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I. Motivation, Research questions 
and Methodology
Mixed URM-RC building typologies

BIM-based methodology for the seismic performance assessment of 
existing URM-RC buildings
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Mixed URM-RC building typologies
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• Is the u(liza(on of Reinforced 
Concrete (RC) a suitable 
approach for the seismic 
strengthening of old masonry 
buildings?

• How vulnerable are current 
mixed URM-RC buildings to 
earthquakes?

• Which numerical modelling 
and analysis methods can 
tackle the different complex 
aspects related to these 
typologies?

Research questions

𝐹 = 	 𝑚 % 𝑎

𝑎

𝒎!𝑭!

𝑘

𝑚!

𝑘

𝐹!

𝑎Original URM building

Mixed URM-RC building

Addi$on of RC structural 
elements
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Faster numerical analysis

Robustness and accuracy of the 3D models

Automation of processes (numerical modelling and analysis, and results)

Convenience in engineering practice

Motivation / Goals
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Research methodology (from BIM to FEM/EFM)

FEM

EFM.

Advanced numerical 
modelling
• Finite Element Models 

(FEM)
• 2D shell elements

• More time-consuming
• Higher accuracy

Software: DIANA FEA

Simplified numerical 
modelling
• Equivalent Frame 

Models (EFM)
• 1D bar elements

• Faster
• Reasonable accuracy

Software: SAP2000



8

II. Development of the BIM-based 
methodology
Expeditious modelling and analysis framework

BIM-based methodology for the seismic performance assessment of 
existing URM-RC buildings
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EFM – Criteria for the individuation of the macroelements 

Multiple criteria for
• macroelements’ 

discretisation
• calculating the 

deformable 
lengths of piers

• coping with 
irregular opening 
layouts

 
a) Masonry wall with horizontal 
misalignements of the openings 
(Individuation of the deformable 

height of the piers) 

 
a.1) Full Rigid Offsets (minimum 

clear height) 

 
a.2) Average height of the two 

adjoining openings (or the 
average between the 

interstorey height and the 
height of the opening) 

 
a.3) Dolce's approach, which 
defines the effective height 

through a simplified formula: 

𝐻𝑒𝑓𝑓 = ′ + 1
3
𝐷
&𝐻 − ′ '

′
 

 
b) Masonry wall with vertical 

misalignments of the openings 
(Individuation of the spandrels) 

 
b.1) Typical wall's discretization 
with spandrels averaged to the 

openings’ widths 

  
Typical EF schematizations of the wall 

with rigid end offsets referred to floor's nodes at the floor level 
(left) and with rigid beams at corners (right). 

 
b.2) Proposed wall's discretization 

with segmented spandrels 

 
Proposed EF schematization of the wall with the spandrels’ 

centreline offsetted to coincide with the floor plane 

 

floor

floor

floor

floor

floor

floor

floor

floor

30°

floor

floor floor floor

floor floor



11

Definition of non-linear behaviour: plasticity models

Plastic Hinge: is 
used to describe the 
deformation of a 
section of a 
structural element 
where plastic 
deformation occurs.
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Definition of non-linear behaviour: plasticity models

Rigid Nodes

Piers

Spandrels

Macroelements
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Definition of non-linear behaviour: plasticity models

M2 Pier

M3 Pier

V2 Pier

V2 Spandrel

Rigid Nodes

Piers

Spandrels

M3 Spandrel

Macroelements’ Plastic hinges

In-plane hinges Out-of-plane hinges 

   
a) Flexural hinges (M3-𝜃) b) Shear hinges (V2-𝛿) c) Flexural hinges (M2-𝜃) 

 

A

B C
D

E

E
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D

E

E

E
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In-plane plastic hinges

 Resistance levels Deformation capacities 

Failure mechanisms Max. shear strength Eq. Reduced shear force Residual 
strength Yield drift Ultimate drift 2nd ultimate 

drift 
 𝑉𝑚𝑎𝑥   𝑉𝑟𝑒𝑑 𝑉𝑟𝑒𝑠  𝜃𝑦 = 𝜃D L  𝜃𝑢 = 𝜃SD  𝜃𝑢2 = 𝜃NC  

   B-C  D E B C D 

Fle
xu

ra
l r

oc
kin

g 

Pi
er

s 

of irregular 
masonry 

𝑉𝑓 = 𝐷𝑁
2𝐻0

Ḙ1 − 𝑁
𝜅𝑓𝐷𝑡

ḙ  (1) 
0.8𝑉𝑓  

Idem 𝜃𝑐𝑟  0.01Ḙ1 − 𝑁
𝐷𝑡𝑓

ḙ  

4
3
𝜃𝑓 ,𝑢  

of regular 
masonry 0.9𝑉𝑓  

Sp
an

dr
els

  

coupled with 
tensile resisting 
elements (e.g.: 
lintel) 

