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boundary conditions, 
loads)

✓ EUCENTRE prototype 
buildings 1 and 3 

✓ Software: Revit 2019
✓ BIM models are 

automatically 
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refurbishment 
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models (from point 
cloud)

1. original URM 
bui lding

2. mixed URM-RC 
bui lding (addition 
of a  RC screed)

✓ Software: Revit 
2019

✓ Macro Element 
Modelling

✓ Software: 3DMacro
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✓ Geometry

✓ Element 
type/class/data

✓ Materials
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✓ Loads
✓ Connections
✓ Mesh
✓ Analysis parameters

✓ Modal analysis
✓ Cal ibration of 

the URM elastic 
properties (E, ν, 
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the modal 
shapes and 
frequencies
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influence of other 
interventions 
with RC

✓ Pushover analysis
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the results 
before and after 
the intervention

✓ Ambient vibration 
testing

✓ Software: ARTeMIS

Capacity Stiffness Ductility

Pushover+X Massa 0.043% -2.457% 0.151%

Pushover+X Acc 0.051% -3.185% -0.260%

Pushover-X Massa 0.531% 0.607% -0.069%

Pushover-X Acc 0.038% 0.982% 0.601%

Pushover+Y Massa 2.242% 6.041% -2.434%

Pushover+Y Acc 2.460% 2.742% -2.263%

Pushover-Y Massa 2.059% 6.487% -2.125%

Pushover-Y Acc 3.046% 3.539% -2.909%
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the existing 

building

Future 
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Case study II – Validation based on experimental results

Work
done

T3.2 – Advanced numerical 

modelling (FEM)

Experimental 

results from 

literature

Finite 

Element 

Model

T3.1 – Creation of the BIM 

models of the EUCENTRE 

prototype buildings

As-built 

BIM of the 

existing 

building

Analytical 

BIM 

model

✓ Creation of the BIM 
models (from CAD)

1. “Building 1” –
original URM 
bui lding

2. “Building 3” –
mixed URM-RC 
bui lding (insertion 
of a  RC ring beam 
and s trengthened 
diaphragms)

✓ Software: Revit 2019
✓ Modelled 

information
✓ Geometry
✓ Material properties

✓ Sel f-weights

✓ Analytical model 
(created 
automatically)

✓ Finite Element 
Modelling

✓ Software: DIANA v10.3
✓ Simplified physical 

model from BIM
✓ Numerical model 

properties:
✓ Geometry
✓ Element 

type/class/data
✓ Materials
✓ Supports
✓ Loads
✓ Connections
✓ Mesh

✓ Analysis parameters

✓ Modal analysis
✓ Cal ibration of the 

URM elastic 
properties (E, ν, 
ρ)

✓ Cal ibration of the 
modal shapes 
and frequencies

✓ Pushover analysis
✓ Cal ibration of the 

pushover curves 
(E, ft, Gt, fc, Gc)

✓ Cal ibration of the 
damage patterns

BIM models from Revit  FEM from DIANA 

   

 

 

  
Original architectural model Simplified architectural 

model 
Generated analytical 

model 
 

Imported analytical 
model 

Finite Element Model 
(FEM) 

 



“Building 3” – mixed URM-RC building

Case study II – Validation based on experimental results

“Building 1” – original URM building

Strengthened 
roof diaphragms

Insertion of RC 
ring beam

Addition of RC 
collaborating slab

Initial damage 
before 

experimental tests 

Experimental 
setup (shaking 

table tests)



Case study II – Calibration based on experimental results

Modal analysis

 Mode 1 Mode 2 Mode 3 

Experimental 
analysis (dynamic 
test at 0.05 g) 
(Senaldi et al. 
2014) 

 

Not available 

 
𝑓 = 7.35 𝐻𝑧 - 𝑓 = 14.05 𝐻𝑧 

Numerical 
eigenvalue 
analysis (DIANA) 

   

𝐸 = 500 𝑀𝑃𝑎 
𝑓 = 5.75 𝐻𝑧 𝑓 = 5.88 𝐻𝑧 𝑓 = 9.21 𝐻𝑧 

∆𝑓 % = −21.71% - ∆𝑓 % = −34.46% 

𝐸 = 923 𝑀𝑃𝑎 
𝑓 = 7.41 𝐻𝑧 𝑓 = 7.64 𝐻𝑧 𝑓 = 12.10 𝐻𝑧 

∆𝑓 % = 0.82% - ∆𝑓 % = −13.88% 

 

