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

Motivation, Research questions
and Methodology

Mixed URM-RC building typologies




Mixed URM-RC building typologies
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Research questions

Addition of RC structural «'& =
elements ¢

* |Is the utilization 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?



Motivation / Goals

£ /3y Faster numerical analysis
@ Robustness and accuracy of the 3D models
[
( \: Automation of processes (hnumerical modelling and analysis, and results)

) . . . . .
ﬂ:{---e Convenience in engineering practice



Research methodology (from BIM to FEM/EFM)

7 ;x\\~?

Advanced numerical _[2%;;5’) Simplified numerical
modelling ‘0 < modelling

* Finite Element Models
(FEM)

« 2D shell elements

* Equivalent Frame
Models (EFM)

* 1D bar elements
* More time-consuming » Faster
* Higher accuracy * Reasonable accuracy

Software: DIANAFEA § 3 Software: SAP2000 )3



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

. Development of the BIM-based
methodology

Expeditious modelling and analysis framework




Multiple criteria for

 macroelements’
discretisation

« calculating the
deformable
lengths of piers

« coping with

irregular opening
layouts
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b.1) Typical wall's discretization Typical EF schematizations of the wall

with spandrels averaged tothe  with rigid end offsets referred to floor's nodes at the floor level
openings’ widths ith rigj i
b) Masonry wall with vertical : :
misalignments of the openings =t — -
(Individuation of the spandrels) e .

b.2) Proposed wall's discretization Proposed B schematization of the wall with the spandrels’
with segmented spandrels centreline offsetted to coincide with the floor plane




Definition of non-linear behaviour: plasticity models
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Plastic Hinge: is
used to describe the
deformation of a

section of a
structural element
where plastic
deformation occurs.




Definition of non-linear behaviour: plasticity models
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Definition of non-linear behaviour: plasticity models

Macroelements’ Plastic hinges

(a) I Rigid Nodes
[ O M3 Pier
O M2 Pier
I Piers — R

|:| V2 Pier

Pla::) D V2 Spandrel

‘
ol
l

hmge mmmmm Spandrels e
O M3 Spandrel RN
i
I D
- =
|
In-plane hinges Out-of-plane hinges
M 4 M
MU
\\/f'@s/,v,
Max - 0 ____E Viax f------- My, — le”%@é/o
q///)s
ey O Ouz 4 6)’ &y 8u2 5 9}':01 0 Oy 0
a) Aexural hinges (M3-6) b) Shear hinges (V2-6) c) Aexural hinges (M2-6)



In-plane plastic hinges
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Out-of-plane performance of URM walls
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[1] .M. Ferreira, A.A. Costa, R. Vicente, H. Varum, A simplified four-branch model for the analytical 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.



Out-of-plane failure mechanisms of URM walls

Pure out-of-plane mechanisms Hybrid mechanisms




Simplified failure mechanisms for walls with returns

Triangular distribution

Uniform distribution
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Out-of-plane plastic hinges

State of degradation at crackedjoint A /A, 0, = 8,A /A, AyJA, 6,= 0,A,/A, E= (8.~ 60,)/6,

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

()
Mechanism Condition Uniform distribution Triangular distribution .
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BIM-based methodology for the seismic performance assessment of
existing URM-RC buildings

lll. Seismic performance assessment of
existing URM-RC buildings

Case studies




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:

i Damage observation (damage patterns, failure modes and severity of cracking)
* Modal analysis (modal shapes, frequencies)

* Pushover analysis (target displacement, stiffness, capacity)



Case-study buildings
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Construction of the numerical models (FEM and EFM)

[ L |
A T4

EFM models K

BIM models R : FEM models
|

(B1)

Building 2
(2)

Building 3
(83)
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Workflow for the definition of the EFM (VPL script)

xtensions

Simplified physical Analytical structural
model model
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Workflow for the definition of the EFM (VPL script)

R __ BIMmodels Step 1

)

Simplified physical Analytical structural Identification of the wall
model model planes
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Workflow for the definition of the EFM (VPL script)

R ~ BIM models Step 1 Step 2
Simplified physical Analytical structural Identification of the wall Identification of the
model model planes walls’ perimetral lines in

each floor
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Workflow for the definition of the EFM (VPL script)

R . BIM models Step 1 Step 2

V2

Simplified physical Analytical structural Identification of the wall Identification of the Identification of the Extraction of the piers’
model model planes walls’ perimetral lines in piers midlines (effective
each floor length)
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Workflow for the definition of the EFM (VPL script)

R ~ BIM models Step 1 Step 2
) el
N
Simplified physical Analytical structural Identification of the wall Identification of the Identification of the Extraction of the piers’
model model planes walls’ perimetral lines in piers midlines (effective
each floor length)
Step 4
Q N
Ny :
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spandrels spandrels’ midlines at

the floor level
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Workflow for the definition of the EFM (VPL script)