𝑉𝑓,𝑆 = 𝑆 𝑁𝑆
2𝑙𝑆 ,0

Ḙ1 − 𝑁𝑆
𝜅𝑓 𝑆 𝑡𝑆

ḙ  (2) 0.9𝑉𝑓  Idem 

0.002 

0.016 

not confined 
failing through 
units 

𝑉𝑓,𝑆 = 1.15 𝑆
2𝑡𝑆

3 × 2𝑙𝑆 ,0
𝑓 𝑡 (3) 

0.8𝑉𝑓  Idem 0.012 
not confined 
failing along the 
joints 

𝑉𝑓,𝑆 = 𝑆
2𝑡𝑆

2𝑙𝑆 ,0&1 + 𝑓 𝑡 / 𝑓 '
𝑓 𝑡 (4) 

Di
ag

on
al 

cr
ac

kin
g Pi

er
s  

of irregular 
masonry 𝑉𝑑 = 𝐷𝑡

𝑏
𝑓𝑡 ; 1 + 𝑁

𝐷𝑡𝑓𝑡
 (5) 0.3𝑉𝑑 0 

𝜃𝑐𝑟  

0.005 

4
3
𝜃𝑑,𝑢  

of regular 
masonry 𝑉𝑑 = 𝐷𝑡

𝑏
Ḙ𝑓ѵ

𝑣0 + 𝜇ѵ𝑁
𝐷𝑡

ḙ  (6) 

0.5𝑉𝑑 0.2𝑉𝑑 0.006 of regular 
masonry failing 
through units 

𝑉𝑑,𝑙𝑖𝑚 = 𝐷𝑡
𝑏
𝑓𝑏𝑡
2.3

; 1 + 𝑁
𝐷𝑡𝑓𝑏𝑡

 (7) 

Sp
an

dr
els

  of irregular 
masonry 𝑉𝑑,𝑆 = 𝑆 𝑡𝑆

𝑏
𝑓𝑡 Ṕ ; 1 + 𝑁𝑆

𝑓𝑡 𝑆 𝑡𝑆
ṕ  (8) 

steel/RC: 0.6𝑉𝑑 
timber: 0.4𝑉𝑑 

ineffective: 0.1𝑉𝑑 
Idem 0.001 

0.005 

of regular 
masonry (pre-
modern) 

𝑉𝑑,𝑆 = 𝑆 𝑡𝑆
𝑏

Ḙ𝑓ѵ
𝑣0 Ḝ+ 𝜇ѵ𝑁𝑆

𝑆 𝑡𝑆
ḝ ḙ  (9) 0.006 

Sh
ea

r s
lid

in
g 

Pi
er

s 

of regular 
masonry 𝑉𝑠 = 𝑁&3𝑓𝑣0𝐷𝑡+ 2𝜇𝑁 '

2&𝑁 + 3𝑓𝑣0𝛼𝐻𝑡'
 (10) 

𝜇𝑁 = 0.4𝑁  

Idem 

𝜃𝑐𝑟  

0.008 
4
3
𝜃𝑠,𝑢  of regular 

masonry failing 
through units 

𝑉𝑠,𝑙𝑖𝑚 = 0.195𝑓𝑏𝐷𝑡𝑁
2&𝑁 + 0.195𝑓𝑏𝛼𝐻𝑡'

 (11) 0.5𝑉𝑠,𝑙𝑖𝑚  0.005 
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E

A
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E

E
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Out-of-plane performance of URM walls

[1] T.M. Ferreira, A.A. Costa, R. Vicente, H. Varum, A simplified four-branch model for the analyCcal study of the out-of-plane performance of regular stone URM walls, Eng. 
Struct. 83 (2015) 140–153. doi:10.1016/j.engstruct.2014.10.048.
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Out-of-plane failure mechanisms of URM walls

