled or unscaled) records at each IM level (e.g., [25]). Ideally,
these record sets should be selected to reflect site-specific seismic ha-
zard at each IM level, thus rendering the calculated seismic structural
demand hazard-consistent (e.g., [34]). A schematic example of MSA
results is given in Fig. 1b, where it can be seen that EDP response
samples, sometimes termed “EDP-stripes”, have been obtained for six
IM levels (note that in the context of IDA and due to the continuous
nature of IDA curves, apart from EDP-given-IM, one may also calculate
“IM-stripes” for a given EDP value).

2.3. Cloud analysis

Cloud analysis gets its name from the fact that it uses sets of un-
scaled acceleration records, meaning that, typically, only a single re-
cord will correspond to each IM level (besides it being not-very-likely to
find many records with, say, the exact same PGA or Sa(T) value, the
very nature of this method calls for an even spread of intensity values
within the range of interest). This results in a “cloud” of points in the

In(EDP)

EDP-IM plane, such as the scatter-plot shown in Fig. 1c. With the cloud
method, a probabilistic relation between EDP and IM can be obtained
by means of linear regression and its assumptions of homoscedastic,
Gaussian residuals (e.g., [26]). Regression of cloud analysis EDP-IM
data can find application in some simplified seismic reliability methods;
the interested reader is referred to Cornell et al. [9] for further details.

2.4. Back-to-back incremental dynamic analysis

Besides traditional IDA, an extended version thereof has also been
suggested in the past [37]. This extension of IDA was intended to
provide a probabilistic description of seismic response for structures
that have already been damaged by a mainshock earthquake (MS) and
are susceptible to the effect of aftershocks (AS) before any repairs can
take place. In this type of analysis, henceforth referred to as back-to-
back IDA, the analyzed structure is first subjected to an initial set of
accelerograms, let us call them the MS record set, each scaled to pro-
duce the same predefined EDP level. At the end of each single-run MS
analysis, a damaged incarnation of the structure has been produced;
this is allowed to revert to at-rest conditions and is subsequently sub-
jected to a second set of records, let us call these the AS set, that are
scaled upwards in the traditional IDA manner. Fig. 2 provides a sche-
matic representation of this procedure. The end result, as in traditional
IDA, is a set of continuous EDP-IM curves, the difference being that
these curves no longer describe the seismic behavior of the original

MS IDA curves starting at pristine state

AS IDA curves starting at damaged state

-

Fig. 2. Schematic representation of back-to-back IDA: a “mainshock” record
acting on a structure in pristine condition is scaled until a limit state threshold
edpy is reached, then IDA is performed for a set of “aftershock” records, acting
on the structure damaged by the mainshock record; the procedure is repeated
for a predefined number of “mainshock” accelerograms, each followed by a set
of “aftershock” accelerograms.
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structure, but that of the structure that has been subjected to a specific
damaged state. Also note, that the MS-AS characterization of the two
record sets employed in this discussion is purely conventional and was
used for designating the order with which the two shocks are con-
sidered in the analysis, without implying that they must be part of the
same seismic sequence.

3. Software structure and graphical user interface

DYANAS is structured around two main pillars: the various
MATLAB-coded pre- and post-processing tools that are incorporated
into the GUI and the suite of parametric scripts that run directly on the
OpenSees platform. In order to run an analysis defined by the user via
the MATLAB GUI, OpenSees must be provided with Tcl/Tk scripts that
contain definition of the numerical model, loading, and the analysis’
operational parameters, including what response information to save.
These Tcl/Tk scripts are divided into two categories: parametric and
definition files. Parametric scripts contain all the information necessary
for model definition and execution of analysis in OpenSees, as functions
of externally-defined placeholder variables or as hard-coded analysis
parameters; these files remain unchanged during any analysis session of
the software (unless the user decides to make a direct, outside inter-
vention of course). On the other hand, the definition files are constantly
over-written by the GUI's pre-processing tools, according to user input
and system definition. Once OpenSees concludes a packet of user-re-
quested analyses, output files are created, that are subsequently parsed
by the GUI’s post-processing MATLAB routines for further elaboration
of the raw results. This procedure is schematically depicted in the
flowchart of Fig. 3.

