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Abstract

The idea behind the behaviour of the self-centring concentrically braced frame (SC-CBF) sys-
tem is derived from the flag-shaped hysteretic curve, representing the force-deformation be-
haviour of self-centring systems, thus tackling the problem of excessive residual drifts and
seismic loss. The modelling of the braces is the main focus when considering the SC-CBF sys-
tem since they are the sole element for energy dissipation. They are modelled with the uniaxi-
al Giuffre-Menegotto-Pinto steel material with isotropic strain hardening. The material
model calibration in this study is performed against a combination of numerical simulation
results and available experimental data.

The response of the calibrated model is analysed through a comparison between two types of
models for SC-CBFs. A frame from an experimental procedure of shake table testing is cho-
sen for numerical and analytical modelling and subjected to half-cycle pushover loading. Fi-
nally, it is demonstrated that accordingly calibrated low-fidelity models based on empirical
relations yield solid results in terms of dispersion for modern probabilistic risk assessment
procedures.
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1 INTRODUCTION

To improve the seismic resilience of concentrically braced frames (CBFs) and design a
structure with negligible residual drifts, several innovative damage control systems have been
developed. Although attempts have been made to consider the occurrence of residual dis-
placements in the design of structures, the use of self-centring systems has been deemed a
more suitable solution. The innovative system of self-centring concentrically braced frames
(SC-CBF) consists of a series of post-tensioned strands running parallel to the beam elements
in the system, anchored to the external columns of the frame between their flanges [1].

The primary focus in analyzing the SC-CBF system is the modeling of the braces, as they
are the only components responsible for energy dissipation. These braces are represented us-
ing the uniaxial Steel02 stress-strain relationship [2], which includes isotropic strain harden-
ing. In this study, the material model is calibrated using a combination of numerical
simulation results and existing shake table experimental data. It is established that the Bayesi-
an calibration method yields high quality numerical model since it is sufficiently accurate
compared to the reference model and precise since the variance of each parameter is rather
low and the dynamic results closely match between the samples.

The response of the calibrated model is analysed through a comparison between two types
of models for SC-CBFs. A frame from an experimental procedure of shake table testing [3] is
chosen for numerical and analytical modelling and subjected to nonlinear time-history analy-
sis (NLTHA). Regarding the main characteristic points, such as the story drifts, the peak story
drifts and the residual drifts, it is observed that they are matching. Since the experimented
frame is single story SC-CBF, the response of the structure under lateral loads can be easily
represented through a single degree of freedom (SDOF) system. Then, the single-story flag-
shaped hysteretic model equations are implemented to obtain the analytical pushover curves
of multi-story archetype SC-CBF structures. Nonlinear dynamic analyses of several archetype
structures are conducted to determine the fragility curves of the innovative SC-CBF system
using a single-degree-of-freedom (SDOF) model. Finally, it is demonstrated that accordingly
calibrated low-fidelity models based on empirical relations yield solid results in terms of dis-
persion for modern probabilistic risk assessment procedures.

2 MODELLING OF SC-CBF

2.1 Energy dissipation system

For the purposes of this research, OpenSees [2] was used as the primary tool for simulating
the response of the system and its individual components. The brace model for numerical
simulations is based on a previous study by Uriz and Mahin [4], along with additional insights
from extensive numerical [5] and experimental results [6].

Figure 1 illustrates a linear beam-column element for modelling structural components.
Each structural element is modelled using a multi-fibre beam-column element with distributed
plasticity and an appropriate number of integration points. To represent the phenomenon of
buckling, at least two elements are required, as one element may undergo yielding under
compression without experiencing buckling behaviour. The initial deformation necessary to
induce buckling is another important parameter in modelling braces, and it is applied at the
centre of their span where plastic hinge formation and section rotation are expected. The dis-
tributed plasticity method is employed due to its capability to capture plastic deformations at
any point along the length of the elements. In this approach, the cross-section is modelled us-
ing fibres distributed in width and thickness. Element integration is performed with an appro-
priate number of integration points along the element's length using Gaussian integration.
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Each fibre in the cross-section is represented by material properties based on the Menegotto-
Pinto model with isotropic hardening, denoted as Steel02 in the OpenSees material library [2].
According to the recommendations [4], an initial deformation ranging between 0.05% and
0.1% is adopted. At least 8 elements per brace with a minimum of 3 integration points along
the element length are applied, along with 10 to 15 fibre layers in height and width of the
cross-section to precisely determine plastic deformations in critical sections of the braces. To
account for material fatigue under cyclic loading, the basic steel material is characterized by
the low-cycle fatigue effect.