Pure out-of-plane mechanisms Hybrid mechanisms 
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Simplified failure mechanisms for walls with returns

 Mechanisms Uniform distribution Triangular distribution 

K1x 
 

𝐷
𝐻
≥ 𝑛𝑟  

   

K1y 
 

𝐷
𝐻
< 𝑛𝑟  

   

K2x 
 

𝐷
𝐻
≥ 𝑛𝑟
2

 

   
 

𝛼𝑐

𝛼𝑐

𝐻

𝐷

𝑡
𝑞

𝐻
3

2𝐻
3

𝐻
2

𝐻
2

𝑞

𝑞𝐻𝐷 𝑞𝐻2 tan 𝛼𝑐
2

𝑞 𝑞𝐻
4

3𝐻
4

𝐻
3

2𝐻
3

𝑞𝐻2 tan𝛼𝑐
3

𝑞𝐻𝐷
2

𝑞 𝑞

𝑞𝐷2
𝑛𝑟 tan 𝛼𝑐

𝑞𝐷2

2𝑛𝑟 tan𝛼𝑐

𝐷
2𝑛𝑟 tan𝛼𝑐

2𝐷
3𝑛𝑟 tan𝛼𝑐

𝑞 𝑞

3𝐷
4𝑛𝑟 tan𝛼𝑐

𝑞𝐷3
3𝑛𝑟2 tan2 𝛼𝑐 𝐻

2𝐷
3𝑛𝑟 tan𝛼𝑐

𝑞𝐷3

𝑛𝑟2 tan2 𝛼𝑐 𝐻
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𝛼𝑐

𝐻

𝐷

𝑡

𝑞
𝐻 4 𝐻 6𝑞
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𝑞 𝑞𝐻 6 𝐻 8

𝑞𝐻2 tan 𝛼𝑐
12

𝑞𝐻𝐷
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Out-of-plane plastic hinges

Mechanism Condition Uniform distribution Triangular distribution Eq. 
K1x 
top hinge 

𝐷
𝐻

≥ 𝑛𝑟 𝑀 0,t op =
3𝐷  𝑁𝑡𝑜𝑝 𝑡

6𝐷 − 2𝑛𝑟  𝐻
 𝑀 0,t op =

𝐷  𝑁𝑡𝑜𝑝 𝑡
2𝐷 − 𝑛𝑟  𝐻

 (1) 

K1x 
bottom hinge 

𝐷
𝐻

≥ 𝑛𝑟 𝑀 0,bot =
3𝐷  𝑡 Ӯ𝑁𝑡𝑜𝑝 + 𝑊ӯ

6𝐷 − 4𝑛𝑟𝐻
 𝑀 0,bot =

2𝐷  𝑡 Ӯ𝑁𝑡𝑜𝑝 + 𝑊ӯ
4𝐷 − 3𝑛𝑟  𝐻

 (2) 

K1y 
bottom hinge 

𝐷
𝐻

< 𝑛𝑟 𝑀 0,bot =
3𝐻 2 𝑛𝑟2 𝑡 Ӯ𝑁𝑡𝑜𝑝 + 𝑊ӯ

2𝐷 2  𝑀 0,bot =
2𝐻 3 𝑛𝑟3 𝑡 Ӯ𝑁𝑡𝑜𝑝 + 𝑊ӯ

5𝐷 3  (3) 

K2x 
middle hinge 

𝐷
𝐻

≥ 𝑛𝑟
2  𝑀 0,mid =

3𝐷  𝑡 (2𝑁𝑡𝑜𝑝 + 𝑊 )
12𝐷 − 2𝑛𝑟  𝐻

 𝑀 0,mid =
𝐷  𝑡 (2𝑁𝑡𝑜𝑝 + 𝑊 )

4𝐷 − 𝑛𝑟  𝐻
 (4) 

 