The pre-processing, (system and analysis definition) functionalities
of the GUI can be further split into two main groups: definition of the
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SDOF system characteristics, such as dynamic properties, backbone
curve and the rules governing hysteretic behavior, and definition of the
type of analysis, including definition of controlling parameters and
handling of dynamic input. The post-processing tools, on the other
hand, enable organizing, plotting and extracting specific subsets of the
results, in various common formats, useful within the PBEE framework.
The remainder of this section describes the salient features of the
functionalities outlined above.

3.1. Definition of oscillator characteristics, engineering demand parameter
and seismic intensity measure

The first step in any new analysis session is the definition of the
system to be analyzed, that may either be an SDOF oscillator or two
uncoupled simple oscillators. In the latter case, two separate SDOF
systems are defined and analyzed simultaneously, without any inter-
action occurring between them. This can be useful in the case of reg-
ular, symmetrical structures, for which equivalent SDOF systems may
be defined via pushover in both principal directions [49].

In all cases, the SDOF system definition requires the assignment of
dynamic characteristics, such as period of natural vibration T and vis-
cous damping ratio v (modelled as mass-proportional), backbone curve
and hysteretic rule. The backbone curve corresponds to a piece-wise
linear idealization of the force-displacement response of the system to
monotonic loading and is defined by the yield strength and displace-
ment, F, and §, respectively, and up to four parameters for a quadri-
linear case, shown in Fig. 4.

These are the hardening slope «;, (positive ratio of post-yield stiff-
ness to elastic stiffness), the capping-point ductility u, (point where loss
of strength with increasing deformation begins), the post-capping slope
a, (negative slope corresponding the ratio of the negative post-capping

Fig. 3. Operational flowchart of the DYANAS GUTI’s interaction with OpenSees.
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Fig. 4. Definition of non-dimensional parameters for the characterization of an
SDOF system’s piece-wise linear backbone curve (a); backbone curve with
descending branch, residual strength plateau and peak-oriented hysteretic loops
(b); bilinear, kinematic hardening system (c); trilinear backbone exhibiting
peak-oriented hysteretic behavior with moderate cylcic strength degradation
(d).

stiffness divided by the initial elastic stiffness), the height of the re-
sidual strength plateau r, (ratio of residual strength divided by yield
strength) and the fracture ductility y; (point corresponding to sudden,
complete loss of strength), with ductility being response displacement
normalized by yield displacement, u = 6/, and strength ratio R as
force normalized by yield strength R = F/F,. A sample of the GUI’s
dialogue windows during the definition of backbone and other prop-
erties is provided in Fig. 5.

Engineering Structures 177 (2018) 395-408

As can be seen in the figure, the software permits the definition of
asymmetric backbone curves, with u,, ¢, and F, being allowed to differ
in the two directions, while maintaining the same elastic stiffness.
Regarding the choice of hysteretic constitutive law, several options that
have been implemented in OpenSees in the past are available
[19,20,33,2,35,44]. These are divided into two broad categories of
peak-oriented and hardening hysteretic rules and some of them allow
for evolutionary behavior, including cyclic strength and stiffness de-
gradation. It should be noted that association of a backbone curve with
a descending branch is meaningful only for the peak-oriented hysteretic
behavior group; in such cases that include softening branches, in-cycle
strength degradation can also emerge during dynamic response
(whenever cycles exceed the u, limit — see also [14]). By means of the
“quasi-static cyclic” analysis type, the software offers the user a means
to visualize the effect of each hysteretic rule on displacement-controlled
cyclic loading.

The second preliminary step, prior to proceeding to the analysis, is
to select the EDP and IM that will be employed. For such simple
structures as these SDOF oscillators, the choice of EDP is limited to the
peak transient displacement in either horizontal direction, x and &y,
the residual displacements in both directions and the demand over
capacity ratio, D/C. The D/C ratio expresses, in non-dimensional form,
how close the structure comes to exhausting a threshold EDP. It also
provides a means of defining an EDP that takes response in both di-
rections into account, according to the definition in Eq. (2), which is
valid for all converging runs, where 6/ and &; are the “failure” dis-
placements in the corresponding directions (i.e., the EDP thresholds).
D/C = max{6x/8f, §v/8f} 2