 Mode 1 Mode 2 Mode 3 

Experimental 
analysis (dynamic 
test at 0.05 g) 
(Senaldi et al. 
2014) 

 

Not available 

 
𝑓 = 7.35 𝐻𝑧 - 𝑓 = 14.05 𝐻𝑧 

Numerical 
eigenvalue 
analysis (DIANA) 

   

𝐸 = 500 𝑀𝑃𝑎 
𝑓 = 5.75 𝐻𝑧 𝑓 = 5.88 𝐻𝑧 𝑓 = 9.21 𝐻𝑧 

∆𝑓 % = −21.71% - ∆𝑓 % = −34.46% 

𝐸 = 923 𝑀𝑃𝑎 
𝑓 = 7.41 𝐻𝑧 𝑓 = 7.64 𝐻𝑧 𝑓 = 12.10 𝐻𝑧 

∆𝑓 % = 0.82% - ∆𝑓 % = −13.88% 

 



Case study II – Calibration based on experimental results

 North West South East 

Cracks induced after 
transportation to the shaking 
table (in black). 
Cracks induced after the 
experimental test at nominal 
PGA of 0.6 g (in red) 
(Magenes and Penna 2011; 
Magenes et al. 2012). 

    

Crack-widths 
obtained from 
DIANA (Ecw1, 
max of 5 layers) – 
Positive Y 
direction. 

 

    

Crack-widths 
obtained from 
DIANA (Ecw1, 
max of 5 layers) – 
Negative Y 
direction. 

    

 

Damage patterns



Case study II – Calibration based on experimental results

E =700000 kN/m2
ft = 138 kN/m2
Gt = 0.35 kN/m

fc = 2000 kN/m2
700 kN/m2

Gc = 6 kN/m

E =700000 kN/m2

ft = 200 kN/m2
100 kN/m2

Gt = 0.35 kN/m
fc = 1000 kN/m2

Gc = 6 kN/m

E =700000 kN/m2
ft = 100 kN/m2
Gt = 0.05 kN/m

fc = 1000 kN/m2
Gc = 4 kN/m

1 kN/m

E =700000 kN/m2
ft = 138 kN/m2
Gt = 0.35 kN/m

0.1 kN/m
fc = 1000 kN/m2

Gc = 6 kN/m

E =700000 kN/m2
500000 kN/m2
ft = 180 kN/m2
Gt = 0.05 kN/m

fc = 1000 kN/m2
Gc = 1 kN/m

Influence of material properties

E =700000 kN/m2

ft = 138 kN/m2
Gt = 0.35 kN/m
fc = 700 kN/m2

Gc = 6 kN/m
"PUSHOV", “Y“

"PUSHOV", "ALLDIR“

Influence of the load distribution and analysis parameters

E =700000 kN/m2
ft = 138 kN/m2
Gt = 0.35 kN/m
fc = 700 kN/m2

Gc = 6 kN/m
Time steps: 0.1(10) 0.5(5) 2(5)

Conv. tolerance: 0.01

0.1(15) 0.2(5) 0.3(5) 0.4(5) 0.5(10)
0.001

E =500000 kN/m2
ft = 180 kN/m2
Gt = 0.05 kN/m

fc = 1000 kN/m2
Gc = 6 kN/m

Mixed URM-RC
Original URM

Influence of the building typology
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Case study II – Pushover results
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Target displacement of the SDoF system versus the percentage of the seismic action (γ(d))

𝛾 𝑑∗ =
𝑆𝑎 𝑑∗ ⋅ 𝑇 ∗ 𝑑∗ ⋅ 𝑇𝐶 − 𝑆𝑎 𝑑∗ ⋅ 𝑇∗ 𝑑∗ 2

+ 𝑑∗ ⋅ 4𝜋2

𝑆𝑎𝑒 𝑑∗ ⋅ 𝑇∗ 𝑑∗ ⋅𝑇𝐶

𝛾 𝑑∗ =
𝑑∗ ⋅ 4𝜋2

𝑆𝑎𝑒 𝑑∗ ⋅ 𝑇∗ 𝑑∗
2

𝑇∗ 𝑑∗ < 𝑇𝐶

𝑇∗ 𝑑∗ ≥ 𝑇𝐶

Scale factor for the initial seismic demand, γ(d)
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Case study II – Pushover results

