
[DIGITARE IL NOME DELLA SOCIETÀ] 

Opensees Days Italia 
Atti del Convegno 

 
Editore: Giorgio Monti 

 
Comitato editoriale: MarcȭAntonio Liotta, Floriana Petrone 

 

 

 
 

  



Page 1 of 241 

 

 
  



Page 2 of 241 

 

  



Page 3 of 241 

 

Summary  

DEVELOPMENT OF A PRE- AND POST-PROCESSOR FOR OPENSEES FOR THE 
SEISMIC-DESIGN OF DUAL SYSTEM STRUCTURES .................................................... 12 

Abstract .................................................................................................................................... 12 

1. Introduction ...................................................................................................................... 12 

2. Software architecture........................................................................................................ 13 

3. Modelling of the Lateral-Force-Resisting Systems (LFRS) ............................................ 14 

4. Case study ........................................................................................................................ 16 

5. Conclusions ...................................................................................................................... 18 

6. References ........................................................................................................................ 18 

NON-LINEAR SEISMIC FRAGILITY CURVES EVALUATION BY THE OPENSEES 

RELIABILITY OBJECTS ....................................................................................................... 19 

Abstract .................................................................................................................................... 19 

1. Introduction ...................................................................................................................... 19 

2. OpenSees reliability resources ......................................................................................... 20 

3. Multiobjective random vibration analysis........................................................................ 22 

4. Numerical application ...................................................................................................... 23 

5. Conclusions ...................................................................................................................... 26 

6. References ........................................................................................................................ 26 

OPTIMUM DESIGN OF FORCE-LIMITING SELF-CENTERING ANCHORAGE 
SYSTEMS: INITIAL STUDY AND   IMPLEMENTED METHODOLOGY ....................... 28 

Abstract .................................................................................................................................... 28 

1. Introduction ...................................................................................................................... 28 

2. Prototype building ............................................................................................................ 29 

3. Particle swarm optimization algorithm (PSOA) .............................................................. 33 

4. Conclusions ...................................................................................................................... 34 

5. Acknowledgements .......................................................................................................... 35 

6. References ........................................................................................................................ 35 

PSEUDO-DYNAMIC TESTS FOR SEISMIC ANALYSIS OF REPAIRED AND 

STRENGTHENED R.C. BRIDGES USING OPENSEES ...................................................... 36 

Abstract .................................................................................................................................... 36 

1. Introduction ...................................................................................................................... 36 

2. Research aims................................................................................................................... 37 

3. Hybrid test apparatus........................................................................................................ 38 

4. Conclusions ...................................................................................................................... 42 

5. Acknowledgements .......................................................................................................... 43 



Page 4 of 241 

 

6. References ........................................................................................................................ 43 

THE OPENSEES BGL MODEL FOR NON-LINEAR ANALYSES OF CONFINED 
CONCRETE ELEMENTS ....................................................................................................... 44 

Abstract .................................................................................................................................... 44 

1. Introduction ...................................................................................................................... 44 

2. BGL model ....................................................................................................................... 45 

3. Implementation of the BGL model .................................................................................. 47 

4. Applications of BGL model in OpenSees on confined fibers elements........................... 48 

5. Conclusions ...................................................................................................................... 50 

6. Acknowledgement............................................................................................................ 51 

7. References ........................................................................................................................ 51 

NON-LINEAR ANALYSES OF REINFORCED CONCRETE ELEMENTS WITH 
PRONOUNCED SLIPS OF LONGITUDINAL BARS .......................................................... 52 

Abstract .................................................................................................................................... 52 

1. Introduction ...................................................................................................................... 52 

2. Modified steel bar model accounting for bond-slips........................................................ 53 

3. Numerical simulations...................................................................................................... 56 

4. Conclusions ...................................................................................................................... 58 

5. References ........................................................................................................................ 59 

THE INFLUENCE OF THE CONCRETE CYCLIC LAWS ON THE DYNAMIC 

RESPONSE OF SLENDER RC WALLS................................................................................ 60 

Abstract .................................................................................................................................... 60 

1. Introduction ...................................................................................................................... 60 

2. Case studies ...................................................................................................................... 61 

3. Fibre model adopted for dynamic analyses...................................................................... 63 

4. Results of dynamic analyses ............................................................................................ 65 

5. Conclusions ...................................................................................................................... 68 

6. Acknowledgements .......................................................................................................... 68 

7. References ........................................................................................................................ 68 

PROBLEMS AND PERSPECTIVES IN IMPLEMENTING MESHFREE METHODS FOR 
NONLINEAR ANALYSIS OF RC STRUCTURES USING OPENSEES............................. 70 

Abstract .................................................................................................................................... 70 

1. Introduction ...................................................................................................................... 70 

2. Meshfree methods and implementation issues................................................................. 71 

3. Maximum entropy method for nonlinear analysis of RC structures ................................ 75 

4. Conclusions ...................................................................................................................... 76 

5. References ........................................................................................................................ 77 



Page 5 of 241 

 

SIZE-SCALE EFFECTS ON THE SEISMIC CRACK PROPAGATION OF INTERFACE 
CRACKS .................................................................................................................................. 78 

Abstract .................................................................................................................................... 78 

1. Introduction ...................................................................................................................... 78 

2. Size-scale effects on the mechanical parameters ............................................................. 79 

3. Interface constitutive model ............................................................................................. 81 

4. Numerical results.............................................................................................................. 82 

5. Conclusions ...................................................................................................................... 83 

6. References ........................................................................................................................ 83 

NUMERICAL ANALYSES AND EXPERIMENTAL BEHAVIOR OF AN INNOVATIVE 

STEEL-BASED SELF-CENTERING HYSTERETIC DEVICE ............................................ 86 

Abstract .................................................................................................................................... 86 

1. Introduction ...................................................................................................................... 86 

2. Methodology .................................................................................................................... 87 

3. The Steel Self-Centering Device ...................................................................................... 87 

4. Experimental tests on the SSCD prototype ...................................................................... 89 

5. Case study ........................................................................................................................ 89 

6. SSCD analytical model .................................................................................................... 90 

7. Incremental Dynamic Analysis results ............................................................................. 91 

8. Conclusions ...................................................................................................................... 93 

9. References ........................................................................................................................ 93 

PROBABILISTIC PERFORMANCE ASSESSMENT OF LOW-DUCTILITY RC FRAMES 
RETROFITTED WITH DISSIPATIVE BRACES.................................................................. 94 

Abstract .................................................................................................................................... 94 

1. Introduction ...................................................................................................................... 94 

2. Probabilistic methodology for Vulnerability Assessment................................................ 95 

3. Case Study ........................................................................................................................ 96 

4. Retrofitting of RC frame with elasto-plastic braces......................................................... 98 

5. Vulnerability Assessment................................................................................................. 99 

6. Conclusions .................................................................................................................... 100 

7. References ...................................................................................................................... 101 

BRI.T.N.E.Y BRIDGE AUTOMATIC NLTHA-BASED EARTHQUAKE FRAGILITY  .. 102 

Abstract .................................................................................................................................. 102 

1. Introduction .................................................................................................................... 102 

2. Description of the BRITNEY application ...................................................................... 103 

3. Overview of results and work in progress...................................................................... 107 



Page 6 of 241 

 

4. Conclusions .................................................................................................................... 108 

5. Acknowledgements ........................................................................................................ 109 

6. References ...................................................................................................................... 109 

SEISMIC ASSESSMENT OF ISOLATED BRIDGES CONFIGURATIONS SUBJECTED 
TO LIQUEFACTION ADOPTING A PBEE METHODOLOGY ........................................ 110 

Abstract .................................................................................................................................. 110 

1. Introduction .................................................................................................................... 110 

2. PBEE methodology ........................................................................................................ 111 

3. PBEE analysis ................................................................................................................ 112 

4. Parametric study ............................................................................................................. 113 

5. PBEE results for fixed based conditions (no SSI).......................................................... 114 

6. Liquefaction ï induced free field response .................................................................... 115 

7. Liquefaction ï induced soil structure response .............................................................. 117 

8. Conclusions .................................................................................................................... 118 

9. References ...................................................................................................................... 118 

PARAMETRICAL ANALYSES FOR THE DDBD METHOD ERROR ESTIMATION 
WITH OPENSEES................................................................................................................. 120 

Abstract .................................................................................................................................. 120 

1 Introduction .................................................................................................................... 120 

2 Bridgesô configurations and seismic input ..................................................................... 121 

3 Performance criteria and design procedure .................................................................... 123 

4 OpenSees analyses implementation ............................................................................... 124 

5 Results and comparison.................................................................................................. 125 

6 Conclusions .................................................................................................................... 127 

7 REFERENCES............................................................................................................... 127 

Abstract .................................................................................................................................. 128 

1. Introduction .................................................................................................................... 128 

2. Evaluation of the ductility demand of steel reinforcements........................................... 130 

3. Ductility capacity of steel rebars .................................................................................... 133 

4. Conclusions .................................................................................................................... 134 

5. References ...................................................................................................................... 135 

A TOOL FOR NON-LINEAR ANALYIS OF CONCRETE AND R/C STRUCTURES .... 136 

Abstract .................................................................................................................................. 136 

1. Introduction .................................................................................................................... 136 

2. Material models .............................................................................................................. 137 

3. Elements ......................................................................................................................... 139 



Page 7 of 241 

 

4. Implementation in OpenSEES ....................................................................................... 139 

5. Examples ........................................................................................................................ 141 

6. Conclusions .................................................................................................................... 142 

7. References ...................................................................................................................... 142 

SEISMIC ANALYSIS OF RC FRAMED STRUCTURES................................................... 144 

RETROFITTED WITH STEEL BRACES ............................................................................ 144 

Abstract .................................................................................................................................. 144 

1. Introduction .................................................................................................................... 144 

2. Presentation of the case-study ........................................................................................ 145 

3. Numerical analysis ......................................................................................................... 147 

4. Conclusions .................................................................................................................... 150 

5. Acknowledgements ........................................................................................................ 151 

6. References ...................................................................................................................... 151 

FIBER VS FIBER-FREE NONLINEAR FRAME ELEMENTS: ......................................... 153 

AN INVESTIGATION ON NUMERICAL INTEGRATION SCHEMES ........................... 153 

Abstract .................................................................................................................................. 153 

1. Introduction .................................................................................................................... 153 

2. Integration schemes at the section level ......................................................................... 153 

3. Integration schemes at the element level........................................................................ 157 

4. References ...................................................................................................................... 158 

NON LINEAR ANALYSES OF R/C BUILDING FRAME WITH HYSTERETIC ENERGY 
DISSIPATING BRACING SYSTEM ................................................................................... 159 

Abstract .................................................................................................................................. 159 

1. Introduction .................................................................................................................... 159 

2. Benchmark structure ...................................................................................................... 160 

3. Design procedure for energy dissipating devices........................................................... 161 

4. Results of non- linear dynamic analyses ......................................................................... 163 

5. Conclusions .................................................................................................................... 166 

6. Acknowledgements ........................................................................................................ 166 

7. References ...................................................................................................................... 166 

A PARAMETRIC STUDY ON THE FRAGILITY OF TYPICAL EXISTING CONCRETE 

BRIDGES IN SEISMIC AREAS........................................................................................... 168 

Abstract .................................................................................................................................. 168 

1. Introduction .................................................................................................................... 168 

2. Bridge characteristics ..................................................................................................... 169 

3. Modelling strategy.......................................................................................................... 169 



Page 8 of 241 

 

4. OpenSees and Tcl programming .................................................................................... 170 

5. Parametric analysis and results ...................................................................................... 170 

6. Conclusions .................................................................................................................... 172 

7. References ...................................................................................................................... 173 

ELASTOPLASTIC MODEL FOR BUCKLING-RESTRAINED BRACES: RESPONSE 

AND RESPONSE SENSITIVITY ANALYSIS  .................................................................... 174 

Abstract .................................................................................................................................. 174 

1. Introduction .................................................................................................................... 174 

2. Elastoplastic model for BRBs ........................................................................................ 176 

3. Application example ...................................................................................................... 179 

4. References ...................................................................................................................... 181 

EVALUATION OF THE SEISMIC STABILITY OF A LARGE UNDERWATER SLOPE, 
FOR THE FUTURE CONSTRUCTION OF A LNG JETTY IN DEEP WATER ............... 182 

Abstract .................................................................................................................................. 182 

1. Introduction .................................................................................................................... 182 

2. Site conditions ................................................................................................................ 183 

3. Numerical modelling techniques.................................................................................... 184 

4. Numerical modelling of the current configuration of the slope ..................................... 184 

5. The adopted solution for the stabilisation of the slope................................................... 186 

6. Numerical modelling of the stabilised configuration of the slope ................................. 187 

7. Some notes on the method adopted for the evaluation of soil-foundation interaction... 188 

8. Conclusions .................................................................................................................... 188 

9. References ...................................................................................................................... 188 

INFLUENCE OF CLADDING PANELS ON DYNAMIC BEHAVIOUR OF ONE-STOREY 
PRECAST BUILDING .......................................................................................................... 190 

Abstract .................................................................................................................................. 190 

1. Introduction .................................................................................................................... 190 

2. One-story precast building ............................................................................................. 191 

3. Fundamental period of one-story precast infill buildingS.............................................. 191 

4. Conclusions .................................................................................................................... 197 

5. References ...................................................................................................................... 198 

ON THE SEISMIC RESPONSE OF MASONRY INFILLED RC FRAMES ...................... 199 

Abstract .................................................................................................................................. 199 

1. Introduction .................................................................................................................... 199 

2. Application to a case study............................................................................................. 201 

3. Analysis results .............................................................................................................. 204 



Page 9 of 241 

 

4. Conclusions .................................................................................................................... 208 

5. References ...................................................................................................................... 208 

NON-LINEAR SPRINGS FOR CYCLIC ANALYSIS OF WOODEN STRUCTURES ..... 210 

Abstract .................................................................................................................................. 210 

1. Introduction .................................................................................................................... 210 

2. Non-linear spring............................................................................................................ 211 

3. Numerical analysis ......................................................................................................... 213 

4. Numerical example ........................................................................................................ 215 

5. Conclusions .................................................................................................................... 217 

6. References ...................................................................................................................... 217 

THE SEISMIC BEHAVIOUR OF A REINFORCED CONCRETE WITH MASONRY 
INFILLS BUILDING COLLAPSED AFTER THE RECENT 6 APRIL 2009 LôAQUILA 
EARTHQUAKE..................................................................................................................... 218 

Abstract .................................................................................................................................. 218 

1. Introduction .................................................................................................................... 218 

2. Case study ...................................................................................................................... 219 

3. Numerical model of the building ................................................................................... 220 

4. Analysis and results........................................................................................................ 221 

5. Conclusions .................................................................................................................... 225 

6. References ...................................................................................................................... 225 

COMPORTAMENTO DI UN AGGREGATO EDILIZIO DI PAGANICA IN OCCASIONE 
DEL SISMA AQUILANO DEL 2009: CONFRONTO FRA DUE MODELLAZIONI NON 
LINEARI  ................................................................................................................................ 226 

Abstract .................................................................................................................................. 226 

1. Introduzione ................................................................................................................... 226 

2. Descrizione dellôaggregato............................................................................................. 227 

3. Modellazione della risposta globale ............................................................................... 229 

4. Conclusioni..................................................................................................................... 232 

5. Ringraziamenti ............................................................................................................... 233 

6. Riferimenti bibliografici................................................................................................. 233 

MODELLAZIONE NON LINEARE DI UN AGGREGATO EDILIZIO SOGGETTO A 

INTERVENTO DI MIGLIORAMENTO SISMICO PARZIALE O TOTALE .................... 234 

Abstract .................................................................................................................................. 234 

1. Introduzione ................................................................................................................... 234 

2. Descrizione dellôaggregato............................................................................................. 235 

3. Modellazione della risposta globale ante e post operam ............................................... 237 

4. Conclusioni..................................................................................................................... 240 



Page 10 of 241 

 

5. Ringraziamenti ............................................................................................................... 241 

6. Riferimenti bibliografici................................................................................................. 241 

 

  



Page 11 of 241 

 

  



Page 12 of 241 

 

DEVELOPMENT OF A PRE- AND POST-PROCESSOR FOR OPENSEES 
FOR THE SEISMIC-DESIGN OF DUAL SYSTEM STRUCTURES 

 
Christian PEPE 

Mr.     