R ~ BIM models Step 1 Step 2
) o
N
Simplified physical Analytical structural Identification of the wall Identification of the Identification of the Extraction of the piers’
model model planes walls’ perimetral lines in piers midlines (effective

each floor length)

Step 4 Step

L7 [T7 [T
LT [T [T

Ny h N S r
q D Q » ~N = N > q ) NS
N N < S
U . |
Identification of the Extraction of the Definition of the rigid
spandrels spandrels’ midlines at links

the floor level
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Workflow for the definition of the EFM (VPL script)

R ~ BIM models Step 1 Step 2
Simplified physical Analytical structural Identification of the wall Identification of the Identification of the Extraction of the piers’
model model planes walls’ perimetral lines in piers midlines (effective
each floor length)
Step 4 Step 5 Step 6
N > ! ~
N DDD - S
N ~ d
U . |
Identification of the Extraction of the Definition of the rigid Extraction of the end
spandrels spandrels’ midlines at links and middle points

the floor level
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Workflow for the definition of the EFM (VPL script)

R ~ BIM models Step 1 Step 2
Simplified physical Analytical structural Identification of the wall Identification of the Identification of the Extraction of the piers’
model model planes walls’ perimetral lines in piers midlines (effective
each floor length)
Step 4 Step 5 Step 6
N > ! ~
N T T
N DDD S > ﬁﬁ
Q I\l N ~ d ., A | >t ’
q » N = q s«“ A
DDD 4 : 3 N,
N d L1
D D D N ./%\I
Identification of the Extraction of the Definition of the rigid Extraction of the end

spandrels spandrels’ midlines at links and middle points
the floor level
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Workflow for the definition of the EFM (VPL script)

R ~ BIM models Step 1 Step 2
M el
N
Simplified physical Analytical structural Identification of the wall Identification of the Identification of the Extraction of the piers’
model model planes walls’ perimetral lines in piers midlines (effective

each floor length)

Step 4 Step Numerical models

VAN AN
L [ R
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/ /
/ /
/
/
/ /

Identification of the Extraction of the Definition of the rigid Extraction of the end Equivalent Frame Extruded view of the
spandrels spandrels’ midlines at links and middle points Model model
the floor level
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Workflow for the definition of the EFM (VPL script)

Excel I: Model definition

Joint Coordinates
Connectivity — Frame

Frame Section
Assignments

Frame Props 01 - General

Joint Restraint
Assignments

Connectivity — Area

Frame Local Axes 1 —
Typical

Frame Offset (Length)
Assigns

Frame Insertion Point
Assigns

MatProp 01 - General

MatProp 02 - Basic Mech
Props

Area Section Assignments
Area Section Properties

Area Section Property
Layers

Area Auto Mesh
Assignments

Load Case Definitions
Load Pattern Definitions

Auto Seismic - Eurocode8
2004

Case - Modal 1 - General

Case - Static 1 - Load
Assigns

Case - Static 2 - NL Load
App

Case - Static4 - NL
Parameters

Case - Static 7 - Add Con
Disps

Program Control

Excel II: Static forces
* Base Reactions
¢ Element Forces — Frames

* Program Control

Excel lll: Hinge definition

e Hinges Def 03 - Non - DC —
FD

e Hinges Def 05 - Non —
Fcontrol

* Hinges Def 02 - Non - DC —
Gen

* Hinge Ass 02 - User Prop

* Hinge Ass 09 - Hinge
Overwrites

* Program Control

Numerical models

Equivalent Frame
Model

Extruded view of the
model
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Eigenmode analysis — fundamental modes of vibration and

frequencies

Building 1 Building 2 Building 3
- FEM (DIANA) EFM (SAP2000) =D
% Modetype  \1ode No. Freq. [Hz|Mode No. Freq. [H7] M°S;' pa”'8$at'"g rj;“ NE(E/'})?
:§7 Longitudinal (Y) 1 5.55 1 5.05 0.25 0.57 0.00 -9.9%
9 O Transverse (X) 2 6.03 2 5.28 0.61 0.30 0.00 -14.2%
B1 Torsional 3 8.56 3 7.84 0.05 0.04 0.00 -9.2%
Longitudinal (Y) 1 5.76 2 5.32 0.30 0.62 0.00 -8.3%
S Transverse (X) 2 5.88 1 5.08 0.57 0.27 0.00 -157%
Torsional 3 9.21 3 7.71 0.04 0.03 0.00 -19.5%
o Longitudinal (X) 16 3.04 10 2.73 0.97 0.00 0.00 -11.4%
[} O Transverse (Y) - - - - - - - -
5 Torsional - - - - - - - -
S B2 ——
= Longitudinal (X) 1 2,953 1 3.10 0.94 0.00 0.00 4.7%
S 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%
Longtudinal () 1 1.60 1 167 078 000 000 4.2%
O Transverse (Y) - - - - -
B3 Torsional 2 2.89 2 2.92 0.00 0.02 0.00 1.0%
o] Longitudinal (X) 1 1.76 1 1.79 0.81 0.00 0.00 1.5%
,§ S Transverse (Y) 3 341 3 3.13 000 079 000 -88%
|<_‘3 Torsional 2 2.88 2 2.89 000 005 000 -03%
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Pushover analysis — damage patterns and failure mechanisms