Although the actual choice of IM can be deferred until the analysis
definition phase (the default option being Sa(T) at the X-direction

Fig. 5. Main GUI window and subsidiary dialogue windows during definition of a SDOF oscillator’s dynamic characteristics, backbone curve (asymmetrical in this

case) and hysteretic model.
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Fig. 6. Conversion of IDA curves from five records between IMs: from Sa (T = 1.25 s) (a) to PGA (b). The highlighted calculation point on one of the five records used
for this example (event, year and recording station reported in the legend) shows the re-mapping of that point between the two panels, the PGA-to-spectral-ordinate
ratio for that record being 2.91/1.63. Herein the hunt-and-fill algorithm was stopped prior to evening out the total number of runs per curve, when each flatline was

adequately captured.

oscillator’s vibration period), in the case of bi-directional ground mo-
tion (i.e., definition of two SDOF systems) the user should also de-
termine how that IM is to be calculated: for example, Sa(T) can be
taken as the maximum between the values of the two components,
Samax (T), or as the geometric mean of the two, Sag, (T).

3.2. Running IDA and back-to-back IDA

Due to the particular shape of individual IDA curves, when at-
tempting to adequately represent them by scaling all records at a fixed,
constant step in terms of IM, the number of dynamic analyses that may
be needed can prove overly time-consuming, even in the case of SDOF
systems. DYANAS seeks to optimize required analysis time, by in-
corporating a MATLAB-programmed implementation of the “hunt-and-
fill” algorithm ([56]; http://users.ntua.gr/divamva/software/bundle_
runIDA.zip), whereby the number of runs for each record is determined
on the fly during analysis. According to this algorithm, after a few test-
runs at characteristic IM levels, the software begins to determine the
scale factor of the next run based on the history of previous results,
resulting on a set of EDP-IM points on the curve — black dots in Fig. 6 —
that may be closer or farther apart between curves, in an attempt to use
approximately the same number of runs for all curves, regardless of flat-
line height. Then, the complete IDA curve (intermediate points — co-
lored segments in Fig. 6) is obtained by means of piece-wise inter-
polation between these calculation points on the IM-EDP plane (http://
users.ntua.gr/divamva/software/bundle_postIDA.zip). Both spline and
linear interpolation are possible, with the former being the default
option in DYANAS, as it results in smoother IDA curves.

An additional advantage, provided by this computational strategy,
is the possibility for nigh-instantaneous change of IM, once a set of IDA
curves has been obtained. This IM-change operation can prove useful in
a variety of situations, such as when a set of distinct structures must all
have their seismic vulnerability functions expressed in a common IM
[29] or when the same requirement occurs for the two principal or-
ientations of a single structure [30] or simply for studying the relative
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merits of choosing one IM over another [36]. This is also demonstrated
in Fig. 6, where the conversion of a set of five IDA curves from spectral
pseudo-acceleration, Sa(T), at period T = 1.25s to PGA is shown. Given
that each explicit calculation point from the trace-IDA implementation,
shown in the figure as a black dot upon the spline-interpolated curve,
corresponds to a specific scale factor applied to that record, each EDP
value at any of these points can be reassigned to the value that the new
IM assumes on the record’s scaled spectrum. After this re-mapping of
the calculation points to the new IM (in this example PGA) is complete,
spline interpolation based on the new IM-EDP points provides the
converted IDA curves.

The same computational strategy is also followed in the case of
back-to-back IDA, with the only difference being in the management/
definition of seismic input (to follow). At the conclusion of either of
these types of analysis (IDA or back-to-back IDA) a set of post-proces-
sing options are available to the user: change of IM or EDP, extraction of
IM or EDP stripes that can be saved into MATLAB-variable or text file
formats and saving the analysis results for later use. Change of EDP
offers a choice between 8y, dy, residual displacements and D/C ratio.
Switching EDP is trivial, as all necessary EDP responses are recorded
and saved during every single run. Conversion to different IMs, on the
other hand, follows the re-interpolation procedure outlined earlier. For
single-component ground motion, change of IM entails switching to a
spectral ordinate at a different period T and/or different viscous
damping ratio v, with defaults being the X-direction SDOF’s period of
natural vibration and five percent, respectively. In the case of bidirec-
tional motion, the definition of the IM with respect to the two hor-
izontal acceleration components can also be changed among the al-
ready-mentioned alternatives being: Sa(T) of either single component,
Samax (T) or Sag, (T).