DICAM ï Structural Engineering, University of Bologna  

Viale Risorgimento 2, 40136, Bologna, Italy 

christian.pepe2@studio.unibo.it 

 

Nicola BURATTI  

Ph.D. 

DICAM ï Structural Engineering, University of Bologna  

Viale Risorgimento 2, 40136 Bologna, Italy 

nicola.buratti@unibo.it* 

 

Marco SAVOIA  

Prof., Ph.D. 

DICAM ï Structural Engineering, University of Bologna  

Viale Risorgimento 2, 40136 Bologna, Italy 

marco.savoia@unibo.it 

 

 

Abstract 

Dual Systems represent an attractive solution for lateral-force-resisting structures. However, 
the analysis  such structures using common FEM software may limit the possibility to achieve 
optimal combinations of lateral-force-resisting systems (LFRS) because changes of the model 
set-up are normally time consuming. Moreover, common FEM software often provide limited 
information concerning the global behaviour of the resisting systems and their interaction. 
Therefore in order to overcome such limitations a software capable to perform both the 
analysis and the design of structures for seismic and wind loads has been implemented 
through Matlab and OpenSees; and finally a design application to a 20-storey building has 
been performed comparing two possible Dual-System structures: i) RC Walls with steel 
Moment resisting frames (MRFs-WALLs); ii) Steel concentric braced frames with Moment 
resisting frames (CBFs-MRFs). 

Keywords:  Concentric Braced Frames; Dual Systems; Moment Resisting Frames; OpenSees 
RC Walls; Steel Frames. 

 

1. Introduction 

The design of medium-rise structures for multi-level lateral-force demands (i.e. wind ad 
earthquake actions at ultimate and serviceability limit states) may sometimes result 
cumbersome with commonly used FEM software, because i) the model set-up is a time 
consuming process, ensuing that modifications of the model (such as changes in system 
geometry or system type) are limited, therefore common FEM software limit the possibility to 
evaluate alternative solutions in terms of Lateral Force Resisting Systems (LFRS); ii) analysis 
results, such as stress resultants are given at the member level only, therefore some 
information is given in excess of the necessary, whereas other such as storey-shear and 
storey-moment carried by each LFRS is not given at all, even if it is useful and sometimes 
strictly required (such as for cantilever core-walls). 

Furthermore, post-processing of analysis results is often required in order to meet the codes 
requirements about the aforementioned limit states. This post-processing phase must be 
managed though other tools (such as Excel) requiring further time, and giving arise to further 
encumber to rapid changes of the structure layout. Therefore in order to overcome such 
limitations, a software capable to perform both the analysis and the design of dual-system 
structures has been implemented through Matlab  and OpenSees. This paper is primarily 
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focused on the features on the software developed  (capabilities and implementation details), 
whereas a case study application will be presented only briefly. 

2. Software architecture 

2.1 General framework 

The whole software architecture is implemented in Matlab, while OpenSees is used in order 
to build the FEM model and run the analyses. Figure 1 shows the layout of the software 
architecture. In particular, Matlab is used in order to: i) define input data; ii) manipulate the 
input data thus creating processing data; iii ) store the data inside a proper structure of 
variables; iv) Create the TCL files required in order to generate the OpenSees models and run 
the analysis; v) read the output files and store them in a data structure.  

2.2 Pre-processing 

In the pre-processing phase input data are defined in a Matlab script ï a proper input graphical 
user interface has not been implemented yet ï the software developed by the authors then 
generates TCL files required to create FEM models of all the LFRS systems in the structure 
and stores their properties in matrices and vectors. The mass matrix of the whole structure is 
computed in Matlab using a lumped-mass approach and the coordinates of the centroid of 
mass of each storey are calculated. Then all the LFRS systems are assembled imposing rigid 
diaphragm constraints, assuming as master nodes the mass-centroids. TCL scripts defining 
vertical and horizontal load patterns are also created in the pre-processing stage. A the present 
time the following LFRS have been implemented: Moment Resisting Frames (MRF), 
Concentric Braced Frames (CBF), and RC walls. 

2.3 Analysis 

OpenSees is used to analyse the FEM model defined as described in Section 2.2. While 
vertical and horizontal wind loads do not lead to particular complications seismic forces 
require a more complex procedure being depended on the structural natural-modes. These 
latter (natural periods and natural modes) are computed in OpenSees and post-processed in 
Matlab using the Response Spectrum Modal Analysis. Equivalent static forces for the 
different modes considered are therefore defined according to design spectral accelerations. 
Accidental eccentricity is considered by means of equivalent storey torques. The solver 
adopted in the software is the UmfPack solver: the only one capable to solve large structures. 

 
Figure 1. Overview of the architecture of the software described in the present paper. 
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2.4 Post-processing 

In the post-processing phase OpenSees output files, containing data on the structural 
response, are read by the software developed by the authors. So far as vertical- and wind-
loads analysis results are concerned the software computes different effects combinations (for 
serviceability and ultimate limit states) as required by codes and stores them in proper data 
structures. 

The post-processing phase concerning the seismic analysis involves, first, reading of the output 
text files and data storage in a proper structure of variables. Then, combinations of load-
effects are performed according to Eurocode 1998 requirements [1]. The post-processing 
phase is summarized in the steps listed below: i) combine the modal response according to the 
CQC Modal Combination Rule; ii) combine the effects of the seismic action components; iii ) for 
each LFRS compute the derived quantities required for graphical output and verifications, i.e., 
storey-forces, storey-shear, storey-moment, storey-drift, storey-stiffness, second order effects 
sensitivity coefficient. 

2.5 Verification of structural members 

The software automatically performs different verifications on the structures considered and 
on their structural members. In particular, as far as the global structural behaviour is 
concerned, second-order effects and displacements at serviceability limit states (for both wind 
and earthquake forces) are verified. Specific verifications are then performed on the different 
LFRS systems as described in the following Sections. 

2.5.1 Steel frame members and concentric braced frames 

The software automatically performs various verifications on steel members. In particular at 
the SLS normal and shearing stresses are analysed. At the ULS the software performs strength 
and buckling verifications according to Eurocode 1993 [2] and Eurocode 1998 [1] rules. 
Furthermore, the software contains capacity design rules. Seismic and gravity load effects are 
combined in order to compute the dissipative members flexural overstrengths and these latter 
are then used to compute the non-dissipative members design forces according to Eurocode 
1998 [1] rules. 

2.5.2 RC walls 

The following verifications have been implemented on RC walls: i) stress limitations at SLS; 
ii) cracking onset evaluation; iii ) flexural strength verification at ULS; iv) shear strength 
verification. The software developed by the authors automatically computes the required 
reinforcement based on the aforementioned verifications. Then, according to the capacity 
design principles the resisting bending moment in the critical region of the walls is computed 
first, then the bending moment and shear force envelopes are created and the safety margin on 
rest of the wall is evaluated. In particular a modified version of the Modified Modal 
Superposition [3] rules has been implemented. Further details are available in [4]. 

3. Modelling of the Lateral-Force-Resisting Systems (LFRS) 

3.1 Moment Resisting Frames (MRF) 

MRF are modelled using the elasticBeamColumn elements available in OpenSees. The 
capabilities of the software developed in terms of MRF modelling are listed in the following: 
i) any three dimensional assembly of MRFs is allowed; ii) a library of European steel profiles 
is implemented; iii ) any layout of steel profiles is allowed; iv) the effective extent of the 
beam-to-column joint can be taken into account by modelling beams-end as rigid. The extent 
of the rigid-zone is taken as half the column dimensions, in an automatic way. This feature 
can be easily implemented in OpenSees making use of the geomTransf Linear command; v) 
the beams interaction with the concrete slab can be taken into account, making use of an 
equivalent beam moment of inertia (according to Eurocode 1998 guidelines [1]); vi) vertical 
loads on beams can be given as concentrated forces and/or distributed loads; vii) additional 
vertical concentrated force on columns can be applied on in order to take into account pinned-
end beams of the floor not considered in the model. 
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3.2 Concentric Braced Frames (CBF) 

Only V-type Concentric Braced Frames (V-CBF) are implemented in the software at the 
present time. Features of MRFs modelling described in Section 3.1 at points ii , iii  and vii still 
apply to V-CBF. Additional features are: i) concentrated forces of secondary beam and main 
beams are directly applied as concentrated force on columns; ii) three dimensional assemblies 
of MRF and V-CBF are allowed; iii ) three dimensional assembly of V-CBFs (V-CBF cores) 
are currently not allowed. The details of the FEM model implemented in OpenSees are shown 
in the Figure 2. The hinges at the beam-ends have been are simulated using Zero-Length 
Element (ZLE) with small rotational stiffness together with a master-slave link which fixes 
the fictitious node to move as the framed one. This approach was necessary since OpenSees 
elements library lacks of beam elements with hinge at one end only. Moreover, the master-
slave commands related to the rigid diaphragm constraints are assigned to the beam central 
node, since it is not possible to apply more than one master-slave constraint to a node (in that 
case numerical errors will lead to the failure of the OpenSees solver).  

3.3 RC cantilever walls 

C-shaped and L-shaped walls have been implemented in the software using the improved 
Wide-Column Model (WCM) proposed in [5]. The method treats three-dimensional core-wall 
as an assembly of discrete column elements with the finite width of the walls allowed for by 
horizontal rigid arms. The rigid arms must allow relative rotation between the walls edges, in 
order to allow warping of the core cross-section. The planar-wall-unit implemented in 
OpenSees is shown in the Figure 2.  

The number of links per storey (defined through the link spacing hsp parameter) is a free input 
of the model. In function of hsp a fictitious shear modulus may be defined according to the 
criteria defined in [1]. The expression is reported below as a function of the actual shear 
modulus G, the Poissonôs ratio n, and the wall-unit length lw: 

 

( )
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2 1
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w
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Lumping the torsional stiffness of the links, following the recommendations given in [6], the 
torsional stiffness GK has been assumed as: 

 

3

3

sp wGh t
GK=  (0.2) 

Finally the shear stiffness of the Zero-length Element is computed as: 

 
Figure 2. Concentric Braced Frame (CBF) FEM model as implemented in Opensees (left) and improved 

Wide-Column Model used for RC walls (right).  
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 's s w w spU k G l t h=  (0.3) 

where 5 6sk =  is the shear corrector factor for a rectangular section and lw and tw are the 
length and thickness of the planar-wall unit respectively. 

The post-processing of the analysis results consists in: i) computing the storey-shear carried 
by the core-wall as the sum of each planar unit contribution; ii) compute the storey-forces; iii ) 
compute the storey-moments. In the software developed, this procedure is fully automated. In 
the software it is also possible to set an arbitrarily rigidity reduction of the cross-section to 
account for cracking of concrete. It is worth noticing that FEM shell models have a more 
expensive post-processing because forces are obtained by integration of stresses. However 
shell model are strictly required in order to model the soil-wall interaction or in case of stocky 
walls (hw/lw Ò 3).  

4. Case study 

The software developed has been tested through the design of a 20-storey steel building with 
two different Dual-System structures: i) MRFs and walls; ii) CBFs and MRFs. The final 
LFRS layout of the two structures is shown in Figure 3. The floors of the two structures are 
made of secondary beams and a metal deck with a concrete slab. In the next sections, the 
software graphical output will be shown and commented. 

4.1 Case study building designed with MRFs-WALLs Dual Systems 

The mode shapes in the Y direction are shown in Figure 4 together with Effective modal 
Mass (EMM) values in percentage. Figure 5 shows the storey-shear distribution between the 
different LFRS and the storey-drift diagram. These diagrams are automatically calculated by 
the software and provide useful information of the structural behaviour. 

 
Figure 3. Plan view of the two different LFRS layouts considered in the case study. 

 

 
Figure 4.  Mode shape and effective modal mass for excitation in the Y direction. 
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The results of the fulfilment of capacity design rules of MRFs are provided by the software 
through diagrams similar to the one reported in Figure 6. This latter concerns the storeys 12 to 
20 of a MRF in the Y direction. Inside the white rectangles located at the end of each member 
the flexural-strength safety margin (MRd/MEd) is depicted (columns effects amplified based on 
the beams minimum flexural overstrength) while inside the grey rectangle located at the 
beam-to-column node the joint moment-equilibrium factor ( , ,Rd c Rd bM Mä ä ) is reported. 
Moreover, the software allows to consider either a beam-sway mechanism (as in the Figure) 
or a column-sway mechanism with full or partial capacity design rules [7]. Figure 6 also 
shows the application of the Capacity Design for the flexural-strength verification of the C-
Wall loaded in the Y direction. In particular the Modified Modal Superposition [3, 4] has 
been used for the bending moment diagram evaluation.  