z
z
‘ |

y

[ T
<

I I N

Stress

Figure 1: Schematic view of beam-column element for brace modelling [4].

The gusset plates, which, together with the braces, constitute the energy dissipation system
and where plastic hinges may also occur during earthquake action, are modelled using rota-
tional hinges [7]. The stiffness parameters of the rotational spring are determined based on
experimental results and depend solely on the material and dimensions of the gusset plate.

2.2 Post-tensioning system

The rocking connection is one of the two main components of the post-tensioning system
that operates with the help of pre-stressing force. It consists of several phenomena that need to
be appropriately modelled and simulated in the analyses. One of these phenomena is the open-
ing of the connection under horizontal dynamic loading. Another aspect to consider when
modelling this connection is the effect of the beam height, as well as the forces introduced
into the beams and columns due to the opening of the connection and the impacts of the
flanges. The model proposed by Christopoulos [8] comprises contact springs and rigid links
that appropriately represent the behaviour of the rocking connection. The contact elements are
placed on the flanges of the beams and modelled with springs that only work under compres-
sion, aiming to simulate the rocking of the flanges in relation to the column flanges. The post-
tensioned strands are modelled with truss elements with initial strain corresponding to the pre-
stressing force, and they do not take into account geometric nonlinearities. These elements are
anchored to the external surface of the columns and keep the frame in the initial position.
They are provided with a bilinear material denoted as Steel01 in the OpenSees material li-
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brary [2]. Figure 2 schematically illustrates the connection at the middle column with the cor-
responding elements for the connections between the elements of the SC-CBF.
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Figure 2: Schematic view of internal and external column connection modelling with constituent elements [8].

The beams and columns are the only remaining elements of the system, and their model-
ling is carried out under the assumption that they remain within the elastic range throughout
their service life. Similar to the braces, they are modelled using beam-column elements, but
with a single element and 5 integration points along its length. In terms of height and width of
the cross-section, 5 fibres are applied, while along the thickness of the flange and the web, 2
fibres are applied. The material used to model these elements is also Steel02.

3 BAYESIAN CALIBRATION OF MATERIAL MODEL

The use of experimental data exclusively for calibration of material model parameters is
rather complex and often limited. When considering dynamic testing of structural systems, it
is hard to obtain the desired behaviour of an isolated structural element with all the data need-
ed for material calibration. For example, the limitation in overturning moment of a shake table
can present difficulties in reaching several cycles of material nonlinearity in the specific ele-
ment. Also, the testing procedure can be focused on different behaviour parameters of the
structural system, such as interstory drifts, and fail to generate sufficient data for the structural
element of interest. Finally, the material of the tested elements often fails to meet the designed
values and can give higher values of yielding of the material, lesser ductility, varying strains
etc. All of these issues regarding experimental data can be overcome by introducing virtual
experiments that take advantage of the most advanced computational methods for probabilis-
tic calculations.

The classical calibration of model parameters deals with optimizing the error between a
numerical model and experimental data and produces one set of parameters that are consid-
ered as the best. Since nothing in earthquake engineering is deterministic, the introduction of
model parameter uncertainty, which is a part of the result epistemic uncertainty, allows for
addressing the imperfect representation of the real behaviour in a numerical environment. If
we know this uncertainty in the modelling parameters for all elements, we can simulate many
different model realizations of the same structure. Therefore, the Bayesian approach, Equation
1, is implemented to estimate the updated posterior likelihood of all possible sets of parame-
ters (4;) in order to consider the epistemic uncertainty for the calibration of the numerical
model using available empirical data (E).
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Figure 3: Stress-strain relationship of reference and calibrated model.