Finally, the post-processing tools of the GUI can provide the ex-
traction of text or MATLAB files containing IDA results organized as
either vectors of EDP responses given IM (“EDP stripes”) or IM causing
exceedance of a specific EDP value (“IM stripes”). Such output formats
may come handy when attempting to fit a parametric probabilistic
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Fig. 7. Extraction of an IM stripe from a set of IDA curves. The EDP threshold is defined in the homonymous dialogue window and the intersections with the curves

are displayed in the main GUI lower-right window.

model to a fragility function (the interested reader is referred to [4], for
the nuances of fitting such a model in the IM- and EDP-based case). For
IM stripe extraction (example provided in Fig. 7), the software finds the
intersection of each spline-interpolated IDA curve with the vertical line
passing through the user-defined EDP threshold; the lowest IM value is
returned in the case of non-monotonic IDA curves that intersect the line
at more than one point. For EDP stripes, the user defines a vector of
desired IM values and the software returns the intersections with the
corresponding horizontal lines; for IDA curves that have already flat-
lined below a given IM level, the information that the structure has
collapsed is returned.

3.3. Running multiple-stripe and cloud analysis

To conduct MSA, the user must define all IM levels for which EDP
responses are needed beforehand, via the dedicated dialogue window of
the GUI (Fig. 8), and subsequently assign a set of records to each IM
stripe. Each stripe must be assigned a specific IM value and all records
in the stripe will be then scaled to match that value (exception to that
rule is cloud analysis, see below). Internally, analysis is run using the
same MATLAB and OpenSees (Tcl/Tk) routines as for IDA, with the
difference that record scaling is completely pre-determined at the start
of the analysis and a different seismic input file has to be read at each
single run. Note that, in the case of MSA, a change of IM requires re-
running the analysis from scratch (unlike IDA — see above) while EDP
still can be changed at will after completion of the analysis.

In the present GUI application and for reasons of convenience, cloud
analysis is also managed via the MSA window, as one may imagine it as
a single-record-per-stripe MSA. The user simply has to define a single
IM stripe with a nominal intensity value, which is disregarded, and
check the “do not scale records” box; in that case the software will

realize that could analysis is in order and will display the results ac-
cordingly, as shown in Fig. 8. For both MSA and cloud analysis, EDP
stripes can be exported in text- or MATLAB-file format, reducing to IM-
EDP pairs in the latter case.

3.4. Seismic input

Seismic input can be defined by selecting sets of ASCII files, each
containing a recorded acceleration time-history. The software can parse
two standard accelerograms formats, namely the Pacific Earthquake
Engineering Research NGA database format [3] and the Engineering
Strong Motion database format [38]. In either case, the necessary in-
formation for running the analyses are extracted/computed from the
selected files (units, duration, sampling rate, elastic response spectrum)
and passed on to the corresponding MATLAB routines, while the actual
accelerometric data are written into temporary files suitable for being
read by OpenSees. As an alternative to these standard formats, the user
may use simple “.txt” ASCII files that contain a single column of ac-
celeration values and will be inquired by the software to provide units
and sampling rate.

The software, at this stage, is distributed equipped with two folders
that already contain two sets of accelerograms: one is the suite of thirty
single-component records used for calibrating the SPO2IDA tool [58]
and the other is the twenty-two bidirectional ground motion “far-field”
set of FEMA-P695 [15]. Both record sets consist of accelerograms re-
corded on firm soil, predominantly during California events of magni-
tude six or greater.