Idealised elasto-perfectly plastic force displacement relationships (N2 method)



Case study II – Pushover results

Comparison of the results obtained from the models with and without the strengthening elements 

Capacity 

(Fy)

Stiffness 

(Fy/dy)

Ductility ratio 

(du/dy)

(SB1)/(OB)-1 18.5% 9.3% 123.8%

(SB2)/(OB)-1 32.5% 30.5% 118.8%

(SB3)/(OB)-1 16.8% 17.9% 132.6%

(SB4)/(OB)-1 43.9% 40.1% 107.3%

Numerical (DIANA) (SB5)/(OB)-1 43.6% 35.9% 144.4%

Experimental (SB5)/(OB)-1 46.8% 100.5% 203.9%

(SB1)/(OB)-1 40.9% -8.8% 98.3%

(SB2)/(OB)-1 45.4% 19.5% 241.7%

(SB3)/(OB)-1 27.9% -10.4% 313.4%

(SB4)/(OB)-1 52.1% 30.4% 245.9%

Numerical (DIANA) (SB5)/(OB)-1 51.8% 28.5% 321.1%

Experimental (SB5)/(OB)-1 42.5% 31.9% 160.1%

(+Y)

(-Y)

Numerical (DIANA)

Numerical (DIANA)

      
OB SB1 SB2 SB3 SB4 SB5 

Original building 

(EUCENTRE Building 1) 

RC ring beam Strengthened floor 

diaphragm 

Strengthened roof 

diaphragm 

Strengthened floor and 

roof diaphragms 

RC ring beam and 

strengthened floor and 

roof diaphragms 
(EUCENTRE Building 3) 
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• Simplified numerical 
analysis (EFM)

• Software: Robot

• Analysis of representative 
URM-RC buildings

• Calibration and validation of the numerical models based 
on the comparison of the obtained results (pushovers, 
modal analysis)

• Parametric analysis (compare the structural response 
before and after the intervention with RC)

Analysis of the EFM and validation based on numerical results
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• Analysis tool 
(implemented in Revit) 
for the seismic 
assessment (based on 
Eurocode 8 - Part 3)

• Expeditious assessment 
of the building without 
the need of using 
analysis software 
(report)

• Decision on the 
strengthening strategy

• BIM user guide for 
seismic retrofit projects

• Establishment of 
validated parameters to 
estimate the damage and 
assess losses 
(vulnerability function)

• Definition of the 
necessary parameters to 
evaluate the response of 
URM-RC structures 

• How to model and 
evaluate RC 
strengthening 
interventions?

• Material properties, 
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Future 
work

T3.4 – Validation of the 

assessment methodology
T4.4 – Parametric study

T2.3 – Definition and 

implementation of the 

parameters to evaluate the 

seismic vulnerability of the 

structure

T2.4 – Implementation of an 
easy-to-use tool for the 

strengthening and design 
checking

Validated 

assessment 

methodology

Validated strengthening 

techniques and seismic 

analysis parameters



Thesis timeline

2017 2021

Today

Oct Mar Aug 2019 Jun Nov Apr Sep Feb Jul

100%T1 – State of the art

25%T2 – Development and implementation of a BIM-based methodology

80T2.1 – Definition of the information and modelling requirements

90%T2.2 – Development of a BIM plug-in for the automatic creation of EFM

0%T2.3 – Definition and implementation of the parameters to evaluate the seismic vulnerability of the structure

0%T2.4 – Implementation of an easy-to-use tool for the strengthening and design checking

75%T3 – Seismic assessment of the EUCENTRE prototype buildings

100T3.1 – Creation of the BIM models of the EUCENTRE prototype buildings

100%T3.2 – Advanced numerical modelling (FEM)

0%T3.3 – Simplified numerical modelling (EFM)

50%T3.4 – Validation of the assessment methodology

10%T4 – Seismic assessment and strengthening techniques of a representative URM-RC building typology

40T4.1 – Selection and modelling of representative mixed URM-RC case-study buildings