The reference model for calibration is the Steel02 stress-strain relationship previously cali-
brated to experimental results. The values for the main parameters of the reference material
model are obtained from coupon testing of the tested braces [9], previous studies’ recommen-
dations and engineering judgement. The results of the simulated reference model are then
compared to the results of the model realisations for the calibration of the material model.
Figure 3 shows the direct comparison between the reference model and the Bayesian calibrat-
ed model derived from 500 samples. The sample size is not the same as the number of compu-
tational models. The number of models is the total number of times that the computational
model is evaluated, and it is based on the TMCMC algorithm gradually changing the target
distribution from the prior to posterior in a number of stages. However, it is observed that cal-
ibrated model is matching the reference model’s response quite well.

4 SIMPLIFIED PUSHOVER BASED PROBABILISTIC ASSESSMENT

To determine the main parameters of the structural pushover curve in this study, the struc-
ture was analysed using the analytical equations developed by O'Reilly and Goggins [10],
which include all the parameters of the behaviour of SC-CBF. This model, in correlation with
the single-degree-of-freedom nonlinear model, showed good results and alignment of relevant
drifts in the nonlinear dynamic analysis of the structural system. It is generally observed that
the story drifts are matching with complete following of the peaks in both time histories, Fig-
ure 4. The most important observation is the matching of the peak story drift which in this
case is well predicted with the SDOF model. Additionally, the residual drifts are adequately
matched, since the residual drift in both the experimental and SDOF system response tends to
a value of 0. With this observation, the self-centring behaviour of the system is confirmed.
The good representation of the self-centring behaviour and accurate prediction of the peak
story and residual drifts using simple SDOF model is very useful for performing extensive
dynamic analyses where the main performance criteria is the structural drift.
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Figure 4: Stress-strain relationship of reference and calibrated model.

Then, 3 different structures with 3, 5 and 8 stories were designed in order to assess the
suitability of the simplified pushover-based probabilistic assessment. All structures have typi-
cal plan dimensions of 24 x 24 m, span widths of 6 x 6 m, and a floor height of 3.2 m. For de-
sign, the elastic spectrum Type 1 and soil type B have been applied [11]. Design ground
acceleration of 0.30 g as high seismicity level was considered, with a structural importance
factor y; = 1. The permanent load, including the self-weight of the elements, is 6.5 kN/m?,
while the variable load is 2 kN/m?. The total seismic weight ¥ is then calculated according to
EN1998 [11] using equation 5.2, where yg,; is 0.24, corresponding to stories with corelated
occupancy. Since the main elements for hysteretic energy dissipation are concentric hollow
section braces, it can be assumed that the modification factor for the total seismic force used
for concentrically braced frames, ¢ = 4.0, is justified for use in SC-CBFs as well. Another im-
portant provision to consider in the design of SC-CBFs is the distribution of the floor horizon-
tal force between different systems for lateral force resistance. Thus, part of the floor
horizontal force is absorbed by the energy dissipation system, while the remaining part is tak-
en by the post-tensioning system [12].

To determine the yielding points from the pushover curve of the structural system of the
archetype structures, a relationship based on the fundamental equations for analytical calcula-
tion of the system was established. Thus, using the empirical equations [10] and distributing
displacements along the height of the structure according to the procedure for simplified anal-
ysis of FEMA P-58-1 [13], the calculation of the horizontal force at yield was performed for
each archetype frame. The results of the yielding point analysis for each archetype structure
are presented in Table 1, while the analytical pushover curves are presented in Figure 5.