For IDA or cloud analysis, a single set of records must be selected by
the user, while, in the case of MSA, different sets may be assigned to
each predefined IM level (stripe), all containing the same number of
records. Cloud analysis in particular, is defined via the MSA control
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Fig. 8. Main GUI window snapshots displaying the results of MSA (upper left panel) and cloud analysis (upper right panel); MSA dialogue window, showing the
setting-up of an analysis at ten levels of seismic intensity (lower panel). All records in each stripe will be scaled to match that stripe’s predefined IM level, unless the

“Do not scale” checkbox is ticked, in which case cloud analysis runs.

panel, by suspending record scaling, as discussed above. Back-to-back
IDA on the other hand, requires two sets of records: the first set, re-
ferred to as the MS set, is used to perform a preliminary IDA analysis,
that serves to determine the scale factors necessary to induce the pre-
defined EDP value, associated with some structural limit state, across
the entire MS record set. During any type of analysis, each record is
followed by an appendix of zero acceleration entries for a duration of
five times the elastic period of the system, intended to provide time for
the residual velocity at the end of the excitation to be damped down to
negligible values. This is performed internally in OpenSees, without
tampering with the records, so that the next shock will find the system
at rest. This procedure is implemented to achieve increased precision in
the calculation of residual displacements, which is especially important
in the case of back-to-back IDA.

The second set of accelerograms, referred to as the AS set, is used to
run an IDA that always follows one of the MS records (the user is ac-
tually free to use the same set to represent both MS and AS if one so
desires, or two sets of different size). In other words, each scaled AS
record acts on a structure that has already experienced the predefined
transient maximum EDP value and has had some time to come to quasi-
rest conditions. In Fig. 9 the analysis-parameter definition panel for
back-to-back IDA is shown, with the AS acceleration-file selection-
window open. The user is additionally given the option to define the
number of AS IDAs that are going to be run per MS record, ranging from
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one to the number of records in the AS set. When the number of IDAs
requested per MS is less than the number of AS accelerograms defined,
a random extraction is performed from among the AS records (in-
dependent extractions are performed for each MS record). A final op-
tion available to the user for back-to-back IDA, is that one may request
that all MS-AS pairs be created so that no AS record is ever used twice,
provided that an adequate number of records has been provided.

In the case of bidirectional ground motion, record assignment pro-
ceeds as in the single-component-of-motion case, with the difference
that all record sets must be even in number, so that they may be divided
in two halves and re-assigned to each of the two directions. Pairing of
the records follows the ASCII dictionary alphabetical order of the file-
names, by assigning any two consecutive records first in the X and then
the Y direction. This is intended to take advantage of the fact that, in
most strong ground motion databases, accelerograms recorded by two
streams of the same station will be typically saved under filenames
differing by only a few characters.

4. Illustrative applications

In this section, some applications are provided as examples, in order
to illustrate DYANAS’ functionality in more practical terms. The first
example uses a pair of relatively regular and symmetrical buildings, for
which equivalent SDOF structures are considered in each principal
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Fig. 9. Selection of accelerograms for running back-to-back IDA; the MS record set list has been already filled and the record-selection dialogue window is open for

designating the AS set.
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Fig. 10. Piecewise-linear idealizations of the RC frames’ static pushovers: three-storey frame with masonry infills, direction X (a) and direction Y (b), six-storey bare
frame direction X (c) and direction Y (d). To the right of the pushovers, the GUI main window is shown in post-analysis of the six-storey frame.

direction, to provide applications of IDA and MSA. The second example
deals with cloud analysis, while the third application presents the use of
back-to-back IDA. In order to consolidate the usefulness of the GUI as a
PBEE tool, some of these examples involve the calculation of fragility
functions for SDOF structures, based on IDA results. However, it should
be clear that the primary scope of the software is to use non-linear
dynamic analysis to provide EDP-IM relationships, one natural use of
which is the assessment of seismic structural fragility.
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4.1. Two equivalent SDOF systems representing both principal directions of
a building

For this example application, four static pushovers were used, cor-
responding to the two principal directions of two code-conforming,
reinforced concrete (RC), moment-resisting frame buildings. These two
buildings, a three-storey frame with masonry infills and a six-storey
bare frame, were designed according to the current Italian seismic code
and subsequently numerically modelled [6]. The scope of these nu-
merical models, which were also used to obtain the pushover curves,
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was the analytical assessment of seismic collapse risk implicit in the
Italian code’s provisions, via non-linear dynamic analysis [24]. Con-
sidering both buildings in either direction, pushover analysis was per-
formed using a force distribution according to the modal load of each
direction’s predominant elastic mode shape. Thus, four equivalent
SDOF systems with tri- or quadri-linear backbones were derived from
these static pushover curves (for further details, see Suzuki et al. [52])
and a Clough-type, peak-oriented model without cyclic deterioration
[2], was assumed to govern hysteretic response.