𝑀!"# = 𝑴𝟎 ⋅ 𝜉

State of degradation at cracked joint ∆ 1/ ∆ 𝑢  𝜃1 = 𝜃𝑢∆ 1/ ∆ 𝑢  ∆ 2/ ∆ 𝑢  𝜃2 = 𝜃𝑢∆ 2/ ∆ 𝑢  𝜉 = (𝜃𝑢 − 𝜃2) 𝜃𝑢⁄  
New 0.06 0.04𝑡/ 𝐻 0.28 0.19𝑡/ 𝐻 0.715 
Moderate degraded 0.13 0.09𝑡/ 𝐻 0.40 0.27𝑡/ 𝐻 0.595 
Severe degraded 0.20 0.13𝑡/ 𝐻 0.50 0.33𝑡/ 𝐻 0.505 
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III. Seismic performance assessment of 
existing URM-RC buildings
Case studies

BIM-based methodology for the seismic performance assessment of 
existing URM-RC buildings
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Validation strategy of the seismic assessment methodology

Comparison amongst different types of:
• Building geometries (pier H/D ratio, opening ratio, number of storeys)

• Material properties

• Analysis methods (experimental and numerical), based on:

• Damage observation (damage patterns, failure modes and severity of cracking)

• Modal analysis (modal shapes, frequencies)

• Pushover analysis (target displacement, stiffness, capacity)
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Case-study buildings

Building 1 
(B1)

2-storey prototype building 
(EUCENTRE experimental 
campaign)
(Penna 2015)

Building 2 
(B2)

3-storey limestone 
Portuguese building
(Lovon et al. 2021)

Building 3 
(B3)

5-storey Portuguese 
“Gaioleiro” building
(Simões et al. 2013)
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Construction of the numerical models (FEM and EFM)

Building 1 
(B1)

Building 2 
(B2)

Building 3 
(B3)

BIM models FEM models EFM models
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Workflow for the definition of the EFM (VPL script)
BIM models

Simplified physical 
model

Analytical structural 
model
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Workflow for the definition of the EFM (VPL script)
BIM models

Simplified physical 
model

Analytical structural 
model

Step 1

Identification of the wall 
planes
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Workflow for the definition of the EFM (VPL script)
BIM models

Simplified physical 
model

Analytical structural 
model

Step 2

Identification of the 
walls’ perimetral lines in 

each floor

Step 1

Identification of the wall 
planes
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Workflow for the definition of the EFM (VPL script)
BIM models

Simplified physical 
model

Analytical structural 
model

Step 2

Identification of the 
walls’ perimetral lines in 

each floor

Step 1

Identification of the wall 
planes

Step 3

Extraction of the piers’ 
midlines (effective 

length)

Identification of the 
piers
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Workflow for the definition of the EFM (VPL script)
BIM models

Simplified physical 
model

Analytical structural 
model

Step 2

Identification of the 
walls’ perimetral lines in 

each floor

Step 4

Identification of the 
spandrels

Extraction of the 
spandrels’ midlines at 

the floor level

Step 1

Identification of the wall 
planes

Step 3

Extraction of the piers’ 
midlines (effective 

length)

Identification of the 
piers
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Workflow for the definition of the EFM (VPL script)
BIM models

Simplified physical 
model

Analytical structural 
model

Step 2

Identification of the 
walls’ perimetral lines in 

each floor

Step 4

Identification of the 
spandrels

Extraction of the 
spandrels’ midlines at 

the floor level

Step 5

Definition of the rigid 
links

Step 1

Identification of the wall 
planes

Step 3

Extraction of the piers’ 
midlines (effective 

length)

Identification of the 
piers
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Workflow for the definition of the EFM (VPL script)
BIM models

Simplified physical 
model

Analytical structural 
model

Step 2

Identification of the 
walls’ perimetral lines in 

each floor

Step 4

Identification of the 
spandrels

Extraction of the 
spandrels’ midlines at 

the floor level

Step 5

Definition of the rigid 
links

Step 6

Extraction of the end 
and middle points

Step 1

Identification of the wall 
planes

Step 3

Extraction of the piers’ 
midlines (effective 

length)

Identification of the 
piers
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Workflow for the definition of the EFM (VPL script)
BIM models

Simplified physical 
model

Analytical structural 
model

Step 2

Identification of the 
walls’ perimetral lines in 

each floor

Step 4

Identification of the 
spandrels

Extraction of the 
spandrels’ midlines at 

the floor level

Step 5

Definition of the rigid 
links

Step 6

Extraction of the end 
and middle points

Step 1

Identification of the wall 
planes

Step 3

Extraction of the piers’ 
midlines (effective 

length)