Original (O)

Disp. 0.005m =Sep 5

Disp. 0.005m =Step 13

1

Disp. 0.01 m=Sep 14 Disp. 0.02m =Sep 9 Disp. 0.04 m=Sep 19

Disp. 0.005m=Sep 9 Disp. 0.01 m=Sep 25 Disp. 0.005 m =Sep 6
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Pushover analysis — validation against experimental results

FEM (DIANA) Fa EFM (SAP2000) K

- - - Bl Orig. Exp. (EUCENTRE) (-Y) Modal only Y ~ —@— B1 Str. Exp. (EUCENTRE) (-Y) Modal only Y - - - Bl Orig. Exp. (EUCENTRE) (-Y) Modal only Y ~ —— BI Str. Exp. (EUCENTRE) (-Y) Modal only Y

I
I
I
I
I
+Y = |z
<9 | <5}
I
I
I
0@ T T T T g I 0@ T T T T J
& 3 e 0.000 0.010 0.020 0.030 0.040 0.050 | 0.000 0.010 0.020 0.030 0.040 0.050
i ] d[m) | d[m)
Building 1 (B1) |
- - - BI Orig. Exp. (EUCENTRE) (+Y) Modal only Y =~ —— B1 Str. Exp. (EUCENTRE) (+Y) Modal only Y - —@ - B1 Orig. Exp. (EUCENTRE) (+Y) Modal only Y =~ —=&— B1 Str. Exp. (EUCENTRE) (+Y) Modal only Y’
2-storey prototype I
building 500 - : 500 -
(EUCENTRE experimental 450 |
. E 400 4
campaign) 400 |
350 A —e 350 A — e
(Penna 2015) y 2] . : - .
- 2 )
= 250 A R .\\ | o 250 JR— .\\
200 L N 200 L’ N
3 Y | . ‘e
150 4 [ 150 4 [
w0 { } | wod F
50 | 50
0 . - . . \ | 0 - - - . \
0.000 0.010 0.020 0.030 0.040 0.050 | 0.000 0.010 0.020 0.030 0.040 0.050
d[m) d[m)
I
I
I
I
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Pushover analysis — validation against experimental results

Considered load
patterns:

* Uniform pattern, with an
equivalent acceleration
proportional to the mass
distribution;

FEM (DIANA) ra

+Y

F[kN]

0.000 0010 0.020 0.030 0.040 0.050
d[m]

- - - B1 Orig. Exp. (EUCENTRE) (+Y) Modal only Y —#— BI Str. Exp. (EUCENTRE) (+Y) Modal only Y

----- B1 Orig. FEM (DIANA) (+Y) Unifrom B1 Str. FEM (DIANA) (+Y) Unifrom

0.000 0.010 0.020 0.030 0.040 0.050
d[m]

-~ - B1 Orig. Exp. (EUCENTRE) (-Y) Modal only Y ~—e— B1 Str. Exp. (EUCENTRE) (-Y) Modal only Y

----- B1 Orig. FEM (DIANA) (-Y) Unifrom B1 Str. FEM (DIANA) (-Y) Unifrom

EFM (SAP2000)

| X

F [kN]

0.000 0.010 0.020 0.030 0.040 0.050
d[m]

- -8 - B1 Orig. Exp. (EUCENTRE) (+Y) Modal only Y —#— B1 Str. Exp. (EUCENTRE) (+Y) Modal only Y

[ B1 Orig. EFM (SAP2000) (+Y) Unifrom B1 Str. EFM (SAP2000) (+Y) Unifrom

500 ~
450 -
400 4
350 4 Y

300 A .-
250 L7

F [kN]
\
\
\

200 o e N
150 4 »

1001 4

50

0.000 0.010 0.020 0.030 0.040 0.050
d[m]

- - - B1 Orig. Exp. (EUCENTRE) (-Y) Modal only Y ~—=e— BI Str. Exp. (EUCENTRE) (-Y) Modal only Y

~
N
/

| ----- B1 Orig. EFM (SAP2000) (-Y) Unifrom B1 Str. EFM (SAP2000) (-Y) Unifrom
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Pushover analysis — validation against experimental results