The two equivalent SDOF oscillators corresponding to the three-
storey infilled frame had vibration periods of 0.28 and 0.31 s while
those of the six-storey bare frame were 1.11 and 1.25s. As can be seen
in Fig. 10, the bare RC frame is characterized by similar maximum
attainable base shear and displacement capacity in both directions. On
the other hand, the infilled frame exhibits higher maximum resistance
in one direction with respect to the other. This is due to the increased
presence of openings in the masonry infills along the direction parallel
to the building’s facade, resulting in lower infill-contribution to lateral
strength in that direction. Furthermore, it can be seen that this building
is characterized by different ultimate displacement capacity per prin-
cipal direction.

4.1.1. Incremental dynamic analysis for estimation of collapse fragility

In this exercise, each pair of equivalent SDOF systems, corre-
sponding to a single RC building, was subjected to IDA using a suite of
thirty, two-component acceleration records. These accelerograms were
recorded on firm soil during events of magnitude ranging from 6.1 to
7.6, at distances from the fault plane 44 km or less and are considered to
not exhibit impulsive characteristics due to directivity; during IDA, the
same scale factor was applied to both horizontal components with each
pair thus always maintaining their as-recorded relative amplitudes. In
order to be able to express the seismic collapse fragility of these
structures in terms of a common IM, the geometric mean of the two
components’ spectral acceleration at one second period,
Sagm (T = 1.0 5), was arbitrarily selected and all IDA curves were con-
verted to that IM. For each building three collapse fragility functions
were calculated, two curves considering each principal direction X, Y
separately and one corresponding to the entire building, i.e., con-
sidering both directions at once. In the first two cases, the EDP was set
to 8x or 8y and IM stripes were extracted at 5}‘ and 5}-( , respectively. In
the third case, the D/C ratio according to Eq. (2) was taken as EDP and
the IM stripe for D/ C= 1 was obtained. It follows from Eq. (2) that, if
one were to name failure in the two directions fy, f,, and since failure of
the entire structure can be seen as the union of the two events,
P[fUIM = im] = P[f, Uf, IM =im] = P[D/C>1IIM=im]. In all
cases, lognormal seismic fragility functions are estimated according to
Eq. (3), where imif represents the i-th record’s (lowest) scaled IM value
causing exceedance of the threshold (i.e., the i-th element of the IM
stripe at that threshold, according to the nomenclature used earlier),
and 3 are the mean and standard deviation, respectively, of the logs of
im/, ®(.) is the standard Gaussian function and n is the total number of
records.

P[fIIM = im] = ‘D[W]
n= % Z?:lln(imif)
p= \/ni 1 Z:l:l [ln(imif)_n]Z .

The resulting fragility curves are shown in Fig. 11. At this point, it
may be useful to recall that the procedure outlined above (as well as
those in the following illustrative applications) is inextricably linked to
the requisites behind conducting a pushover-based SDOF simplification
of a real structure. The main requisites are the predominance of the first
mode going into the inelastic response range and that the structure be
characterized by sufficient symmetry and regularity for response in the
two principal directions to remain largely uncoupled and unaffected by
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torsion (e.g., [49]). For this reason, extending evaluations that are
based on an equivalent SDOF systems’ seismic response, to the actual
corresponding multi-DOF structure, may require additional effort to
account for the influence of higher modes (see for example [57,28,5]).
This being an illustrative example intended to demonstrate the cap-
abilities of this software, with no pretense of using the result for seismic
risk assessment of any real structure, considerations need not and will
not depart from the SDOF level.

With these premises in mind, it can be seen from the figure that, in
the case of the infilled RC frame (Fig. 11a), separate evaluation of
collapse fragility along the principal directions results in quite different
probability distributions of collapse intensity, with median collapse
intensities in the X and Y directions being exp(ny) =197 g and
exp(ny) = 1.19 g, respectively. In this case of one direction nominally
exhibiting greater seismic vulnerability than the other by a wide margin
(when the two are viewed as separate structural systems during ana-
lysis) it happens that the entire system’s collapse fragility almost co-
incides with the most vulnerable one, with exp(n) = 1.17 g.