0%T4.2 – Advanced numerical modelling (FEM)

0%T4.3 – Simplified numerical modelling (EFM)

0%T4.4 – Parametric study

M1: article about 
mixed typologies

100%

M2: article about a 
new approach for 
the N2 method

100%

M3: article about 
the numerical 
analysis of URM-RC 
building typologies

33%

M4: article about the 
BIM-based 
methodology

33% 33%T5 – Dissemination

2017 2021

Today

Oct Mar Aug 2019 Jun Nov Apr Sep Feb Jul

100%T1 – State of the art

25%T2 – Development and implementation of a BIM-based methodology

80T2.1 – Definition of the information and modelling requirements

90%T2.2 – Development of a BIM plug-in for the automatic creation of EFM

0%T2.3 – Definition and implementation of the parameters to evaluate the seismic vulnerability of the structure

0%T2.4 – Implementation of an easy-to-use tool for the strengthening and design checking

75%T3 – Seismic assessment of the EUCENTRE prototype buildings

100T3.1 – Creation of the BIM models of the EUCENTRE prototype buildings

100%T3.2 – Advanced numerical modelling (FEM)

0%T3.3 – Simplified numerical modelling (EFM)

50%T3.4 – Validation of the assessment methodology

10%T4 – Seismic assessment and strengthening techniques of a representative URM-RC building typology

40T4.1 – Selection and modelling of representative mixed URM-RC case-study buildings

0%T4.2 – Advanced numerical modelling (FEM)

0%T4.3 – Simplified numerical modelling (EFM)

0%T4.4 – Parametric study

M1: article about 
mixed typologies

100%

M2: article about a 
new approach for 
the N2 method

100%

M3: article about 
the numerical 
analysis of URM-RC 
building typologies

33%

M4: article about the 
BIM-based 
methodology

33% 33%T5 – Dissemination



Current impact

• Articles in International Journals

Intervened URM buildings with RC elements: 
typological characterisation and associated 
challenges
Lopes, G. C., Vicente, R., Ferreira, T. M., & Azenha, M. 
(2019).
Bulletin of Earthquake Engineering, 1-33.

Displacement-based seismic performance evaluation 
and vulnerability assessment of buildings: The N2 
method revisited
Lopes, G. C., Vicente, R., Ferreira, T. M., Azenha, M., & 
Estêvão, J. (2020). 
Structures (24), 41-49.

• Conference articles

BIM-based methodology for the seismic 
performance assessment of existing buildings
Lopes, G. C., Vicente, R., Ferreira, T. M., 
Azenha, M., & Rodrigues, H. (2020). 
ENCORE 2020.

Desafios e direções de investigação na 
identificação e caracterização de tipologias 
de edifícios de alvenaria intervencionados 
com recurso a betão armado
Lopes, G. C., Vicente, R., Ferreira, T., & M., 
Azenha, M. (2019). 
SÍSMICA 2020.

Submitted

Numerical simulations of derived URM-RC buildings: 
assessment of strengthening interventions with RC
Lopes, G. C., Mendes, N., Vicente, R., Ferreira, T. M., & 
Azenha, M. (2020).
(Journal of Building Engineering?)

BIM-based methodology for the seismic 
performance assessment of existing buildings
Lopes, G. C., Vicente, R., Ferreira, T. M., 
Azenha, M., & Rodrigues, H. (2020). 
Revista portuguesa de engenharia de 
estruturas 2020.

• Articles in National Journals

Published



26
Gonçalo Correia Lopes / Mitigating earthquake vulnerability of mixed URM-RC buildings at the urban scale

Thank you for your attention!

Gonçalo Correia Lopes

PhD candidate in Civil Engineering

email: gclopes@ua.pt

Thesis title: A BIM-based methodology for the seismic performance 
assessment of existing URM-RC buildings

Acknowledgements are due to the PhD grant PD/BD/135201/2017 provided by 
Foundation for Science and Technology (FCT) within the scope of the Doctoral 

Programme InfraRisk- (Analysis and Mitigation of Risks in Infrastructures) and to 
University of Aveiro, FCT/MEC for the financial support to the research Unit RISCO 

– Aveiro Research Centre of Risks and Sustainability in Construction –
(FCT/UID/ECI/04450/2013) 

mailto:gclopes@ua.pt