 
Figure 5. Fundamental mode response: LFRS storey-shear diagram at the ULS (left) and Storey-Drift 

diagram at the DLS (right) . 

 
Figure 6. Capacity Design results: Exterior MRF storeys 12-20 (left) and C-Wall bending moment 

envelopes (right) . 

 

 
Figure 7. Fundamental mode response: LFRS storey-shear diagram at the ULS (left) and Storey-Drift 

diagram at the DLS (right). 

 

 
Figure 8. Capacity Design results of a CBF in the Y direction. 
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4.2 Case study building designed with CBFs-MRFs Dual Systems 

The CBFs-MRFs structure fundamental mode response is shown in the Figure 7. Concerning 
the capacity design, the same criterion presented for MRFs (see Figure 6) is applied to create 
the graphical output reported in Figure 8. The axial-strength safety margins (plastic or 
buckling) are depicted on each member.The software allows to design CBFs considering 
either elastic or inelasitc behaviour for the braces. 

5. Conclusions 

The present paper describes the general framework of a Matlab based pre- and post-processor 
for OpenSees aimed at the design and analysis of dual-system structures. The software 
developed, starting from input data provided by the user, automatically builds the structural 
FEM model performing serviceability and ultimate limit state design and verifications for 
vertical and horizontal loads (wind and seismic forces). The structure of the software is aimed 
at making modifications in the layout of the LFRS extremely easy and therefore allows an 
engineer to compare many different design solution without effort. The software allows to 
consider different LFRS such as, moment resisting frames, concentric braced frames, and RC 
walls as well as to design them according to different criteria, e.g. beam-sway of column-
sway mechanisms for moment resisting frames.  

The development of the software described in the present paper has not been completed yet 
and additional features are planned. In particular an input graphical user interface, non-linear 
analysis capabilities, basic LFRS layout optimization features, and displacement-based 
design. 
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Abstract 

Recent developments of seismic analysis techniques show how the research trend is focused 
on the evaluation of structural seismic vulnerability via probabilistic analysis. Fragility curves 
gain increasing importance in structural analysis; however, while several theoretical methods 
are available in the literature, the high majority of commercial software is outdated so that 
structural analysis becomes only a step of a demanding Monte Carlo simulation. The 
OpenSees framework provides a set of classes and objects oriented to the reliability analysis 
of structures; in this sense, it permits a probabilistic approach to the structural analysis and the 
possibility to employ either direct or inverse methods in order to bypass demanding 
computations. Aim of this work is to present a brief review of the OpenSees reliability 
resources and a strategy for the computation of non-linear seismic fragility curves by 
equivalent linearization. It can be applied regardless of the structure complexity for both 
stationary and non-stationary loads. The shown application employs a multi-objective 
formulation in order to properly define the response of a MDOF structure. A numerical 
example is provided in order to summarize the state of the art about the employed procedure 
and its further research directions. 

Keywords:  Fragility curves, Reliability, Tail-equivalent linearization. 

 

1. Introduction 

In performance-based earthquake engineering, it is important to properly consider non-

linearities since failure usually occurs in the non-linear range of structural behavior. 
Equivalent linearization is one of the most powerful techniques in Random Vibrations 
because of its versatility in application to MDOF Finite Element Models. Several criteria have 

been proposed in years, in particular, one efficient non-parametric algorithm is the Tail-
Equivalent Linearization Method (TELM) [1]. It is able to predict non-Gaussian response 

distributions; also, non-stationary analysis can be performed [2], and it can even account for 
asymmetries providing non-symmetric response PDFs [3]. The method lays on reliability 
algorithms already implemented in OpenSees [4] which are summarized in Section 2. These 

objects introduce a different philosophy for structural analysis: any structural parameter can 
be defined in a probabilistic way by a probability density function in order to account for 

model and load uncertainties; thus, the reliability analysis procedure will provide a probability 
function of gaining a limit state treshold. In this sense, OpenSees represents one of the most 
advanced frameworks in structural analysis since usual softwares only provides deterministic 

algorithms. The structural RV analysis can be considered as the investigation of the global 
reliability of a stochastic system which may be defined by a set of mutually related 

components both in series (such as in the inter-storey drift case) and parallel subsets. 

mailto:Sal.sessa@gmail.com*
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A procedure for multi-objective random vibration analysis is employed in this work [5]. Its 
purpose is to define a discretized form of a non-Gaussian responses joint-PDF. This 
formulation is very fruitful because, eventually, the computed joint-PDF can be employed 

either for stationary or non-stationary analysis applying classical stochastic methods 
regardless of dimensions and parameters of the structural system. The underlying philosophy 

consists in defining the statistics of a ñmulti-objectiveò linearized system, whose equivalence 
condition is defined in therms of joint-tail probability of the system components. 
Briefly, the joint-tail probability of a structural system is written as the product of conditioned 

probabilities of each response. Then, an equivalent linear system (TELS) is computed by 
TELM for each response. Once the input excitation process statistics have been defined, it is 

possible to evaluate all the marginal distributions of the non-conditioned responses and also 
their power spectral densities which will be employed in order to get the statistics of the 
conditioned responses. 

 

2. OpenSees reliability resources 

As usual for the OpenSees philosophy, the implemented objects can be catalogued in two 

sets: the domain and the analysis. While the first set includes all the objects which completely 
describe the structure and its state, the latter comprises the classes which make the domain to 
change its state. The framework reliability capabilities require both domain and analysis 

classes whose main ones are briefly summarized in the following subsections. A wider 
description of the implemented classes can be found in [4]. 

2.1 Reliability domain classes 

The common reliability analysis is based on the definition of random variables. Conceptually, 
they do not have a single, fixed value but it can take on a set of possible different values, each 
with an associated probability. The discrete or continuous mathematical function which 

describes the variablesô probability is known as distribution and it is usually defined by a 
theoretical model and a set of parameters; mutually related random variables also require a 
correlation coefficient. OpenSees provides a library of the most common probability 

distributions and a class for defining their correlation. In structural models, the randomness of 
a physical parameter can be also related to a geometrical position or even be variable in time. 

This cases are addressed in common practice respectively as random fields and random 
processes and OpenSees makes possible their employment by a set of spectrum, modulating 
function and filter classes. An important feature is the PerformanceFunction class, which 

defines a limit state function as combination of structural responses such as internal forces, 
stresses, strains as well as node displacements, accelerations or velocities. 

2.2 Reliability analysis classes 

Reliability analysis in engineering is based on the concept of the probability that a device will 
perform its intended function during a specified period of time under stated conditions. In this 
sense, reliability is something that relates the statistic knowledge of a domain with the 

probabilistic prediction of a limit state violation. The target of the analysis can either be a 
failure probability of a defined device or the structural design for a required probability level. 

Thus, the available methods can be catalogued in direct algorithms and inverse ones. 
Furthermore, the limit state can be defined in many different ways since the structural 
behaviour could be continued in time (outcrossing issue), related to several components 

(system analysis) or parameterised. OpenSees provides several algorithms which orchestrate 
each analysis type. This work is focused on a specific direct method: the First-Order 

Reliability Method (FORM). Its aim is to define the probability of reaching a specific limit 
state (the failure probability), given the probabilistic definition of input random variables. The 
FORM definition is: 
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 () ( )[ ]0=,|=Ĕ uuu xGminargx  (1) 

where u  is a vector of random variables, ( )[ ]0=,uxG  
is the limit state function and ()[ ]xuĔPr  

is 

the probability of failure. The FORM employs optimization algorithm and makes a 

linearization of the limit state function, also provided by the OpenSees class. The FORM can 
be considered as the kernel of the strategy described in this work which will be presented in 
the following subsection. A further algorithm has to be cited. Since FORM and several others 

reliability algorithms require the computation of the structural response derivatives with 
respect the random variables, an important procedure is available in OpenSees: the Direct 

Differentiation Method (DDM) [6] which is able to provide the first derivative of any 
response with respect of any structural parameter. It must be emphasized that this capability is 
quite uncommon in structural analysis software and represents one of the strengths of 

OpenSees regarding the reliability analysis.  
 

2.3 The Tail Equivalent Linearization Method (TELM) 

Let ()tF  be a random process defined as the response of a linear filter excited by a 

white noise ()tW : 

 () ( )()ttt dWthtF f

t

-ñ0=  (2) 

 where ()tfh  is the Impulse Response Function (IRF) of the linear filter. The random process 

()tF  can be expressed in discretized form as a random pulse train [7] as: 

 () () ()us tutstF T

ii

n

i

==
1=

ä  (3) 

 where u  is a vector of standard normal random variables and ()ts  is a deterministic vector 

depending on the base-excitation's covariance. A multi-degrees-of-freedom (MDOF) 
nonlinear system can be defined by its equation of motion: 

 ( ) ()tFPUURUCUM ="""" ++  (4) 

 where U  denotes the displacements vector, M , C  and P , respectively, the mass, damping 
and loads matrixes and R  is the nonlinear restoring force. A generic response of interest 

()tX  can be defined as nonlinear function of nodal displacements, velocities and 

accelerations. Our interest is in determining the tail probability ()[ ]ntXxPr ¢  for a specified 

threshold x  at time nt . Defining a limit state function such as: 

 

 ( ) ()tXxtxG n -=,, u  (5) 

 TELM [1] performs a FORM, obtaining: 

 ( ) ( )[ ].0=,,|=, uuu nn txGminargtxå
 (6) 

 

Note that the ñdesign pointò 
å

u  is the closest point of the limit state surface (5) to the origin 
in the standard-normal space and corresponds to its maximum likelihood. Now, the generic 
response of a linear system can be expressed in terms of its IRF: 

 () ( ) () ()ua tdusthtX ii

n

i

t

L ==
1=

0
tttäñ -  (7) 

 where the deterministic vector ()ta  is obtained by geometrical considerations as: 
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The TELM equivalent condition requires that the tail probability of the nonlinear and 
linearized system must be the same, then, both systems must lead to the same design point. 

Once the nonlinear design point is computed by FORM, it is possible to get the linear IRF by 
Eq. (7) and (8). The Tail-equivalent Linearized System (TELS), then, is fully defined by a 

collection of IRFs, each one depending on a different threshold 
ix . 

 

3. Multiobjective random vibration analysis 

While for some structures safety can be expressed in terms of a single response (such as for 
tanks, bridges and electrical substations), in many cases the global safety depends on a set of 

responses of interest (for example, a set of inter-storey drifts). In that case, the global limit 
state function and the tail probability can be written as: 

 

 ( ) () () ()[ ]nmmnnn tXxtXxtXxmintG --- ,,,=, 2211 >x  (9) 

 

 ( )[ ] [ ] .1==0,
1=

2211 ù
ú

ø
é
ê

è
²-¢ÇÇ¢Ç¢¢ ii

m

i

mmn XxPrXxXxXxPrtGPr <>x (10) 

 

The TELM features does not permit to straightly get the joint probability, then, it is necessary 
to decompose the joint-probability into the product of lower-order conditioned probabilities: 

 

 ( )[ ] [ ][ ] [ ].||=0, 1112211 -²²²² mmmn XXXxPrXXxPrXxPrtGPr >>x  (11) 

 
The stategy proposed in [5] consists in computing the conditioned probability of Eq. (11) by 

TELM and then to get the joint-tail probability in order to perform nonlinear random 
vibration analysis. 

 

3.1 The conditioned probabilities 

Each term of the right side of the 16 can be computed separately. The first one is a 
marginal probability which can be computed by the usual formulation of TELM. In particular, 

let's consider a set of threshold of interest [ ]Tmxxx >21=x , for each one of them, TELM 

evaluates the correponding IRF in discretized form: lkh1, , where the indexes 1, k  and l  

designate respectively the response, the time step and the threshold. The Fourier transform of 

the IRF is the Frequency Response Function (FRF) ()wlH1, , corresponding to the l th 

threshold, which leads to the variance of the response: 

 

 () ()wwws dH FF

l

l Fñ
¤ 2

1,

0

2

1, 2=  (12) 

 where FFF  is the power spectral density of the base excitation. Then, the tail probability is: 
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 where []ÖF  denotes the Standard Normal Cumulative Distribution Function. Also, the power 

spectral density of the displacements and of the acceleration is: 
 

 () () ()www FF

ll

XX H FF
2

1,

11
=  (14) 

 note that the tail probability and the power spectral density are referred only to the threshold 
lx . The power spectral density of the derivatives of 

1X  can be easily obtained from Eq. (14) 

as shown in LutesSarkani. Performing a similar procedure, also the conditioned tail 

probabilities can be computed: 
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 where: 
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 (16) 

 

The frequency response function ()wlH 1,|2  it the response 
2X  for a steady-state action in 

1X . 

Its evaluation will be described in the following. TELM can be performed in order to get the 

IRF kl

kh |1,|2  where the index l  denotes the l th threshold for 
2X  and k  denotes the k th 

threshold of 
1X . For each threshold value of 

1X , then, TELM defines a set of IRFs each 

corresponding to a threshold value of 
2X . This procedure can be applied recursively to each 

response of interest in order to get all the conditioned tail probabilities; its generalized 

formulation is: 
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The conditioned IRFs and FRFs lij

kh ,|  and ()wlijH ,|  can be easily computed by TELM, by 

using the j th limit state function and an excitation at the i th response. In case of interstorey 

drift responses, the i th excitation would be a storey acceleration. 

Note that the input excitation of TELM should be defined with respect the power 

spectral density ()w
i

X
i

X """"F : first, the auto-covariance 
i

X
i

X """"G  is computed by taking the Fourier 

Transform of the PSD, then, the covariance matrix G  can be built as discretized form of the 
auto-covariance (where each row-column corresponds to a specific time-step) which leads to 

the matrix S: 

 ()() ()[ ]n

T ttt sssSGSS >21=;=  (18) 

 
which defines the excitation process by the Eq. (3). 

4. Numerical application 

In order to test the proposed procedure, a numerical application has been developed. 
The chosen structural models are two degrees-of-freedom nonlinear buildings, whose 
geometric scheme is shown in Figure 9. Note that the first-floor displacement has been set as 

the first response of interest ()tX1  and the drift between the first and the second floot has 

been set as the second response ()tX2 . Nonlinearities are modeled by a Bouc-Wen 

constitutive model with 0.05=a , 1==0 nA  and 35==gb . A sample hysteretic loop of the 
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Bouc-Wen model is shown in Figure 9. The material's stiffness in therms of tangent at zero 

displacement are respectively mNk /100.4 7

1 Ö=  and mNk /100.2 7

2 Ö=  and the mass is 

Kgm 4

0 103.0Ö=  . 