On the other hand, in the case of the bare RC frame (Fig. 11b),
collapse fragilities derived separately for each direction are more uni-
form, with exp(n) = 2.31 g and exp(»,) = 2.12 g. However, in this case,
the simplified analysis executed for this example indicates that the total
building vulnerability is greater than the worst of the two nominal
vulnerabilities obtained by the separate analyses, with a median col-
lapse intensity of exp(n) = 1.86 g.

4.1.2. Multiple-stripe analysis using different sets of records per level of
seismic intensity

In this example, a six-storey bare RC frame building is used, de-
signed for a site in L’Aquila, Italy [6]. Details on the equivalent SDOFs
in the two principal directions of the structure can be found in Suzuki
et al. [52], while the backbone curve in the X direction is shown in the
upper left panel of Fig. 8. In order to calculate site-specific seismic risk
for that building, Iervolino et al. [24] selected hazard-consistent sets of
records at ten different levels of seismic intensity, when said intensity
was expressed in terms of Samax (T = 1.0 s). Thus, twenty pairs of bi-
directional acceleration time-histories were obtained, for each IM level,
and were assigned to an MSA via the GUI (Fig. 8). In this case, defini-
tion of IM-type, i.e., maximum-among-horizontal-components spectral
acceleration Sa,.y, has to be defined prior to running the analysis, in
order to ascertain correct scaling of the records. EDP for the analysis
was defined as a D/C ratio by setting threshold displacements in both
directions, corresponding to a roof drift of the actual building of three
percent. The resulting EDP vs IM plot from the analysis can be seen in
Fig. 12, where the dashed line at D/C = 1 separates the converging runs
between those causing failure to the right and those who do not, to the
left. Note that in the two highest IM levels, Sa,.x(T = 1.0s) = 1.837 g
and 3.52 g, two and ten cases, respectively, reached collapse and are
thus not present on the plot; collapsed cases per stripe are reported
separately by the GUIL

4.2. Running cloud analysis via the MSA panel of the GUI

In this brief example application, the trilinear-backbone SDOF os-
cillator shown in Fig. 13 is used, having vibration period T = 0.60 s and
characterized by a moderately-pinched peak-oriented hysteresis [35].
As mentioned previously, in order to run cloud analysis the user has to
define a single nominal IM stripe in the MSA panel of the GUI, assign all
records to that stripe and select the “do not scale records” option.

For this analysis, a set of forty-two single-component records is se-
lected from within the Engineering Strong Motion database (http://
esm.mi.ingv.it/), with the criteria of covering a wide range of as-re-
corded intensity in terms of Sa(T = 0.60 s), never using both compo-
nents of the same station for a single event, not using more than three
stations from the same event and always exceeding yield acceleration of
the oscillator in Fig. 13. It is evident that this type of analysis requires a
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Fig. 11. Collapse fragilities estimated separately for each principal direction and for the entire structure. Fragility curves of the three-storey infilled RC frame (a) and

those of the six-storey bare RC frame (b).
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Fig. 12. MSA results shown in a semi-logarithmic EDP-IM plot obtainable via
the “export figures” option of the software.

notably lower number of runs with respect to the preceding IDA and
MSA examples. The results of the analysis, i.e., an EDP-IM scatter plot
forming the homonymous “cloud”, are shown in Fig. 14.

4.3. Back-to-back incremental dynamic analysis for estimating state-
dependent seismic fragility

State-dependent seismic fragility extends the traditional concept of
fragility, expressed in Eq. (3) as the probability of failure for a given IM
level, P[f IIM = im], to the probability of failure given both the oc-
currence of a specific intensity and the structure already being in a
generic limit state S;, P[f IS; N IM = im]. Such state-dependent fragility
functions can find application in seismic reliability analysis that con-
siders damage accumulation phenomena (e.g., [23]) and may be ana-
lytically estimated by means of back-to-back IDA (see for example
[48D).