No. of stories Omaxy [Y0]  Fo, /W Fuy/ Fo des
3 0,3154 0,28 1,44
5 0,3154 0,28 1,44
8 0,4071 0,30 1,56

Table 1: Data for analytical pushover curve of designed structures.
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Figure 5: Analytical pushover curves for 3, 5 and 8-story SC-CBF structures designed for high seismicity regions.

Nonlinear dynamic analyses of the archetype structures to determine the behaviour factor
were conducted using a single-degree-of-freedom (SDOF) model. Single-degree-of-freedom
systems serve as a powerful tool for extensive analyses in earthquake engineering. The SDOF
model is the simplest model for dynamic analysis of structures, requiring minimal computa-
tional capacity while providing accurate results depending on the modelling approach. In re-
cent times, numerous procedures with extensive analytical requirements are executed using
SDOF models, and there are several analytical procedures based on SDOF models [14-16].
Considering that the main control parameters for determining performance criteria in the ap-
plied analysis involve story drifts, the SDOF model serves as a suitable replacement for com-
plex nonlinear models.

During the transformation from a system with multiple degrees of freedom to a single-
degree-of-freedom (SDOF) system, it is necessary to modify certain parameters from the
structural behaviour curve. Specifically, the application of the constant /" is required to scale
the yielding strength of the structural system and the maximum roof displacement. This con-
stant is typically computed based on the dynamic characteristics of the structure. However, for
the sake of simplification, in cases where a detailed model of the structure is unavailable, it is
assumed to take a value in the range of 1.2 to 1.3 in the study.

No. of stories Elijrggi‘in\}:nce AvgSas0% [g] B

3 LS 0.451 0.344
GC 0.647 0.236

5 LS 0.493 0.305
GC 0.626 0.214

] LS 0.543 0.234
GC 0.705 0.199

Table 2: Fragility curve parameters for the two different performance objectives of the designed structures.

The performance of each archetype structure is evaluated based on two performance objec-
tives: global collapse (GC) and life safety (LS). These two performance objectives represent
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the minimum requirements of the INNOSEIS approach for evaluation of the behaviour factor,
and they are compared to the mean annual frequency of exceedance of 2% in 50 years and
10% in 50 years, respectively [17]. The peak story drift is taken as the main engineering de-
mand parameter for determining the performance objectives. The values for the two perfor-
mance objectives are defined as 2.5% drift for LS evaluation, while for GC, it is 4%. The
results of the performance analyses are provided as fragility curves for the two different per-
formance levels and presented in Table 2 and Figure 6.
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Figure 6: Analytical pushover curves for 3, 5 and 8-story SC-CBF structures designed for high seismicity regions.

S CONCLUSIONS

This study demonstrates that Bayesian calibration offers a robust framework for refining
the Giuffré-Menegotto-Pinto (Steel02) material model using a combination of numerical sim-
ulations and experimental data, leading to improved fidelity in the representation of SC-CBF
behaviour. Even simplified, empirically-based models (e.g., SDOF pushover models) can ad-
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equately represent the behavior of SC-CBF systems when properly calibrated, making them
suitable for probabilistic seismic risk assessments. Good agreement is observed between the
calibrated numerical models and analytical predictions at yielding, target drift, and unloading
points, validating the modeling methodology for various frame configurations. The pushover
analysis procedure, aligned with FEMA P-58 and INNOSEIS guidelines, accurately estimates
key performance metrics (yield force, drift ratios, overstrength factors) and can be extended to
multi-story archetype structures. Therefore, low-fidelity models calibrated against detailed
dynamic analyses, provide a computationally efficient yet accurate means of generating fra-
gility curves and evaluating performance objectives. Finally, the mean annual frequency of
exceedance of the mean value of investigated intensity measyre can be utilized to correlate
with the relevant hazard curves and determine the risk for the corresponding level of spectral
acceleration.

REFERENCES

[1] G. J. O’Reilly, J. Goggins, S. A. Mahin, Behaviour and design of a self-centering con-
centrically braced steel frame system, Proceedings of 15th World Conference on Earth-
quake Engineering, Lisbon, Portugal, 2012.