 

Figure 9 Structural model (left) and Bouc-Wen hysteresis loop (right). 

 

The first performance of TELM computes the IRFs of ()ntX1  for a set of 20 thresholds with 

step cmx 1=D ; some of the computed IRFs are shown in Figure 10.  

 

Figure 10 TELS Impulse Response Functions of ()tX1
 (left) and ()tX2

 (right).  

Then, a random vibration analysis is performed in order to get the statistics and the power 

spectral density of the displacement 1X . The base excitation has been defined as an unfiltered 
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white noise. The analysis has been performed for the white noise cutoff standard deviation 

gWN 0.50=s . The displacement power spectral densities are shown in Figure 11. 

Thereafter, TELM has been performed again; the input excitation is the first displacement 
1X  

and the Limit State Function has been defined in terms of 
2X . Note that each IRF shown in 

Figure 10 is the evolution in time of the interstorey drift given by an impulsive action of the 
first floor displacement, as explained in the previous section. 

The computed IRFs lead to the evaluation of the conditioned tail probabilities of 
2X  given 

1X . The conditioned response statistics are easily computed by evaluating the FRFs as the 

Fourier transform of the IRFs, and then to combine them with the power spectral densities of 

the displacement 
1X . The conditioned PDFs of 

2X  given 
1X  are shown in Figure 11. 

Finally, it is possible to employ the 16 in order to get the joint distribution of the responses. In 

Figure 12 the complementary-joint-PDF is shown, i.e. the probability that at least one of the 
responses is greater than the corresponding threshold. 

 

 

Figure 11 Power spectral density of ()tX1
 (left) and  Conditional PDFs of ()tX2

 given ()tX1
 (right) with 

gWN 0.50=s . 

In order to check the approximation of the proposed strategy, a Monte Carlo simulation has 
been performed. The response statistics obtained with 10,000 samplings have been compared 

with the results of TELM. In particular, Figure 12 also shows the difference of the 

complementary-joint-PDFs with respect the thresholds 1x  and 2x , specifically, in both cases, 

the computed error is not negligible for small thresholds. 
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Figure 12 Complementary-Joint PDF of ()tX2
 and ()tX1

 with gWN 0.50=s  (left) and  Monte Carlo Vs. 

TELM error (right).  

 
This expected behavior is due a drawback of TELM: the linearized system depends on the 

dimensions of the hysteresis loops. For this reason, the nonlinear relationship between forces 
and displacements is close to be linear at small thresholds, then, the response statistics are 

quite close to be Gaussian. However, it has been shown in Fujimura:thesis that this drawback 
is overcomed by the evaluation of the extreme-response statistics: the error of the response 

statistics at nt  does not affects the first-passage probability. Also, in common practice, the 

structural safety is usually computed for higher values of the threshold, where the error 

between TELM and the Monte Carlo simulation is negligible. 

 

5. Conclusions 

The application of a Tail Equivalent Linearization is presented. Its goal is to compute the joint 

tail probability of structural systems whose reliability depends on two or more responses of 
interest. The shown procedure can be performed regardless of the system dimensions, the 
only requirements are the existence and uniqueness of TELS. In this paper, just the series 

system case has been investigated, however, the algorithm can be easily extended to the 
general case of parallel and hybrid systems. 

The proposed algorithm leads to reasonably accurate results which can be employed in order 
to get the level-crossing rate and the Joint First-Passage Probability of interconnected systems 
so that it appears particularly convenient for buildings.  

This capability makes OpenSees to be one of the most complete and useful frameworks for 
structural reliability purposes. However, further work can be developed such as the 

implementation of multi-support excitations in order to employ the procedure for coupled 
responses: in this case, TELM should take into account of the multiple dependence by using 
multi-support excitations. 
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Abstract 

The optimization of special links between the lateral force resisting system (LFRS) and the 
gravity load resisting system (GLRS) is addressed in this paper. This structural system is 
intended to partially uncouple the response of the LFRS from that of the floor system (GLRS) 

by means of link devices (floor connectors) which may include ductile, elastic centering 
and/or supplemental damping elements. The inertial force-limiting self-centering anchorage 

system optimum design is formulated as a constrained single-objective optimization problem 
which is solved using a swarm-intelligence based algorithm. The design vector consists of 
continuous-type variables only (link mechanical properties) whereas a revised fly-back 

mechanism accounts for discrete-type variables (link positions). Numerical results about the 
seismic behavior of a shear wall 12-storey building are discussed. 

Keywords: Partially uncoupled system, Self-centering anchorage system, Swarm intelligence. 

 

1. Introduction 

The concept of an innovative floor anchorage system is here developed in order to reduce 
inertial forces while maintaining centered floor. In this perspective, the structural dynamic 

response using specific connector devices at floor levels is investigated, and a set of design 
parameters will be determined to guarantee appropriate seismic performances. Differently 
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from a floor isolation system, the connection to the lateral force resisting system (LFRS) is 
initially stiff and still able to transfer the ground motion excitation to the structure without 
relative movement of the floor system. However, for a predefined force level, this primary 

transfer mechanism starts to dissipate energy through the relative motion between the GLRS 
(e.g. floor system and gravity columns) and the LFRS (e.g. cores, shear walls, braced or 

moment frames). This relative movement of the floor will be limited and ultimately removed 
through an elastic restoring force which acts in parallel with the ductile connections, along 
with the inherent resistance of the GLRS.  

The seismic forces carried out by building structures originate mostly from the inertia of the 
floor system. Therefore, a reduction of the accelerations transmissibility from the LFRS to the 

GLRS has the potential to reduce the demands for the structural elements. A more economical 
and safer seismic design, with application to a wide array of construction types and building 
systems, is presented in this study. The benefits of such system include: reduced diaphragm 

forces, reduced LFRS demand, reduced damage, reduced accelerations to lower non-structural 
damage. Taking into account a set of significant design parameters for the seismic-resistant 

system (i.e. link strength, link stiffness and link position along the height of the building), the 
presented work will investigate the possibility of obtaining a potential improved structural 
behavior by locking certain floors or varying the link properties at different storeys. To this 

end, a specific MATLAB code has been implemented, and OpenSees has been used for 
nonlinear structural analyses. The effects of tuning this seismic-resistant system by 

distributing the links or modifying their properties will be examined. 

2. Prototype building 

The prototype structure is a shear wall 12-storey residential building with a footprint of 55 m 
Ĭ 30 m (see Figure 1). Column sections are shown in Figure 2 and Figure 3. The LFRS is 

represented by two exterior shear walls along the longitudinal direction and two interior shear 
walls along the transversal direction (see Figure 4). The inter-storey height is equal to 4.88 m 
for the first floor and 3.20 m for the second floor and above. The RC slab has a thickness of 

0.20 m. 

 

 
Figure 1. Plan view of the prototype building [m]. 

 
Figure 2. Column section 

from 1
st
 to 6

th
 floor [m].  

 
Figure 3. Column section 

from 6
th

 to 12
th

 floor [m].  
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Figure 4. Shear wall section [m]. 

2.1 Modeling 

An equivalent 2D model was created for the transversal direction of the building only, as 
shown in Figure 5. All the elements are modeled as elastic beam-column elements with an 
equivalent gross section of 6 column sections for exterior and interior gravity columns 

(GLRS), 5 diaphragm strip sections for the beams (GLRS) and 2 shear wall sections for the 
shear wall (LFRS). Crack sections are considered, hence the inertia of the gross sections has 

been reduced by 30% for the gravity columns (Icracked=0.7Igross), 75% for the beams 
(Icracked=0.25Igross) and 65% for the shear wall (Icracked=0.35Igross). Rayleigh damping is 
assumed for the nonlinear time history analysis (damping ratio equal to 2%) and the gravity 

load is applied (dead loads + 25% live loads) in order to take into account the P-æ effects. 

 

 
Figure 5. Equivalent 2D model (transversal 

direction). 

 
Figure 6. Hysteretic rules for floor connectors (left) 

and rotational base hinge spring (right). 

 
Figure 7. Rotational base hinge spring model (shear 

wall). 

 

Hysteretic rules for floor connectors and rotational base hinge spring are shown in Figure 6. 

The nonlinear behavior of the structural system is concentrated at the connection between the 
LFRS and the floor system (GLRS) and at the base of the shear wall (Figure 7). All the links 
(connectors) are modeled as zero length elements for which an elastic-perfectly-plastic 

hysteretic rule with 0% post-yielding stiffness was assigned (Uniaxial Hardening Material). 
For the rotational base hinge (Figure 7) representing the behavior of a regular RC wall, a 

pinching hysteretic model was selected (Pinching4Material). The input parameters of the 
pinching material were calibrated to match a shear wall cyclic test results (Figure 8). 
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Figure 8. Wall base hinge response comparison. 

2.2 Modal analysis 

The results of the modal analysis are obtained considering rigid link connection between 
LFRS and floor diaphragm. The sensitivity of the modal response with respect to predefined 

values of strength and stiffness is not investigated. The deformed shapes of the first three 
eigenmodes are shown in Figure 9, Figure 10 and Figure 11. 

 

 
Figure 9. First mode shape 

(T=1.374 sec). 

 
Figure 10. Second mode shape 

(T=0.229 sec). 

 
Figure 11. Third mode shape 

(T=0.105 sec). 

 

2.3 Nonlinear time history analyses 

Preliminary nonlinear analyses are performed considering a vertical constant distribution of 
strength and stiffness for the links in order to study the seismic behavior of the structural 
system for different configurations of LFRS-to-floor connectors. A number of 8 cases for the 

link configurations are investigated. The link strength/stiffness for each case was evaluated 
during the design phase of the tested structure, and itôs based on a specific ratio of the code 

diaphragm force (Fpx). Results are listed in Table 1.  

Table 1. Mechanical properties of the links. 

CASE LINK STRENGHT [kN] LINK STIFFNESS [kN/m] 

02 0.33Fpx 529.34 456739.04 

03 0.67Fpx 1054.23 913653.21 

04 1.00Fpx 1583.57 1370392.25 

05 1.34Fpx 2112.91 1827131.29 

06 1.67Fpx 2637.80 2284045.46 

07 2.34Fpx 3696.47 3197523.54 

08 3.34Fpx 5280.04 4568090.92 

09 Elastic Elastic 4568090.92 
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A suite of 3 spectrum-compatible (through the use of scaling factors) accelerograms is taken 
into account for each case: Manjil Iran 1990 (magnitude 7.4, PGA 0.53g, scale factor 1.37), 
San Fernando 1971 (magnitude 6.6, PGA 0.18g, scale factor 3.98) and Loma Prieta 1989 

(magnitude 6.9, PGA 0.56g, scale factor 1.42). The maximum values of inter-storey drift, 
shear, floor acceleration and sliding between LFRS and GLRS are considered for the analysis 

of the seismic response of the system. Final results are shown from Figure 12 to Figure 17. 

 
Figure 12. GLRS - Inter -Storey drifts comparison 

[% ].

 

Figure 13. LFRS - Inter -Storey drifts comparison 

[% ].  

 
Figure 14. GLRS - Shear comparison [kN]. 

 
Figure 15. LFRS - Shear comparison [kN]. 
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Figure 16. Floor Accelerations comparison [g]. 

 
Figure 17. Sliding between LFRS and GLRS 

comparison [m].

3. Particle swarm optimization algorithm (PSOA) 

A numerical strategy is needed in order to optimize, both, position and mechanical properties 

of the link devices. The selected methodology will consider the Particle Swarm Optimization 
Algorithm (PSOA), see Ref. 6 and Ref. [2] for details. In swarm intelligence based 
optimizers, multiple candidate solutions coexist and collaborate simultaneously. Each solution 

is a particle that has a position and a velocity in the multidimensional design space. A particle 
flies in the problem search space by updating its position in order to achieve the optimal 

position (global optimum of the optimization problem). As time passes, a particle adjusts its 
velocity and position according to its own experience as well as the experience of the other 
particles (neighboring). A particleôs experience is built by tracking and memorizing the best 

position encountered. The key element of the swarm based optimization is a good trade-off 
between local search (through self-experience) and global search (through neighboring 

experiences). Swarm intelligence based algorithms are robust and well suited to handle 
nonlinear and non-convex design spaces without explicit calculation of the gradient, and they 
exhibit good convergence characteristics in highly constrained optimization problems. 

3.1 Problem formulation 

The optimum design of the force-limiting self-centering anchorage system is formulated as 
constrained single-objective optimization problem: 

 () (){ }min ,l uf ¢ ¢ ¢x x x x g x 0   (1) 

where x is the design vector (lower-bounded by xl and upper-bounded by xu) which collects n 
design variables and g(x)Ò0 denotes a set of constraints (i.e. limit states). The objective 
function f(x) can account for manufacturing costs (i.e. number of links and their costs) as well 

as structural performance indices. Different contributions have to be normalized and weighted 
properly in order to build a unique objective function. The design vector x includes the 
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mechanical properties of the links as well as the link positions: the first are treated as 
continuous variables while the second are considered separately using a revised fly-back 
mechanism (see Figure 18). 

 

Figure 18. Modified fly-back mechanism in two-dimensional search space. 

3.2 Constraint handling strategy 

Although the PSOA has been recently applied for the solution of several problems, its 
application is mainly focused on unconstrained optimization. Current approaches dealing with 
constraints include: method based on penalty functions, methods based on preserving the 

feasibility of the solutions, methods that search for feasibility and hybrid methods. On looking 
for a suitable constraint handling strategy, itôs important to mention that all the methods have 

some drawbacks. For instance, preserving feasible solutions only has the disadvantage that it 
doesnôt take into account the degree of violation of the constraints. Moreover, a search over 
the feasible region is usually less efficient than over both the feasible and infeasible region, as 

the latter makes it possible to approach the optimum from any direction. The penalty function 
based approach is an effective auxiliary tool to deal with constrained problems in general and 

has been a popular approach because of its simplicity and easy implementation. However, its 
effectiveness depends on the formulation of the penalty function. For this application, the 
free-parameter constraint handling method in Ref. [3] will be implemented.  

4. Conclusions 

This paper presented a preliminary numerical investigation about a force-limiting self-
centering anchorage system for seismic protection. A numerical strategy for the optimum 

design of this seismic-resistant mechanism has been illustrated, along with the OpenSees-
based implementation. Results for a prototype 12-storey residential building demonstrate the 
following: 

Á GLRS and LFRS exhibit lower drifts by increasing the link strength. In the GLRS, the 
effect obtained by increasing the link strength is more apparent for lower storeys. In 

the LFRS, a constant reduction of the drift values is clear for all the storeys. 