Identification of the 
piers
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Workflow for the definition of the EFM (VPL script)
BIM models

Simplified physical 
model

Analytical structural 
model

Step 2

Identification of the 
walls’ perimetral lines in 

each floor

Step 4

Identification of the 
spandrels

Extraction of the 
spandrels’ midlines at 

the floor level

Step 5

Definition of the rigid 
links

Step 6

Extraction of the end 
and middle points

Step 1

Identification of the wall 
planes

Numerical models

Equivalent Frame 
Model

Extruded view of the 
model

Step 3

Extraction of the piers’ 
midlines (effective 

length)

Identification of the 
piers
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Workflow for the definition of the EFM (VPL script)

Numerical models

Equivalent Frame 
Model

Extruded view of the 
model

Excel I: Model definition
• Joint Coordinates
• Connec.vity – Frame

• Frame Sec.on 
Assignments

• Frame Props 01 - General
• Joint Restraint 

Assignments
• Connec.vity – Area
• Frame Local Axes 1 –

Typical

• Frame Offset (Length) 
Assigns

• Frame Inser.on Point 
Assigns

• MatProp 01 - General
• MatProp 02 - Basic Mech 

Props

• Area Sec.on Assignments
• Area Sec.on Proper.es

• Area Sec.on Property 
Layers

• Area Auto Mesh 
Assignments

• Load Case Defini.ons
• Load PaNern Defini.ons

• Auto Seismic - Eurocode8 
2004

• Case - Modal 1 - General
• Case - Sta.c 1 - Load 

Assigns
• Case - Sta.c 2 - NL Load 

App
• Case - Sta.c 4 - NL 

Parameters
• Case - Sta.c 7 - Add Con 

Disps
• Program Control

Excel II: Static forces
• Base Reac.ons
• Element Forces – Frames

• Program Control

Excel III: Hinge definition
• Hinges Def 03 - Non - DC –

FD
• Hinges Def 05 - Non –

Fcontrol

• Hinges Def 02 - Non - DC –
Gen

• Hinge Ass 02 - User Prop
• Hinge Ass 09 - Hinge 

Overwrites
• Program Control
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Eigenmode analysis – fundamental modes of vibration and 
frequencies

 Building 1 Building 2 Building 3 

 FEM EFM FEM EFM FEM EFM 

Lo
ng

itu
di

na
l 

      

Tr
an

sv
er

se
 

      

To
rs

io
na

l 

      
 

  
Mode type 

FEM (DIANA) EFM (SAP2000) 
Ḉ1-FEM

EFM
ḉ 

Δf (%)   Mode No. Freq. [Hz] Mode No. Freq. [Hz] Modal participating ratios 
UX UY UZ 

B1 

O 
Longitudinal (Y) 1 5.55 1 5.05 0.25 0.57 0.00 -9.9% 
Transverse (X) 2 6.03 2 5.28 0.61 0.30 0.00 -14.2% 
Torsional 3 8.56 3 7.84 0.05 0.04 0.00 -9.2% 

S 
Longitudinal (Y) 1 5.76 2 5.32 0.30 0.62 0.00 -8.3% 
Transverse (X) 2 5.88 1 5.08 0.57 0.27 0.00 -15.7% 
Torsional 3 9.21 3 7.71 0.04 0.03 0.00 -19.5% 

B2 

O 
Longitudinal (X) 16 3.04 10 2.73 0.97 0.00 0.00 -11.4% 
Transverse (Y) - - - - - - - - 
Torsional - - - - - - - - 

S 
Longitudinal (X) 1 2.953 1 3.10 0.94 0.00 0.00 4.7% 
Transverse (Y) 2 6.100 2 5.85 0.00 0.84 0.00 -4.3% 
Torsional 3 7.459 3 7.04 0.00 0.00 0.00 -6.0% 

B3 

O 
Longitudinal (X) 1 1.60 1 1.67 0.78 0.00 0.00 4.2% 
Transverse (Y) - - - -    - 
Torsional 2 2.89 2 2.92 0.00 0.02 0.00 1.0% 