For this illustrative example, a simple SDOF structure is assumed,
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Fig. 14. Results of cloud analysis, shown in a logarithmic-scale EDP-IM scatter
plot, obtainable via the “export figures” option of the software.

with vibration period T = 0.50 s and a horizontal post-yield segment
stretching up to a capping ductility u, = 6.0, after which lateral strength
drops gradually; hysteresis for this system follows the peak-oriented
model of Lignos and Krawinkler [33] and exhibits mild cyclic strength
degradation, as shown in Fig. 15. Furthermore, it is assumed that a
generic limit state, corresponding to this structure having sustained
some seismic damage and indicated as S, is reached when maximum
transient seismic ductility demand, u, exceeds 9.6. The example con-
sists of using IDA to estimate the collapse fragility of this SDOF struc-
ture at its intact state, indicated as S,, and back-to-back IDA for esti-
mating the same fragility under the condition that the structure is in the
S, state due to one or more prior shocks.

As mentioned in passing earlier, back-to-back IDA is preceded by an
IDA performed with a suite of accelerograms designated as the MS set.
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In this case, the MS set consisted of ten records and the preliminary
analysis provided the scale factors required to reach the u =9.6
threshold that was assumed, by convention, to signify exceedance of S;
(see Fig. 16a). During back-to-back IDA, each MS record is followed by
three AS records that are randomly sampled from within a pool of
twenty accelerograms, resulting in thirty curves. For this analysis, the
thirty single-component records provided with the software are used. It
should be noted that the number of records and back-to-back IDA runs
used in this example is simply dictated by the need to maintain Fig. 16
easily legible by avoiding overcrowding of IDA curves. In fact, these
numbers should be chosen on the basis of the confidence that the user
desires to be able to place on the estimated fragility parameters; the
interested reader is referred to Iervolino [21] for more details.

By taking the IM stripes corresponding to the so-alled flat-line heights
of the IDA curves that, as discussed previously, signify the onset of
dynamic instability, collapse fragility curves can be obtained according
to Eq. (3) for both S, and S; initial states. These fragility curves are
shown in Fig. 16, in terms of both Sa(T = 0.50 s) and PGA, with the
latter being derived from the former almost-instantaneously, via re-
interpolation of the IDA curves. In either case, one observes the char-
acteristic shift of the S, fragilities to the left of the S, curves, quantifying
the decrease in capacity (or increase in vulnerability) of the structure,
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that has befallen a damaged state.

5. Concluding remarks

This article was dedicated to the presentation of DYANAS, an open-
source, earthquake engineering software. The software is a MATHW-
ORKS MATLAB’-based graphical user interface that interacts with the
OpensSees finite element framework and offers engineers an easy way to
define and run dynamic analysis of yielding single-degree-of-freedom
systems subjected to large suites of earthquake-induced ground motion
records. Therefore, the main purpose of this software is to determine
the relationship between seismic intensity and engineering demand
parameters using any one of several dynamic analysis methods that are
frequently used in performance-based earthquake engineering.
Incremental dynamic analysis is supported in its traditional form and
also in a “back-to-back” format that could allow state-dependent
seismic fragility to be estimated. Multiple-stripe and cloud-type ana-
lyses are also supported, in cases where the user does not desire to use
scaled records to estimate seismic response at different levels of
shacking intensity. Much of the software’s utility stems from the post-
processing routines, with which it is equipped. These routines, which
are also programmed in MATLAB and can be recalled via the user
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interface, permit the re-interpolation of incremental dynamic analysis
curves, thus providing rapid conversion of the curves into alternative
intensity measures, such as peak ground acceleration or spectral ordi-
nates at various periods. Furthermore, at the end of analysis, the user
can obtain vectors of intensity measure given engineering demand
parameter, or vice versa, thus facilitating further probabilistic seismic
demand elaborations for these simple structural systems. Overall, the
GUI was shown to be a useful tool within the context of performance-
based earthquake engineering, as demonstrated by the illustrative ap-
plications provided. DYANAS is freely distributed for research purposes
by the University of Naples Federico II under a GNU general public
license  v3.0, obtainable at  http://wpage.unina.it/georgios.
baltzopoulos/software/dyanas.zip. The MATLAB and Tcl/Tk source
code is available at a dedicated GitHub repository at https://github.
com/georgebaltz/SDOF-OSEES.
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