Á For what concerns the floor system, the analyses shown a lower shear demand at the 
bottom floors by increasing the link strength. It is not possible to realize unequivocally 

the shear trends depending on the mechanical characteristics of the connectors. In the 
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LFRS, a higher shear demand is required by increasing the link strength. For all cases, 
higher shear forces can be appreciated at the first three floors and at the upper floors, 
from the 6th floor up to the 11th floor. 

Á As expected, floor accelerations with larger magnitude are obtained by increasing the 
link strength along the building height. 

Á A reduction of the relative sliding at the connectorsô level is observed by increasing 
the link strength vertical distribution. 

Future developments of the presented study are concerned with the implementation of the 

described swarm intelligence-based algorithm in order to optimize the position of the links as 
well as their mechanical properties. 
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Abstract 

Pseudo-dynamic computer software has been developed in LabVIEW and MATLAB and sets 
up at University of Roma Tre to study the seismic responses of repaired and reinforced r.c. 
bridges testing a pier specimen in scale 1:6 in the lab and simulating numerically the rest of 
the bridge. This program is based on a previous FORTRAN version successfully tested with 
previous pseudo-dynamic tests on the as built bridges. A new version of the software has been 
developed for including soil-structure interaction as well as non-synchronous seismic actions. 
This program is based on LabVIEW, while its ñmechanicalò core makes use of OPENSEES 
and OPENFRESCO. An important outcome of the new software is that it is based on the same 
non linear FEM software used for pure numerical analysis: OPENSEES. The application 
presented refers to retrofitted pier of a r.c. bridge damaged by previous earthquake. 

Keywords:  OPENSEES, OPENFFRESCO, LabVIEW, r.c. bridge, retrofitting 

 

1. Introduction 

Hybrid tests on repaired r.c. bridge have been performed using an in house test apparatus at 

the laboratory of the Department of Structure at University of Roma Tre. These tests are able 
to evaluate the seismic behaviour of a structure with modest cost respect to the study of full 

structure in real scale. A representative pier scaled 1:6 is physically tested in the lab while the 
rest of the bridge is simulated numerically. The seismic behaviour of r.c. bridge without 
proper construction details for seismic actions was investigated during a previous research 

campaign [1] using a specific pseudo-dynamic test apparatus. A FORTRAN program (PAB, 
pseudo-dynamic analysis of bridge) was the numerical core for the test and a simple bridge 

model was considered without soil-structure interaction applying synchronous inputs. 
Damaged test specimens have been repaired and retrofitted to resist the seismic actions and 
tested again using a new test apparatus with software implemented in MATLAB [2] and 

LabVIEW [3] because of the new hardware required specific software of National 
Instruments (NI). This test apparatus has been set up at the Laboratory of the Department of 

Structure at University of Roma Tre [4] and is based on the FORTAN program used for 
testing the as built bridge. The repair operations consist of removal of damaged concrete, core 
consolidation by resin injection, local substitution of damaged rebars using stainless steel 

ones and concrete restoration by self-compacting concrete (SCC) whereas a discontinuous C-
FRP wrapping is applied for the reinforcement to increase the original shear strength of the 

pier. The proposed intervention guarantees durability reducing time and cost of intervention 
and results more sustainable than reconstruction. In fact the use of stainless steel guarantees 
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the durability of the piers without modifying the concrete cover thickness and the SCC makes 
easy and quick the restoration operation in case of congested reinforcement. In this research 
practical construction problems, i.e. the connection between the new and existing rebars, are 

also discussed. New hybrid test are in progress and the test apparatus has been upgraded to 
consider a detailed fiber model of the bridges (for including also deck-pier interaction), to 

apply non synchronous seismic inputs and to simulate the soil-structure interaction. The 
upgraded system consists of OPENSEES [5] as numerical core, LabVIEW for controlling the 
actuator and the acquisition systems and OPENFRESCO [6] for the communication with 

OPENSEES. Finally new materials have been added in OPENSEES to simulate the behaviour 
of the tested specimen. 

 

2. Research aims 

The aim of this research is to assess the effectiveness of a technique for repair and 
reinforcement of r.c. bridge piers seriously damaged by a seismic event. The repair operations 
consist of removal of damaged concrete (step 1, Figure 13), core consolidation by resin 

injection (step 2, Figure 13), local substitution of damaged rebars using stainless steel ones 
(step 3, Figure 13), and concrete restoration by self-compacting concrete (SCC) (step 4, 

Figure 13) whereas a reinforcement by C-FRP wrapping is applied to increase the original 
shear strength of the pier (step 5,Figure 13). 
 

 
Figure 13. Damaged bridge piers: repair and reinforcement operations 

 

The effectiveness of the intervention is evaluated by means of hybrid tests at the laboratory of 
the Department of Structures at University of Roma Tre using an in house test apparatus. This 
test permits to assess the seismic behaviour of  r.c. bridge using scaled specimen reducing the 

cost respect to test on real structure. In particular one repaired piers specimen in scale 1:6 is 
tested in the lab while the r.c. bridge is numerically simulated (Figure 14). The test program 
consists of: elastic tests to evaluate the stiffness of tested pier, two hybrid tests using 

Tolmezzo accelerograms (PGA=316 cm/s2) and then the same input scaled to double and 
cyclic test until failure. 
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Figure 14. (a) Hybrid test apparatus; (b) seismic input Tolmezzo accelerograms (PGA=316cm/s
2
)  

 

3. Hybrid test apparatus 

A hybrid test apparatus has been set up at the laboratory of the Department of Structures at 
University of Roma Tre for testing the repaired bridges. First hybrid tests [Lavorato and Nuti, 

2011][4] have been performed using a program implemented in MATLAB and LabVIEW 
based on a previous FORTRAN version used successfully for testing the as built bridges [De 

sortis, Nuti 1996][1]. A new upgrade of the system consists of OPENSEES as numerical core, 
LabVIEW for controlling the actuator and the acquisition systems and OPENFRESCO for the 
communication between LabVIEW and OPENSEES. This upgrade of the system allows the 

use of a detailed fiber model of the bridge including also a model for soil-structure interaction 
using springs and dampers properly calibrated at the base of the bridge. Furthermore 

asynchronous inputs can be applied to the bridge: effects of this type of actions may be 
important for large structure as bridges. 
 

3.1 Hybrid test apparatus for as built bridges 

The repaired r.c. specimen in scale 1:6 was damaged during a previous research campaign [1] 
to evaluate the seismic behaviour of r.c. bridges design according to previous Italian code 

without specific seismic details. A FORTRAN program (PAB, pseudo-dynamic analysis of 
bridge) was implemented and tested successfully for performing pseudo-dynamic tests. This 
program was based on the implicit Ŭ-method algorithm [Shing et al. 1991][12] for the 

numerical resolution of the dynamic equations for a bridge submitted to a synchronous 
seismic excitation (accelerograms) and the displacement and the reading of the specimen 
reactions were continuous reducing the time of the test. The bridge was modelled as a discrete 

system with three masses in which the whole mass of the deck is divided and concentrated at 
the top of the piers, 3 DOF (transversal displacements of the top of the piers) with an elastic 

deck and nonlinear piers with behaviour simulated by the Takeda model calibrated properly 
by means of a numerical analyses campaign. Hybrid test or full numerical test (test specimen 
simulated numerically) for preliminary analyses can be performed. 

 

3.2 New hybrid test apparatus for repaired bridges 

A new test apparatus has been set up at the laboratory of the Department of Structures at 

University of Roma Tre. The horizontal displacements are imposed using a 500kN horizontal 
electromechanical actuator while the vertical load is applied by means of two 1000kN 
hydraulic jacks that activate a steel beam connected to hinge restraints fixed to the floor using 

two Dywidag rods (Figure 15). The data acquisition system includes an acquisition board NI-
PCI 6281, 9 Strain Gauges modules by National Instruments (NI) and several potentiometers, 

strain gauges and load cells (Figure 15). 
 

{ǇŜŎƛƳŜƴ όǎŎŀƭŜ мΥсύ bǳƳŜǊƛŎŀƭ ōǊƛŘƎŜ 

(a) (b) 

  7m 
21m 

14m 50m 

200m 
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Figure 15.Test equipment and acquisition system: (a) potentiometers (Pt) and strain gauges (Str) at the base, (b) 

the two strain gauges disposition (4 or 8 Str) on the C-FRP rings (R1, R2, R3, R4, R5), (c) test apparatus. 

 

The new hardware can be controlled by LabVIEW only. LabVIEW is a graphical language 
with different tools and built-in functions also for the communication with other programs 
(i.e. MATLAB) and can use TCP/IP protocol. A user interface (Figure 17) can be built simply 

as a virtual instrument (VI). A new in-house main program to execute hybrid test has been 
implemented in LabVIEW and MATLAB. In particular, a main VI composed by different 

modules performs the acquisition of measuring instruments (load cells, strain gauges, 
potentiometers), controls the electro-mechanical actuator and the communication with 
MATLAB using the MATLAB Script Node function whereas MATLAB simulates 

numerically the bridge and performs the step-by-step numerical analysis solution by Ŭ-method 
algorithm. The target displacements calculated by MATLAB during the analysis steps, are 

sent to LabVIEW that controls the execution of the target displacement of the top of the 
specimen by the actuator, reads the corresponding specimen reaction and finally sends it to 
MATLAB to perform the next analysis step. The MATLAB program can be generalized for a 

different dynamic system with more degree of freedom and new models can be implemented 
(MATLAB functions) to simulate the behaviour of the piers. Notifier Operations Functions 

allow the data transfer between different LabVIEW code parts that manage acquisition and 
control of actuator. The application of the displacements and the reading of the specimen 
reactions are continuous. In Figure 16 the results of hybrid tests on the repaired bridges using 

the new apparatus are given. In particular, the comparison between the responses of the 
repaired specimen and the as-built one during a test on the same bridges simulated 

numerically for the same accelerogram applied (Tolmezzo). In the same figure, damage at the 
end of the failure test is shown and in particular it is evident the problem of the failure of the 
connection by welding of the new rebars. 

 

Pt 30

Pt 31

Pt 1

Pt 32

Pt 39

Pt 16 Pt 17

P
t 

3
(5

)

P
t 

7
(9

)

P
t 

1
1
(1

3
)

P
t 

1
0
(1

2
)

P
t 

6
(8

) P
t 

2
(4

)

200

130

220

Pt 18(24) Pt 19(25)

Pt 20(26)

Pt 22(28)

Pt 21(27)

Pt 23(29)

Pt 33(36)

Pt 34(37)

Pt 35(38)

R5

R4
R3

R2

R1

Str1
ffffff
yuS

tr8

S
tr

7

S
tr6

Str5 S
tr4

S
tr3

S
tr2

Str25

S
tr

2
8

Str27

S
tr2

6

h1

h2

h3

S2

S1

S2

S1

R1, R2: R3, R4, R5:

220

230
320

(a) (b) (c) 

320 



Page 40 of 241 

 

 

  
Figure 16. Hybrid test on the repaired bridge using the apparatus at Roma Tre; (a) comparison between 

responses of the as built tested pier (II7BN2_D1, black line) and the repaired one (red line), (b) repaired 

specimen damage after the hybrid and cyclic test until failure. 

 

3.3 Hybrid test using OPENSEES, OPENFRESCO and NEESAM  

A hybrid system is successfully used at University of Illinois to simulate numerically a hybrid 
test using OPENSEES as numerical core. OPENSEES (Open System for Earthquake 
Engineering Simulation) is a power tool to build a detailed fiber model of a bridges using user 

defined material, algorithm and elements. This software performs seismic analysis 
considering also asynchronous inputs (accelerograms) and the soil-structure interaction can be 

considered adding at the base of the bridges some spring and damper properly calibrated.  
A fully simulated test without a physical specimen using OPENSEES as computational driver 
can be run using NEES-SAM (Network for Earthquake Engineering Simulation-Static 

Analysis Module) a part of the software package UI-SimCor (University of Illinois-
Simulation Coordinator) distribution [6]. OPENSEES communicates with NEESSAM using 

the OPENFRESCO LabVIEW experimental control. NEES-SAM is used to simulate one 
structural element of the model (local simulation). The expControl objects in OPENFRESCO 
[11] are used to interface the different control and data acquisition systems in the laboratories 

and can be utilized to simulate physical specimens. LabVIEW experimental control is 
implemented in OPENFRESCO as part of NEES hybrid simulation project. LabVIEW is a 

software used to control the MiniMost and MTS LBCB (Load and Boundary Condition Box) 
at the University of Illinois at Urbana-Champaign. The LabVIEW NTCP plugin 
communication protocol is used to communicate over a single persistent TCP connection 

[10]. 
 

3.4 Hybrid test using OPENSEES, OPENFRESCO and LabVIEW 

A new program for hybrid test is implemented in LabVIEW to control the actuator, acquire 
the experimental data and manage communications between OPENSEES, OPENFRESCO 
and the test apparatus at the Roma Tre lab. OPENSEES is the numerical core to simulate the 

r.c. bridge numerically and perform the dynamic analysis whereas OPENFRESCO is the 
interface between OPENSEES and LabVIEW. In particular, the test specimen is connected to 

the numerical model of the bridge implemented in OPENSEES through a LabVIEW VI 
(Figure 17) for the communication with TCP/IP protocol and OPENFRESCO used as DLL 
(dynamic link libraries) distribution. Takeda model is used to simulate the nonlinear 

behaviour of the piers during preliminary tests for comparing the response of the new system 
to the one of the PAB software in case of fully simulated test. This model is added to 

OPENSEES as DLL: external code can be added to the OPENSEES interpreter, as a dynamic 
link libraries of Windows, at run-time to share modules with others without having to provide 
the source code. 

(a) (b) 

After cover 

removal 
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Figure 17. Main LabVIEW virtual instrument interface. 

 

The LabVIEW main VI calls different subVIs to manage: 

¶ the control of the actuator driving a inverter by voltages inputs for the application of a 

displacement history continuously 

¶ the acquisition of the experimental data by NI hardware in real time. A user defined 

filter is applied to reduce the effects of the noise on the reading of the reaction force 
and displacements of the specimen (data for the resolution of the dynamic problem) 

¶ the communication between the main VI and OPENSEES using the OPENFRESCO 

object LabVIEW experimental control. This subVI uses the built in TCP VI and 
functions to interface with devices on a TCP network for local or remote tests 

¶ the numeric simulation of test specimen for preliminary test. A Call Library Function 
Node is used to call a DLL that implements a generic user defined numerical model 

(i.e Takeda) to simulate the resisting force-displacement behavior of test specimen. 
 