S 
Longitudinal (X) 1 1.76 1 1.79 0.81 0.00 0.00 1.5% 
Transverse (Y) 3 3.41 3 3.13 0.00 0.79 0.00 -8.8% 
Torsional 2 2.88 2 2.89 0.00 0.05 0.00 -0.3% 
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Pushover analysis – damage patterns and failure mechanisms

  Building 1 Building 2 Building 3 

Or
ig

in
al

 (O
) 

FEM 

       
 Disp. 0.005 m = Step 20 Disp. 0.01 m = Step 27 Disp. 0.005 m = Step 13 Disp. 0.01 m = Step 20 Disp. 0.025 m = Step 15 Disp. 0.05 m = Step 21 

EFM 

  
    

 Disp. 0.01 m = Step 9 Disp. 0.02 m = Step 16 Disp. 0.005 m = Step 5 Disp. 0.01 m = Step 15 Disp. 0.03 m = Step 8 Disp. 0.06 m = Step 16 

St
re

ng
th

en
ed

 (S
) 

FEM 

       
 Disp. 0.005 m = Step 18 Disp. 0.01 m = Step 29 Disp. 0.005 m = Step 13 Disp. 0.01 m = Step 19 Disp. 0.020 m = Step 15 Disp. 0.04 m = Step 20 

EFM 

  
     Disp. 0.005 m = Step 9 Disp. 0.01 m = Step 25 Disp. 0.005 m = Step 6 Disp. 0.01 m = Step 14 Disp. 0.02 m = Step 9 Disp. 0.04 m = Step 19 
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Pushover analysis – validation against experimental results
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Pushover analysis – validation against experimental results

FEM (DIANA) EFM (SAP2000)

+Y

-Y

Considered load 
patterns:
• Uniform pattern, with an 

equivalent acceleration 
proportional to the mass 
distribution;

• Modal pattern in all 
directions, proportional to 
the first fundamental global 
mode shape, with the 
greater modal participating 
ratio in the analysis 
direction;

• Modal pattern only in the 
analysis direction, which 
corresponds to the 
previous load pattern, but 
neglecting the component 
of the load in the 
perpendicular direction of 
the pushover.
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Pushover analysis – comparison FEM vs EFM

Original configuraCon Strengthened configuration

Building 2

Building 3
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Pushover analysis – comparison FEM vs EFM

Original configuration Strengthened configuraCon

B2

B3

Considered load 
patterns:
• Uniform pattern, with an 

equivalent acceleration 
proportional to the mass 
distribution;

• Modal pattern in all 
directions, proportional to 
the first fundamental global 
mode shape, with the 
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direction;

• Modal pattern only in the 
analysis direction, which 
corresponds to the 
previous load pattern, but 
neglecting the component 
of the load in the 
perpendicular direction of 
the pushover.



40

Pushover analysis – comparison FEM vs EFM

Original configuration Strengthened configuration
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B3
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41

Parametric study of the seismic 
performance of URM-RC structures

A. Influence of linear material properties
B. Influence of the ultimate flexural drift limit
C. Influence of the out-of-plane resistance
D. Influence of the strengthening intervention

BIM-based methodology for the seismic performance assessment of 
existing URM-RC buildings
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A. Influence of linear material properties

Considered cases:
• 𝒇 = 0.5, 𝟏. 𝟎 and 2.0 MPa (with compressive fracture energy 𝐺!! = 𝑓×1.6 mm for the FEM);

• 𝒇𝒕 = 0.025, 0.05 and 0.1 MPa (with tensile fracture energy 𝐺!" = 𝑓#×0.001 for the FEM);

• 𝑬 = 800, 900 and 1000 MPa.

FEM (DIANA) EFM (SAP2000)
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A. Influence of linear material properties

Considered cases:
• 𝒇 = 0.5, 1.0 and 2.0 MPa (with compressive fracture energy 𝐺!! = 𝑓×1.6 mm for the FEM);

• 𝒇𝒕 = 0.025, 𝟎. 𝟎𝟓 and 0.1 MPa (with tensile fracture energy 𝐺!" = 𝑓#×0.001 for the FEM);

• 𝑬 = 800, 900 and 1000 MPa.