[2] F. McKenna, G. Fenves, F. Filippou, S. Mazzoni, Open system for earthquake engineer-
ing simulation (OpenSees), 2000.

[3] J. Goggins, H. Alwahsh, Y. Jiang, B.M. Broderick, S. Salawdeh, G.J. O’Reilly, A. Bog-
danovic, Z. Rakicevic, A.Y. Elghazouli, I. Markovski, B. Petreski, A. Poposka, I.
Gjorgjiev, C. Walsh, Advancement of a novel self-centring concentrically braced frame
(Sc-Cbf) structural steel system for seismically active zones, Proceedings of 18th World
Conference on Earthquake Engineering, Milan, Italy, 2024.

[4] P. Uriz, S. Mahin, Towards earthquake resistant design of concentrically braced steel
structures, Technical Report 2008/08. Pacific Earthquake Engineering Research Center,
2008.

[5] S. Salawdeh, J. Goggins, Numerical simulation for steel brace members incorporating a
fatigue model. Engineering Structures, 46, 332-349, 2013.

[6] J. Goggins, Earthquake resistant hollow and filled steel braces, PhD thesis, University
of Dublin, Trinity College. Dublin, Ireland, 2004.

[7] P. Hsiao, D. Lehman, C. Roeder, Improved analytical model for special concentrically
braced frames. Journal of Constructional Steel Research, 73, 80-94, 2012.

[8] C. Christopoulos, Self-centering post-tensioned energy dissipating (PTED) steel frames
for seismic regions, PhD thesis, University of California, San Diego, CA, USA, 2002.

[9] H. Alwahsh, S. Salawdeh, Y. Jiang, J. Goggins, Nonlinear finite element analysis of a
novel self-centring concentrically braced frame (SC-CBF) under seismic excitation,
Proceedings of 18th World Conference on Earthquake Engineering, Milan, Italy, 2024.

[10] G. OReilly, J. Goggins, Experimental testing of a self-centring concentrically braced
steel frame, Engineering Structures, 238, 111521, 2021.

2587



Borjan Petreski and Igor Gjorgjiev

CEN, Eurocode 8: Design of structures for earthquake resistance - part 1: General
rules, seismic actions and rules for buildings, European Standard EN 1998-1:2004,
Comite Europeen de Normalisation. Brussels, Belgium, 2004.

H. Alwahsh, S. Salawdeh, Y. Jiang, J. Goggins, Force-based design of a novel self-
centring concentrically braced steel structure - a case study, Proceedings of 18th World
Conference on Earthquake Engineering, Milan, Italy, 2024.

FEMA, Seismic performance assessment of buildings, FEMA P-58-1, Applied Technol-
ogy Council for the Federal Emergency Management Agency. Washington, DC, USA,
2012.

C. Adam, C. Jager, Seismic collapse capacity of basic inelastic structures vulnerable to
the p-delta effect, Farthquake Engineering & Structural Dynamics, 41(4), 775-793,
2012.

C. Adam, D. Kampenhuber, L. Ibarra, Optimal intensity measure based on spectral ac-
celeration for p-delta vulnerable deteriorating frame structures in the collapse limit state.
Bull Earthquake Eng, 1-25, 2017.

I. Tervolino, E. Chioccarelli, P. Cito, Reassess v1. 0: A computationally-efficient soft-
ware for probabilistic seismic hazard analysis, Proc. VII European Congress on Compu-
tational Methods in Applied Sciences and Engineering, Crete Island, Greece, 2016.

D. Vamvatsikos, K. Bakalis, M. Kohrangi, S. Pyrza, C.A. Castiglioni, A. Kanyilmaz, F.
Morelli, A. Stratan, M. D’Aniello, L. Calado, J.M. Proenca, H. Degee, B. Hoffmeister,
M. Pinkawa, P. Thanopoulos, I. Vayas, A risk-consistent approach to determine en1998
behaviour factors for lateral load resisting systems. Soil Dynamics and Earthquake En-
gineering 131, 106008, 2020.

2588