The main VI can perform also cyclic test on the specimen only applying a generic 

displacement history. These tests are useful to evaluate the type of collapse and strength of the 
specimen after the hybrid tests. OPENFRESCO package is called in the input file TCL that 

defines the numerical bridge model (masses, geometry, materials and elements), the loads, the 
analysis parameters and the solution algorithms. In particular OPENFRESCO objects used for 
local hybrid test in case of one test specimen with one DOF are: 

¶ the Labview experimental control for the communication between the LabVIEW 
program and OPENSEES by TCP-IP protocol 

¶ the expSetup OneActuator to construct the expSetup objects for transformation 
between the basic experimental element degrees of freedom in OpenFresco and the 

actuator degrees of freedom in the laboratory 

¶ the expSite LocalSite used to construct a LocalSite experimental site object (local test 

where no client-server communication is necessary) 

¶ the expElement twoNodeLink a element that can have 1 to 6 degrees and connects two 

node in the model ñfor inserting the test specimen in the numerical modelò 
 

3.5 New material for numerical simulation of repaired specimen  

New materials have been implemented in OPENSEES to simulate numerically the behaviour 

of the repaired specimen. These numerical analyses are useful to understand the experimental 
behaviour of the tested specimen and to investigate different repair solutions. The simulation 

is not simple because the repaired specimen has a repaired part at the base with a complex 
section with different materials: longitudinal steel rebars and stainless steel ones, SCC 
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confined by C-FRP (external ring for concrete cover) or by C-FRP and stainless steel stirrups 
(ring for the external core) and original concrete injected by resin confined by stainless 
stirrups and C-FRP (core) (Figure 18a). A fiber model in OPENSEES is a valid tool for 

performing the numerical analysis because of a generic fiber section can be built and new 
material can be added to the code. A fiber model that includes a base part with a specific 

section for simulate the plastic concentration and the failure of some welding connection, 
strain penetration effects with a proper calibrated spring according to Elwood [8] model, a 
repaired part with a repaired fiber section and the original part with the original fiber section 

(Figure 18a). In Figure 18a the comparison between the numerical response of the test 
specimen and the experimental one shows that the resisting forces and the stiffness of the 

specimen can be reproduced considering the rupture of some welding connections at the base. 
New models for concrete confined by CFRP are added in OPENSEES considering the 
Kawashima model [7]. In Figure 18b the material model Kawashima implemented in 

OPENSEES is represented showing the different behaviour of concrete for two different 
values of confinement (greater for Kawashima1). 

 

 
Figure 18. (a) Comparison between experimental and numerical response of the tested pier; (b) Kawashima 

material in OPENSEES for simulate SCC confined by C-FRP for two different confinements (Kawashima1 more 

confined). 

 

4. Conclusions 

A hybrid test apparatus has been set up at the laboratory of the Department of Structure at 
University of Roma Tre to assess the effectiveness of a retrofitting intervention using stainless 
steel rebars, self compacting concrete and C-FRP wrapping for r.c. bridges damaged seriously 

by a seismic event. The main program consists of OPENSEES as numerical core, an in-house 
Virtual Instruments (VI) of LabVIEW to control the hardware for acquiring the experimental 

data and the actuator and the OPENFRESCO package as DLL distribution, for managing the 
communication between OPENSEES and LabVIEW. The TCP/IP protocol is used for local 
and remote tests. A detailed fiber model of the bridge can be built in OPENSEES for 

considering also the deck-top pier interaction and the soil-structure interaction. In addition, 
asynchronous seismic inputs, important for structures with great extension as bridges, can be 

considered. The main LabVIEW VI controls different subVIs to perform the control of the 
actuator, the acquisition of the experimental data, the communication with OPENSEES and 
OPENFRESCO by TCP/IP function node and the simulation of the test specimen using a 

DLL object for preliminary full numerical analysis. Numerical tests are in progress comparing 
the response of the system in case of full numerical simulation (test specimen simulated 

numerically) with the numerical response of the previous FORTRAN program (PAB) used 
for the tests on the as-built bridges and the results are good. The Takeda model is 
implemented as DLL function in LabVIEW for simulate numerically the test specimen 

response (reaction force vs top pier displacement) and as DLL material in OPENSEES for the 

Sas-b 

Srep 

Srep 

(a) (b) 
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numerical simulation of the other piers. New materials are added in OPENSEES to perform 
numerical analyses to understand the experimental behaviour of the repaired specimen. In 
particular the Kawashima model has been implemented in OPENSEES for concrete confined 

by CFRP. The response of a fiber model of the test specimen shows a local plastic demand 
near the anchorages at the welding connection of the new rebars and then new connection 

systems have to be designed properly. 
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Abstract 

A new uniaxial confined concrete material has been added in OpenSees. The material allows 

of performing non-linear analyses by using the confined concrete model proposed by Braga, 
Gigliotti and Laterza (named BGL model). The model takes into account different confining 
arrangements of transverse reinforcements and/or external strengthenings, such as FRP wraps 

or steel jackets. The BGL model has no tensile strength and degraded unloading/reloading 
stiffness in accordance to the work of Karsan and Jirsa.  

The paper shows some applications of the BGL model in OpenSees for simulating the non-
linear response of confined concrete elements.  

Keywords:  Concrete columns, confinement, fibers elements, non-linear analyses, stress-
strain relations. 

1. Introduction 

It is well known that strength and ductility of compressed concrete elements may be improved 

thanks to lateral confinement contrasting the internal cracking and lateral expansion before 
the concrete failure. Usually confinement is provided by steel transverse reinforcements such 

as spirals, hoops in different arrangements and ties. They also reduce buckling length of 
longitudinal bars and improve the curvature ductility within the element critical region when 
inelastic deformations occur.  

mailto:rosario.gigliotti@uniroma1.it
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Nowadays, the confinement even regards reinforced concrete (RC) existing buildings where 
in many cases an additional confining action is applied by external strengthening (FRP wraps 
or steel jackets) over elements regions where inelastic deformations are expected. 

In predicting the behavior of a RC columns by using fiber elements one has to assign to 
section materials the appropriate uniaxial stress-strain relationships. Usually, with this 

approach the confinement effects on core section are taken into account by assigning to fibers 
of section core the confined stress-strain law obtained by modifying the unconfined one. 
This paper discusses of a new uniaxial material added in OpenSees. The new material may be 

applied for modeling the confined concrete of the section core in according to the model 
proposed by Braga, Gigliotti and Laterza (BGL model, [1]). The model is capable to evaluate 

the confinement effects due to different transverse reinforcements such as multiple hoops, 
spirals, ties and eventually external strengthenings (such as FRP wraps and steel jackets). 

2. BGL model  

BGL model [1] was proposed by using elasticity theory and based on the key assumption that 

confinement within the core section arises in plane-strain condition. Under this assumption, 
the confined concrete law may be obtained from the unconfined law with the expression 

(Figure 1): 

 () () ()0z z z z z zs e s e s e= +D  (1) 

where the strength increment Dsz for a square given by [1]: 

 ( ) 22z z Bls e uD =  (2) 

where n is the Poissonôs ratio; l is the semi-length of the core section; B is a constant of two 
Airyôs functions introduced by authors for solving the analytical problem of a square section 

confined by a simple transverse hoop. B is given by the following expression [1]: 
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Figure 1. Increment of axial strength due to confining action. 

Under the assumptions made the model provides that the increment of axial strength Dsz is 

constant over the confined core at a given axial compressive strain level.  
Moreover, it is possible to demonstrate that the mean value of radial pressure frm-eq (Figure 2) 

acting along an internal circumference is equal to: 

 
2

rm eqf Bl- =-   (4) 

Relating Eq. (2) and Eq. (4) we obtain: 
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 2z rm eqfs u -D =-   (5) 

in which the strength increment is expressed in terms of radial pressure.  
Whereas, the mean value of the shear stresses along all internal circumferences to core section 

is zero [1]. 

 

Figure 2. Confining pressures and shear stresses within the core of section in polar coordinates. 

For circular section confined by hoops or spiral frm-eq is given by: 

 
rm eq

q
f

S
- =   (6) 

where S is the spacing hoops and q is the Airyôs constant in the case of circular section: 
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The strength increment Dsz  due to confinement is expressed as: 

 ( ) 2 2z z rm eq

q
f

S
s e u u-D = =   (8) 

As briefly summarized, in the case of square and circular section it is possible to relate the 

strength increment Dsz due to confinement directly to the mean value of the confining 
pressure frm-eq. For this reason frm-eq is named ñequivalent confining pressureò. It allows us to 

interpret each internal cylinder of core section as a cylindrical concrete specimen subjected to 
a triaxial compressive test.  

Starting from the uniformly distributed confining pressure along the column, the confining 
action offered by longitudinal bars may be computed by means of the following equation [1]: 

 r sl rm eqf k f -=   (9) 

where ksl is a reduction factor due to the bending stiffness of longitudinal bars given by: 
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where xlong=flong/S; b=fhoop/flong; xhoop=fhoop/l. 

In the case of negligible bending stiffness of longitudinal bars confining action is mainly due 

to the arching effect offered by transverse hoops. In this case in the Eq. (9) may be used the 
factor kc calculated with the expression proposed by Sheik and Uzumeri [2]: 
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with the restriction that kslÓkc. 
The BGL model allows to calculate the confinement effects due to multiple transverse 
arrangements and external strengthenings such as FRP wraps and/or external steel jackets 

(Figure 3). This feature makes the model applicable even in the case of existing buildings 
where for improving the confinement level external strengthenings may be designed. How to 

calculate the confining pressure due to multiple arrangements may be found in [1, 3]. 

   

Figure 3. Different a) transverse arrangements and b) external strengthenings available by using the 

uniaxial BGL confined concrete model. 

3. Implementation of the BGL model 

The BGL model has been implemented in OpenSees with the UniaxialMaterial interface and 
named ConfinedConcrete01. To date, the model has no tensile strength and uses the degraded 

unloading/reloading stiffness in the case of cyclic loadings based on the work of Karsan and 
Jirsa [4]. 
Figure 4 shows the incremental procedure adopted for obtaining the envelope curve of new 

confined concrete material with respect to a square section reinforced with a simple transverse 
hoop [3]. The BGL model provides the equivalent confining pressure frm-eq to be used in an 

active triaxial model for providing the stress-strain relationship of confined concrete at a 
given axial strain. Therefore, the sought confined curve will be obtained by crossing all 
different active curves up to the axial strain corresponding to the yielding of transverse hoop 

(where the confinement pressure becomes constant). To date, the active triaxial model 
published by Attard and Setunge [5] is used in obtaining the confined concrete relationship at 

a given frm-eq. 

At each axial strain value ez an iterative procedure is required [3]. This is due to the fact that 

the BGL model works by using secant moduli of concrete and steel to be updated when a new 
increment of axial strain is applied to the column. As shown in [3] the adopted iterative 
procedure is stable and a small number of iterations at each step are required. 

The implementation has been performed in the way that at first OpenSees builds and stores 
for each concrete confined core the related confined concrete relationship. Then, it assigns at 

each fiber the confined law and starts in performing the structural analysis. 
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Figure 4. Incremental procedure adopted for obtaining the compressive stress-strain envelope curve.  

4. Applications of BGL model in OpenSees on confined fibers elements 

In this section are shown some applications of the BGL model implemented into OpenSees. 

The results refer to analyses carried out on concrete fibers, on a square RC section and on a 
RC column. 

4.1 Confined concrete model in OpenSees 

The command to construct the uniaxial BGL confined concrete model is the following: 

uniaxialMaterial ConfinedConcrete01 $tag $secType $fpc $Ec (<-epscu $epscu> OR <-
gamma $gamma>) (<-nu $nu> OR <-varub> OR <-varnoub>) $L1 ($L2) ($L3) $phis $S 

$fyh $Es0 $haRatio $mu $phiLon <-internal $phisi $Si $fyhi $Es0i $haRatioi $mui> <-wrap 
$cover $Am $Sw $fuil $Es0w> <-gravel> <-silica> <-tol $tol> <-maxNumIter 

$maxNumIter> <-epscuLimit $epscuLimit> <-stRatio $stRatio> 

More details on each required parameter may be found at material page of OpenSeesWiki 
(http://opensees.berkeley.edu/wiki/index.php/Main_Page). 

As examples in this paragraph are being shown confined concrete laws by referring to a 
square section with a simple (S1 section) hoop, a multiple hoop (S4a section), a rectangular 

section with simple hoop (R section), and a square section where external FRP wraps are 
applied in addition to a low reinforcing volumetric ratio. The last case reproduces what 
usually happens in RC existing buildings in which a local strengthening intervention is 

applied. In this case with the BGL model is possible to quantify the confinement effect due 
only to hoops or FRP wraps, and the combined one (hoops plus FRP wraps). Below are 

reported details regarding each analyzed case. 

¶ S1 section (Figure 5a) : fpc=35 MPa, Ec=33721 MPa, epscu=0.03, L1=300 mm, 

phis=8 mm, S= 75 mm, fyh=450 MPa, Es=206000 MPa, haRatio=0.0; mu=1000; 
phiLon=18 mm; stRatio=0.85. 

¶ S4a section (Figure 5b) : fpc=35 MPa, Ec=33721 MPa, epscu=0.03, L1=300 mm, 

L2=200 mm, L3=100 mm, phis=8 mm, S= 75 mm, fyh=450 MPa, Es=206000 MPa, 
haRatio=0.0; mu=1000; phiLon=18 mm; stRatio=0.85. 

¶ R section (Figure 6a) : fpc=35 MPa, Ec=33721 MPa, epscu=0.03, L1=500 mm, 
L2=300 mm, phis=8 mm, S= 75 mm, fyh=450 MPa, Es=206000 MPa, haRatio=0.0; 

mu=1000; phiLon=18 mm; stRatio=0.85. 

http://opensees.berkeley.edu/wiki/index.php/Main_Page
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¶ S1 section plus FRP wraps (Figure 6b) : fpc= 25 MPa, Ec=25491 MPa, epscu=0.02, 
L1=300 mm, phis=6 mm, S= 100 mm, fyh=300 MPa, Es=206000 MPa, haRatio=0.0; 
mu=1000; phiLon=16 mm; stRatio=0.85. Wraps: cover=20 mm, Am=51 mm2, 

Sw=100 mm, ful=3900 MPa, Es0w= 230000 MPa. 