FEM (DIANA) EFM (SAP2000)
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A. Influence of linear material properties

Considered cases:
• 𝒇 = 0.5, 1.0 and 2.0 MPa (with compressive fracture energy 𝐺!! = 𝑓×1.6 mm for the FEM);

• 𝒇𝒕 = 0.025, 0.05 and 0.1 MPa (with tensile fracture energy 𝐺!" = 𝑓#×0.001 for the FEM);

• 𝑬 = 800, 𝟗𝟎𝟎 and 1000 MPa.

FEM (DIANA) EFM (SAP2000)



45

B. Influence of the ultimate flexural drift limit

Considered cases:
• According to the actual version of EC8-3 (CEN 2005): 𝜽𝒖 = 𝟎. 𝟎𝟎𝟖𝜶𝑯/𝑫;
• According to the expected future version of EC8-3 (CEN 2022): 𝜃% = 0.01 1 − ⁄𝜎& 𝑓 ;
• According to the “Modified SIA-model” (Salmanpour et al. 2015): 𝜃% = 0.008𝛼 1 − ⁄𝜎& 𝑓 ;
• According to the Italian code (NTC 2008): 𝜃% = 0.006;
• Proposed calibrated value (based on the “Modified SIA-model”): 𝜃% = 0.011𝛼 1 − ⁄𝜎& 𝑓 . A

B C
D

E

E

Original configuration Strengthened configuration
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B. Influence of the ultimate flexural drift limit

Considered cases:
• According to the actual version of EC8-3 (CEN 2005): 𝜃% = 0.008𝛼𝐻/𝐷;
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B. Influence of the ultimate flexural drift limit

Considered cases:
• According to the actual version of EC8-3 (CEN 2005): 𝜃% = 0.008𝛼𝐻/𝐷;
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• According to the “Modified SIA-model” (Salmanpour et al. 2015): 𝜃% = 0.008𝛼 1 − ⁄𝜎& 𝑓 ;
• According to the Italian code (NTC 2008): 𝜽𝒖 = 𝟎. 𝟎𝟎𝟔;
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B. Influence of the ultimate flexural drift limit

Considered cases:
• According to the actual version of EC8-3 (CEN 2005): 𝜃% = 0.008𝛼𝐻/𝐷;
• According to the expected future version of EC8-3 (CEN 2022): 𝜃% = 0.01 1 − ⁄𝜎& 𝑓 ;
• According to the “Modified SIA-model” (Salmanpour et al. 2015): 𝜃% = 0.008𝛼 1 − ⁄𝜎& 𝑓 ;
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C. Influence of the out-of-plane resistance

Considered cases:
• Piers without OOP hinges;
• Piers with OOP hinges neglecting the return walls;
• Piers with OOP hinges considering the return walls (proposed default configuration).

Original configuraCon Strengthened configuration
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Considered cases:
• Piers without OOP hinges;
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C. Influence of the out-of-plane resistance

Considered cases:
• Piers without OOP hinges;
• Piers with OOP hinges neglecting the return walls;
• Piers with OOP hinges considering the return walls (proposed default configuration).

Original configuration Strengthened configuration
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D. Influence of the strengthening intervention

Considered cases:
• Timber diaphragms (original configuration);
• RC slabs (strengthened configuration).

Considered load patterns:
• Uniform pattern

• Modal pattern in all directions

• Modal pattern only in the analysis direction

FEM (DIANA) EFM (SAP2000)
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D. Influence of the strengthening intervention

Considered cases:
• Timber diaphragms (original configuration);
• RC slabs (strengthened configuration).
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• Modal pattern only in the analysis direction

FEM (DIANA) EFM (SAP2000)
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IV. Contributions

BIM-based methodology for the seismic performance assessment of 
existing URM-RC buildings
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Contributions

Speed of the analysis: EFM vs FEM

Robustness of the model creation plug-in

• Able to handle irregular opening layouts and complex 3D structures

Automation and simplification of processes

• Modelling, analysis, and results

Convenience in engineering practice

• Easy to be implemented in practice-oriented commercial software

• Consistent with the recommendations of several seismic codes (namely the EC8-Part 3)

• Integrated multidisciplinary workflow:

Architect – Engineer – Contractor – Client – User

Freedom of choice

• Not dependent on specific macroelement-based analysis software

• Not dependent on software version compatibility 
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