 
Figure 5. a) Section S1 and b) Section S4a considered. 

 
Figure 6. a) Section R and b) Section S1 plus FRP Wraps considered. 

4.2 Moment-curvature relationships of a confined RC section 

A square section reinforced with simple hoop (S1 section) has been utilized for performing 
different monotonic moment-curvature analyses by using a fiber section (Figure 7). Four 

levels of axial load ratio have been considered 0%, 20%, 40 % and 80%. Results are reported 
assigning either unconfined or confined concrete for section core. As it is easy to note the 

higher the axial load applied, the more important the confinement of concrete in modeling the 
response of a reinforced concrete section. 

 
Figure 7. Moment-curvature relationships referred to the section considered. 
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4.3 Non-linear analyses of confined concrete columns 

The implemented confined concrete model is applied for performing two non-linear analyses 
on well-confined RC columns and comparing the obtained results with the experimental ones.  
The columns have been modeled into OpenSees by using a BeamWithHinges fiber element 

whose hinge length Lp is assumed equal to the section depth h of the column. Longitudinal 
bars have been modeled with the uniaxial material Steel02 and no bond-slip has been 

considered with respect to the surrounding concrete. Both columns were tested with a vertical 
load kept constant during the test and subjected to reversed lateral cyclic displacements. More 
details on the analyses here reported may be found in [3].  

The first comparison regards the Spec. BG5 tested by Saatcioglu and Grira [6] (Figure 8). The 

column was subjected to an axial load ratio of 54 % kept vertical for inducing P-D effect on 

the response. In Figure 8 are reported the comparisons between the experimental response and 
the one obtained by neglecting (Figure 8a) and accounting (Figure 8b) for the confinement 

effects with the BGL model. Both the analytical simulations have been obtained by using the 
P-Delta Coordinate Transformation (geomTransf PDelta) for considering the second-order 
effects of the vertical load. 

 
Figure 8. Comparisons with the experimental response by a) neglecting and b) accounting for the 

confinement effects with the BGL model (Saatcioglu and Grira, Spec. BG5 [6]) 

The second comparison, instead, regards a circular RC column (Saadtmanesh et al., Spec. C-

2R [7]) repaired with FRP wraps and subjected to an axial load ratio of 20%. Figure 9 
represents comparisons of the experimental response with the numerical simulations without 

(Figure 9a) and with (Figure 9b) the confinement offered by the external FRP wraps. No P-D 
effects have been considered in the analyses. 

 
Figure 9. Comparisons with the experimental response by a) neglecting and b) accounting for the 

confinement effects with the BGL model (Saadatmanesh et al., Spec. C-2R [7]) 

5. Conclusions 

A new uniaxial material for concrete fibers has been added in OpenSees. The new material 

implements the confined concrete model proposed by Braga, Gigliotti and Laterza (BGL 
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model, [1]) and requires, in obtaining the compressive envelope curve, an incremental and 
iterative procedure [3]. To date the model has no tensile strength with degraded 
unloading/reloading stiffness in accordance to the work of Karsan and Jirsa [4]. 

The model may be applied for non-linear analyses of RC structures and allows of taking into 
account different arrangements of transverse reinforcements and additional external 

strengthenings. The latter feature makes the model particularly adapt to perform non-linear 
analyses regarding RC existing buildings where such local interventions are very common. 
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Abstract 

The paper shows results of two non-linear cyclic analyses performed with OpenSees where 

slippage phenomenon of longitudinal bars is pronounced. Bond-slips have modeled by using 
the simplified model proposed by Braga et al. which assigns an equivalent stress-strain 
relationship to longitudinal steel accounting for both material elongation and relative slip. The 

model is also capable to take into account anchorages at bars ends (such as bends or hooks) 
and has been developed mainly for assessing older existing buildings where, because of the 

presence of reinforcing plain bars, bond-slips are particularly pronounced. Unlike many other 
refined models published in literature, the analytical formulation of the proposed model 
requires a minimum computational effort avoiding any nested iterations loop in the context of 

fiber model discretization of a section.  

Keywords: Bond-slip, concrete elements, existing buildings, non-linear analyses, smooth 
bars, stress-strain relations. 

1. Introduction 

Slippage phenomenon may play a central role in the response of a reinforced concrete (RC) 

structure when it is subjected to lateral loads. It has been demonstrated by many experimental 
tests that bond-slip reduces the stiffness and hysteretic dissipation capacity of a structure and, 
therefore, makes inadequate the classical assumption of full-bond of longitudinal bars. 

mailto:rosario.gigliotti@uniroma1.it
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In older RC buildings significant slips verify because of plain bars applied and they are 
amplified by poor confining action due to absence of detailing rules within elements ends, by 
poor bond strength of concrete and by an insufficient lap splice of bars. Bond-slip also 

regards seismic response of concrete buildings reinforced with deformed bars because of 
micro-crushing of surrounding concrete owing to bar ribs. 

This paper is aimed to show two analytical results of non-linear analyses performed on RC 
sub-structures when bond-slips are pronounced. The simplified model proposed by Braga et 
al. [1,2] has been applied for accounting bond-slips of longitudinal bars. It is capable of 

modeling straight and hooked bars and of defining an equivalent stress-strain relationship 
including steel elongation and relative slips with respect to the surrounding concrete. 

2. Modified steel bar model accounting for bond-slips 

The simplified model proposed by Braga et al. [1] has been developed on the following 
assumptions (Figure 10): 

- bond-slip field u(x) is linear along the bar; 

- bond-stress relationship is elastic-perfectly plastic; 
- any anchorage at bar end (such as bend or hook) is described by a linear function of 

the displacement u0 at end. 

 
Figure 10. a) Longitudinal bar anchored in a concrete block and b) reference scheme [1] 

The second assumption made becomes particularly appropriate in the case of smooth bars. For 

this kind of longitudinal reinforcements the bond strength peak sharply degrades and reaches 
a constant residual value owing to the friction between concrete and smooth bar. The constant 
value, moreover, is quite stable under cyclic loads [1]. As example, Figure 11 compares the 

assumed law with the one proposed by the ModelCode 90 [3].  

 
Figure 11. Bond stress ïaxial slip relationship proposed by ModelCode 90 [3]. 
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It is demonstrated that the model uses a highly efficient approach to model bond-slip and 
requires a minimum computational effort without any nested iterations loop in the context of 
fiber model discretization of a section [2]. Analytical relationships for defining the curve are 

summarized in tabular form in [2]. 
Starting from the assumptions made the proposed model provides a non-linear monotonic 

tensile stress-slip relationship (s-uL) of a longitudinal bar embedded in a concrete block 

(Figure 1). The derived (s-uL) law accounts for both steel elongation and its relative slips 

with respect to concrete. Some examples of the (s-uL) relationship by varying the bar 
diameter are reported in (Figure 12). 

 

Figure 12. Different tensile stress-slip relationships obtained by varying the bar diameter 

In a non-linear analysis program requiring the material relationship in the form of stress-strain 
law, the uL can be intended as the integrated axial displacement of a steel fiber along the 

weighted length Li of the elements ends, where Li is the element part in the adopted 
integration scheme on which the response is constant. Li may be intended as the plastic 

hinging region Lpl of the element. Starting from this assumption [2]: 

 
,L tot

pl

u

L
e=  (1) 

where uL,tot is the total relative axial displacement of a longitudinal bar calculated with the 

proposed model, and Lpl is the plastic hinge length.  

The so-derived axial strain allows us to determine, starting from a (s-uL) law, a (s-e) law 

useful in a fiber-section state determination which is based on a section strain distribution.  
The total displacement uL,tot is given by: 

 , , ,L tot L A L Bu u u= +  (2) 

where uL,A and uL,B are the relative axial displacement including the bond-slip related to 
adjacent concrete blocks (Figure 13). 

 

Figure 14 reports different (s-uL) relationships obtained by varying the anchorage length in a 
concrete block (expressed as ratio L/D). 

When in both concrete blocks an adequate anchorage length is available in the two schemes 
the steel yielding is reached and: 

 ( )( )( ), ,, , ,L A L B Lu u us s s= =  (3) 

Therefore, Eq. (2) becomes: 
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 ( )( ),, ,2L tot Lu us s=  (4) 

 
Figure 13. a) Total relative slip at the concrete crack and b) two anchorage schemes considered. 

 

Figure 14. Tensile stress-slip relationships obtained by varying the ratio L/D. 

As far as the modeling of the hooked end is concerned, the simplified model describes any 

anchorage as an elastic relationship referred to its initial section. Therefore, the stiffness of the 
hook is the only one parameter required in defining hooks or bends at the bar end. The 

authors propose to calculate the end stiffness kh
*  as the stiffness at the incipient pull-out 

condition [1]. 
In Figure 14 are reported some comparisons regarding hooked and straight bars having the 

same anchorage length ratio L/D. It is easy to note that the higher L/D ratio the closer the 
curves of a straight and hooked bar with the same length. Moreover, for ratios L/D higher 

than (L/D)ô the both relationships are coincident. 

 

Figure 15. Comparisons between hooked and straight bars by varying the L/D ratio. 
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3. Numerical simulations 

In performing non-linear analyses with OpenSees the non-linear (s-e) relationship has been 
applied by considering its equivalent relationship based on the energy principle. In particular, 

one can apply a bilinear or a trilinear equivalent relationship by using, for example, the 
uniaxial hysteretic material (uniaxialMaterial Hysteretic without any pinching factor (Figure 
16). 

 
Figure 16. Example of trilinear law defined on the energy principle and assigned to longitudinal bars. 

Hereafter, results regarding two non-linear analyses performed with OpenSees and 
comparisons with experimental results are shown. More in detail, simulations regard an 

internal RC beam-column joint reinforced with smooth bars [4] and a RC cantilever with 
deformed bars [5]. The confined concrete model proposed by Braga et al. (BGL model, [6]) 

has been used for the section core. The BGL model has been implemented into OpenSees 
with the uniaxialMaterial interface and named ConfinedConcrete01 [7, 8].  

3.1 Braga et al., Spec. C11 [4] 

An internal beam-column joint (Spec. C11) reinforced with smooth bars was tested under a 

vertical load of 270 kN (axial load ratio of 16 %) without P-D effect. The specimen was 
designed only for vertical loads without any detailing rule for lateral forces in according to 

designing criteria adopted in Italy during ó60s and ó70s. The test was performed by applying a 
lateral displacement both in positive and negative direction at the top of the upper column. 

More details about the experimental program and results are reported in [4]. 
For numerical simulations beams and columns have been modeled with BeamWithHinges 
elements (Figure 17a). Detailed description of the analytical model is reported in [2]. Instead, 

in Figure 17b is reported the stress-strain relationship assigned to steel of longitudinal bars 
including material elongation and slippage phenomenon (red line). Slips reduce the stiffness 

and delay the yielding of longitudinal bars with respect to the full-bond design assumption 
(dashed line). Figure 17b also plots the equivalent trilinear relationship established with the 
energy principle assigned to steel fibers by using the trilinear hysteretic material 

(uniaxialMaterial Hysteretic) without any pinching factor. In according to the experimental 
measurements, the plastic hinge length for all elements has been assumed equal to h/3, where 

h is the depth of the section [2]. Rigid end offset at each element has been assigned for 
modeling the panel region. 
In Figure 18 comparisons with experimental results are reported. Analytical simulations have 

been carried out by assuming the classical assumption of full-bond for longitudinal steel 
(Figure 18a) and by taking into account bond-slips with the proposed model (Figure 18b). 
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Figure 17. a) Analytical model adopted and b) stress-strain relationship assigned to longitudinal bars of 

column taking into account bond-slips. 

 
Figure 18. Comparisons with experimental results by considering a) full-bond for longitudinal bars or b) 

the proposed model accounting for bond-slips. 

3.2 Saatcioglu and Ozcebe, Specimen U4 [5] 

A cantilever was subjected to a lateral displacement at the top and to a constant axial load 
(axial load ratio of 18%, Figure 19). The cantilever was reinforced with deformed bars and 

failed in flexure [5]. 
The examined cantilever has been modeled in OpenSees with a BeamWithHinges element 
whose hinge length Lp is assumed equal to the section depth h of the column. Non-linear 

analyses take into account P-D effect by means of P-Delta Coordinate Transformation 
(geomTransf PDelta) [7]. 

In Figure 20a the confined concrete law calculated with the BGL model [6] and assigned to 
the section core is reported. Whereas, in Figure 20b the stress-strain relationship obtained 

with the proposed model for accounting the bond-slips is plotted. In the analyses the Steel02 
material is applied to reproduce the stress-strain for steel obtained.  
In Figure 8 comparisons between experimental and analytical responses are depicted. Figure 

8a shows the concrete relationship of the cover and of the section core. Stress-strain 
relationship for longitudinal bars is shown in Figure 8b where is also reported the steel 

material constitute law (blue dashed curve). An equivalent stress-strain relationship by using 
the Steel02 material is applied in this analysis without the Bauschinger effect. 
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Figure 19. Cantilever model considered. 

 
Figure 20. a) Confined concrete law obtained with the BGL and b) stress-strain relationship for 

longitudinal steel including bond-slip. 

  
Figure 21. Comparisons with experimental tests by considering a) full -bond for longitudinal bars or b) the 

proposed model accounting for bond-slips. 

4. Conclusions 

The simplified model proposed by Braga et al. [1, 2] has been applied for simulating 
slippages between longitudinal bars and surrounding concrete. The model has been developed 
mainly for assessing RC existing structures where smooth bars have been usually applied and, 

unlike many other refined models published in literature, it does not require any nested 
iterations loops. With a minimum computational effort the model furnishes an equivalent steel 

stress-strain relationship accounting for material elongation and relative displacement 
between the longitudinal bar and concrete. 
It is easy to recognize that the full-bond assumption implies fuller cycles with an 

overestimation of stiffness, resistance and, therefore, of energy dissipated under lateral loads.  
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The two comparisons carried out show a good agreement with the experimental results 
especially when system deformations become significant and the bars slippages dominate the 
global response either with plain bars or with deformed bars. 
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Abstract 

The cyclic laws for dynamic analyses of reinforced concrete (RC) structures usually neglect 
the concrete traction strength and the re-loading branch from traction to compression. These 
assumptions may lead to unreal results in cyclic or dynamic analyses. For example, flag-

shaped moment-curvature diagrams of slender RC walls are presented. For this reason, the 
behaviour of concrete in cyclic tension, determined by Reinhardt et al. [1,2] and modified by 

Ferracuti and Savoia [3], is added to an existing cyclic stress-strain law. Making use of the 
finite element (FE) software OpenSees, the resulting concrete law is firstly validated by 
simulating experimental tests on RC cantilever beams cyclically loaded. Then, slender RC 

walls in multi-storey buildings are considered and dynamic analyses are done. Moment-
curvature curves at base sections are obtained, together with force and displacement 

envelopes. The results obtained with the implemented law are compared against the ones 
obtained with a common law. Results show that the concrete reloading behaviour from 
tension to compression affects significantly the walls designed for a larger response in the 

inelastic field. 

Keywords:  Fibre model, non linear dynamic analysis, RC walls. 

 

1. Introduction 

In the last decade, dynamic analyses of RC structural elements were often developed by 

adopting fibre models introduced by Spacone et al. [4,5]. These models allow the possibility 
to consider the distributed plasticity along elements by adopting different mechanical 
behaviour of concrete and reinforcement bars. Thus, fibre models represent an excellent tool 

for the analysis of RC shear walls. Nevertheless, the concrete cyclic laws often neglect the 
traction strength and usually assume to be coincident the re-loading and unloading branches 
from tension to compression. 

The mechanical behaviour of concrete in monotonic or cyclic tension was deeply studied [6]. 
Among the various cyclic laws proposed, the monotonic traction behaviour described by 

Reinhardt et al [1] is adopted in this paper. To describe the reloading branch from traction to 
compression, the expressions of Reinhardt and Yankelevsky [2] are modified following the 
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work of Ferracuti and Savoia [3], which offered good results in the simulation of cyclic 
loading tests on cantilever RC columns. These expressions were used to improve a pure 
compression concrete law commonly adopted in the fibre models and defined by the 

experiments of Kent, Park and Scott [7,8]. The purpose of this work is to evaluate the 
influence of two different concrete cyclic laws on the dynamic response of RC elements, with 

particular attention to shear walls. 

 

2. Case studies 

The RC walls analyzed represent the shear resistant elements of two multi-storied buildings, 

having 8 and 16 storeys respectively [9]. In Figure 1, the 16 storey case is shown.  

 
Figure 19. Axonometry of the 16 storey building 

The geometric parameters of the two RC shear walls are presented in Table 1, where l and b 

stand for width and depth of each shear wall section. Considering an inter-storey height of 3 
m, h is the total height of the shear walls. In Table 1 is also defined a slenderness ratio ɚ = h/l 
for the two walls, which is equal respectively to 7.3 and 9.6. The participating mass of each 

storey is 60 t (referred to a floor area of 100 m2), whereas the service loading is 200 kN. The 
ground motion is characterized by a peak acceleration ag/g = 0.5 referred to a soil having 

shear wave velocity averaged on the first 30 m, VS30, between 180 and 360 m/s. 

Table 1. Geometry of the shear walls. 

Type Storeys 
h 

[m]  

l  

[m] 

b 

[m] 

l 

[-] 

A 8 24 3.30 0.20 7.3 

B 16 48 5.00 0.25 9.6 

 
Following EC8 [10], a force based model was used to design steel reinforcements, adopting 

both high (DCH) and low ductility class (DCM) and applying a constant reinforcements 
distribution along the entire shear wall height. Moreover, a displacement based model (DBD, 

[11]) was adopted to design section steel reinforcements, choosing two different 
arrangements. In the first one (DBD1), a constant reinforcement distribution is adopted along 
the height of the shear wall, whereas the second one (DBD2) adopts three different 

reinforcement along the height, following the bending moment distribution. Two concrete 
strength classes, C28/36 and C37/45, were adopted to design shear wall cross-sections with 

the force based approaches, whereas the concrete C28/36 was adopted for the displacement 
based approaches. Steel reinforcement bars in all cases where of type B450C. Each cross-
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section was designed by defining two confined nuclei at section ends, having length lc due to 
the shear reinforcements adopted. Table 2 presents the case studies with the corresponding 
storey number, design approach, concrete strength class and confined nuclei width. In Figure 

2a,b are presented two cross-section examples, corresponding respectively to types A1-A2 
and B1-B2 in Table 2. 

Table 2. Type shear wall and design approach. 

Type Storeys Design Approach Concrete strength 
lc 

[mm] 

A1 8 DCH 28/36 536 

A2 8 DCH 37/45 536 

A3 8 DCM 28/36 940 

A4 8 DCM 37/45 940 

A5 8 DBD1 28/36 1050 

A6 8 DBD2 28/36 1050 

B1 16 DCH 28/36 1225 

B2 16 DCH 37/45 1225 

B3 16 DCM 28/36 1250 

B4 16 DCM 37/45 1250 

B5 16 DBD1 28/36 1385 

B6 16 DBD2 28/36 1550 

 

 
Figure 2. a) Steel reinforcement of the shear wall type A1 and A2. b) Steel reinforcement for the shear 

wall type B1 and B2. 

Table 3. Ground motions records. 

N. Seismic event/source Record duration [s] Time step [s] 

1 Port Island 109.98 0.01 

2 Kocaeli - 2 20.00 0.01 

3 Northridge ï Baldwin 60.00 0.01 

4 Kalamata 60.00 0.01 

5 SIMQKE 19.99 0.01 

6 SIMQKE 19.99 0.01 

7 SIMQKE 19.99 0.01 

 

2.1 Input for dynamic analyses 

Dynamic analyses have been carried out following EC8 by adopting seven spectrum 
compatible ground motion records (Table 3). It was verified that the average values of the 
seven corresponding spectra were not less than 90% of the elastic spectrum given by EC8 for 

the design parameters assumed. In particular, this condition is satisfied by the average 
spectrum for time periods not less than 2 s (Figure 3). For each case, design displacements 

and stresses were obtained as the average values of the corresponding envelope diagrams. 
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Figure 3. Spectrum compatibility of the seven ground motion records adopted. 

 

3. Fibre model adopted for dynamic analyses 

Dynamic analyses made use of the fibre model implemented in OpenSees [12]. The shear 
walls were modelled as cantilever beams with many elements as the storey number (Figure 4). 

At each node, representing a single storey, was applied the global mass and the vertical load 
corresponding to that level. Each beam element was represented by a non-linear force based 
beam element with five intermediate control cross sections. Each section was modelled by a 

fibre discretization, which was able to distinguish between steel reinforcement fibres, 
unconfined concrete fibres and confined concrete fibres at section ends (black, light grey and 

dark grey, respectively, in Figure 5). 

 
Figure 4. Discrete models of the shear walls 

 
Figure 5. Typical discretization of the cross section applied to types B1 and B2 shown in Figure 2b. 
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3.1 Fibre cyclic laws 

Concrete fibres were first modelled with the stress-strain law by Kent, Park and Scott [7,8] 
(Figure 6a), which is well known as óConcrete01ô in OpenSees, taking into account the 
confinement effect given by the shear reinforcements at section ends. However, this stress-

strain law neglects concrete traction strength and assumes the same unloading and re-loading 
branch from compression to tension. Therefore, this cyclic law was integrated with the 

experimental results obtained by Reinhardt et al. [1,2] and modified by Ferracuti and Savoia 
[3] to reproduce a reloading branch from tension to compression simpler than the original. 
The new cyclic law is shown in Figure 6b and can be called the óKent, Park, Scott and 

Reinhardtô law. The compressive monotonic branch and the unloading branch from 
compression to tension are the same of the original law. The traction monotonic branch can be 

engaged either at the first activation or during an unloading path from compression to tension 
and it is characterized by a linear behaviour until the traction strength is attained. Then, it 
follows a softening parabolic path until the stresses vanish. The full traction strength fct is 

attained only at the first hysteretic cycle, whereas in the following cycles, the limit strength is 
equal to the maximum traction value reached along the monotonic branch of the previous 

cycle. The re-loading branch (from traction to compression) is activated if the concrete has 
already experimented compression and follows a tri-linear path which slope increases up to 
reaching the monotonic compression branch. The slopes can be determined by considering 

three different stress levels, defined by Ferracuti and Savoia [3] to simplify the re-loading 
path proposed by Reinhardt and Yankelevsky [2]. The stress levels are related to the traction 

strength by the coefficients K1, K2 and K3, assumed equal to 1, 2 and 5, respectively. Steel 
fibres were modelled with the Menegotto-Pinto cyclic law [13]. 

a)  b) 

Figure 6. a) Concrete pure compression law by Kent, Park and Scott. b) Constitutive law by Kent, Park 

and Scott implemented with the concrete traction behaviour. 

3.2 Cyclic analyses 

The stress-strain law by Kent, Park and Scott was widely used in the past for simulating 
experimental tests on RC cantilever beams cyclically loaded, with the purpose of validating 

the fibre model [5]. Thus, the new cyclic law was implemented into OpenSees and validated 
through similar simulations by comparing moment-curvature diagrams at beam built-in cross 

sections. In particular, in this work are presented results relative to tests done by Abrams [14] 
and Ma et al. [15]. Abrams test refer to a cantilever beam with cross section of 0.305 Ĭ 0.230 
m2 and height of 1.60 m with a geometric reinforcement ratio of 1.6%, whereas Ma et al. test 

considers a cantilever beam with cross section of 0.405 Ĭ 0.230 m2 and height 1.80 m with a 
geometric reinforcement ratio of 1.9%. Moment-curvature diagrams obtained with the 

implemented cyclic law resulted to be closer to experimental results (Figure 7a,b) than those 
obtained with the application of the pure compression cyclic law (Figure 7c,d). Figure 7c 
compared against Figure 7a shows that the pure compression cyclic law gives a diagram close 
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to the origin, whereas Figure 7b compared against figure 7d illustrates that the slopes of 
unloading and reloading branches are closer to experimental results if concrete traction 
behaviour is considered. Hence, the modification to Kent, Park and Scott law presented here 

does not necessarily represent the best description of concrete behaviour even it ensured a 
high numerical stability probably due to the simplicity of the expressions adopted. In fact, it 

must be noted that the implemented cyclic law is similar to an existing one defined by Chang 
and Mander [16] and available into OpenSees material library (Concrete07), however the 
analyses developed with this model presented significant numerical drawbacks. Similarly, the 

analyses developed with another cyclic law that was taken into account (Kwak and Kim [17]) 
presented significant numerical drawbacks even if the hysteretic paths of cyclic loadings were 

followed with great accuracy. 

a) b) 

c) d) 

Figure 7. a,c) Moment-curvature diagram corresponding to the experimental test by Abrams [14]. b,d) 

Moment-curvature diagram corresponding to the experimental test by Ma et al. [15]. 

 

4. Results of dynamic analyses 

Dynamic analyses were done adopting the two different cyclic laws for the concrete, in order to 

evaluate the corresponding shear wall responses. For first, comparisons between the shear wall 
responses given by the pure compression law and the model adopted were developed for single 
ground motions records, in terms of moment-curvature diagrams at the built-in cross section. 

Then, comparisons were developed in terms of average design displacements and bending 
moments. 

Due to quick loss of the concrete traction strength after the first cycle, the cyclic law by Kent, 
Park, Scott and Reinhardt was simplified with the elimination of the monotonic traction path so 
as to obtain a faster convergence of numerical analyses. Therefore, the concrete traction 

behaviour is reduced to the re-loading branch from tension to compression. 
Dynamic analyses offered results similar to those given by cyclic numerical tests. However, the 

response of the 8 storey shear walls did not appear to be significantly influenced by the 
traction behaviour of the concrete. In fact, for the shear walls from A1 to A6 (Table 2) 
subjected to all accelerograms, the moment-curvature diagrams showed negligible differences 
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with the two models adopted. Figure 8a,b shows moment curvature diagrams of shear walls 
A1 and A5, respectively, subjected to the accelerogram 1 of Table 3. 
Differently, the response of the 16 storey shear walls appeared to be influenced by the traction 

behaviour of the concrete and this influence has found to be related to the different design 
approaches and concrete strengths. Considering the shear wall B1 (DCH, C28/36) subjected 

to all accelerograms, the pure compression law gave moment-curvature diagrams quite close 
to the origin, whereas the implemented law gave moment-curvature diagrams not close to the 
origin, with greater slopes for unloading and re-loading branches. Figure 8c shows the 

moment-curvature diagrams related to the shear wall B1 subjected to accelerogram 1 of Table 
3. The total energy dissipated by the built-in section during the analysis with the Kent, Park, 

Scott and Reinhardt law was 10% higher than the energy dissipated with the pure 
compression law (Figure 9a). 

 

a)   b) 

 

c)   d) 

 

e)    f) 

 

Figure 8. Moment-curvature diagrams of the shear walls A1 (a), A5 (b), B1 (c), B2(d), B4 (e) and B5 (f) 

subjected to the accelerogram 1 of Table 3. 

 
Then, the shear wall B2 (DCH, C37/45) gave the most remarkable results of the work. With 
all accelerograms, the pure compression law gave flag-shaped moment-curvature diagrams. 
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These results can be considered not realistic, because they are characterized by no residual 
deformations at the end of each hysteretic cycle. Applying the Kent, Park, Scott and 
Reinhardt cyclic law to this shear wall type, the shape of moment-curvature diagrams became 

more realistic, characterized by residual deformations when the moment values tend to zero, 
except for the cycles at the beginning of the analysis (Figure 8d). The different responses of 

the shear wall B2 are represented better in Figure 10a,b, where the moment-curvature 
diagrams given by the two concrete laws are separated and the same span of time is 
highlighted by a dashed bold line. Moreover Figure 10c,d, show the hysteretic cycles done by 

a concrete fibre in the middle of the left edge of the section. In particular, Figure 10c shows 
clearly the null stresses during the reloading from traction to compression due to the pure 

compression model adopted, hence, the energy dissipated by this fibre is significantly 
underestimated. In fact, the total energy dissipated by the built-in section during the analysis 
with the Kent, Park, Scott and Reinhardt law was 70% higher than the energy dissipated with 

the pure compression law (Figure 9b). 

a)    b) 

Figure 9. Energy dissipation of the shear walls B1 (a) and B2 (b) subjected to the first ground motion 

record of Table 3. 

 

a) b) 

c) d) 

Figure 10. Moment-curvature diagram of the shear wall B2 corresponding to concrete pure compression 

(a) and including concrete traction behaviour (b). (c,d) Stress-strain diagrams for the concrete fibres in 

the left edge of the cross section. 
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