FEM (DIANA) ra

EFM (SAP2000 /
Considered load 50 1 L1 4 ( ) X

I
I
patterns: 450 | |
400 - |
350 |
% 300 %‘
+Y = 250 4 : =
200 |
150 4
. 100 |
* Modal pattern in all s I
directions, proportional to 0 I
the fl rst fu ndamental global 0.000 0.010 0.020 0.030 0.040 0.050 | 0.000 0.010 0.020 0.030 0.040 0.050
. d[m] d[m]
mOde Shape, with the . - —e- - B1 Orig. Exp. (BUCENTRE) (+Y) Modal only Y ~—— B1 Str. Exp. (EUCENTRE) (+Y) Modal only Y : - - - Bl Orig. Exp. (EUCENTRE) (+Y) Modal only Y —=&— B1 Str. Exp. (EUCENTRE) (+Y) Modal only Y
g reate r mOd al pa rtl CI patl ng ----- B1 Orig. FEM (DIANA) (+Y) Modal only Y B1 Str. FEM (DIANA) (+Y) Modal only Y | ----- B1 Orig. EFM (SAP2000) (+Y) Modal only Y B1 Str. EFM (SAP2000) (+Y) Modal only Y
ratio in the ana|ySIS ----- B1 Orig. FEM (DIANA) (+Y) Modal all dir. BI1 Str. FEM (DIANA) (+Y) Modal all dir. | — B1 Orig. EFM (SAP2000) (+Y) Modal all dir. B1 Str. EFM (SAP2000) (+Y) Modal all dir.
dlrectlon; 500 - | 500
450 | 450
* Modal pattern only in the 400 1 ;-
analysis direction, which 350 = I 350 R —,
corresponds to the Y 2] g
H = 250 | = 250 _ o
previous load pattern, but . RSt 2
. 200 1 At .
neglecting Ihe component o ] - 7 o
of the load in the 100 | 100
perpendicular direction of 50 | 5o
the pushover. 0 & ' : . : - I 0 - ' - - '
0.000 0.010 0.020 0.030 0.040 0.050 0.000 0.010 0.020 0.030 0.040 0.050
d[m] | d[m]
- -o- - Bl Orig. Exp. (EUCENTRE) (-Y) Modal only Y =~ —e— B1 Str. Exp. (EUCENTRE) (-Y) Modal only Y | ~ -o- - Bl Orig. Exp. (EUCENTRE) (-Y) Modal only Y —=&— B1 Str. Exp. (EUCENTRE) (-Y) Modal only Y
----- B1 Orig. FEM (DIANA) (-Y) Modal only Y B1 Str. FEM (DIANA) (-Y) Modal only Y [— B1 Orig. EFM (SAP2000) (-Y) Modal only Y B1 Str. EFM (SAP2000) (-Y) Modal only Y
----- B1 Orig. FEM (DIANA) (-Y) Modal all dir. B1 Str. FEM (DIANA) (-Y) Modal all dir. | =====B1 Orig. EFM (SAP2000) (-Y) Modal all dir. B1 Str. EFM (SAP2000) (-Y) Modal all dir.
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Pushover analysis — comparison FEM vs EFM

Original configuration Strengthened configuration

Building 3

38



Pushover analysis — comparison FEM vs EFM

Considered load
patterns:

* Uniform pattern, with an
equivalent acceleration
proportional to the mass
distribution;

B2

F [kN]

L]
A1

F[kN]

600 -

500 4

400 A

300 4

200 4

100 A

Original configuration

0.000

1800 1
1600 -
1400 -
1200 -
1000
800 -
600 -
400 -
200 A

0.015 0.020 0.025 0.030

d[m]

0.005 0.010

___
Orig. FEM (DIANA) (+X) Unifrom E ----- Orig. EFM (SAP2000) (+X) Unifrom

0.000

0.040 0.050 0.060 0.070 0.080

d[m]

0.010 0.020 0.030

B3 Orig. FEM (DIANA) (+X) Unifrom ~ ===== B3 Orig. EFM (SAP2000) (+X) Unifrom

F [kN]

F [kN]

Fa
[ T4

600 -

500 4

400 1

300 4

200 4

100 A

Strengthened configuration

0.000

1800
1600
1400
1200
1000
800
600
400
200

0.005 0.010 0.015

d[m]

0.020 0.025 0.030

___
Str. FEM (DIANA) (+X) Unifrom E ----- Str. EFM (SAP2000) (+X) Unifrom

0
0.000

B3 Str. FEM (DIANA) (+X) Unifrom

0.010 0.020 0.030 0.040

d[m]

0.050 0.060 0.070 0.080

----- B3 Str. EFM (SAP2000) (+X) Unifrom
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Pushover analysis — comparison FEM vs EFM

Considered load
patterns:

* 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.

B2

600

500

400

F[kN]
y

F[kN]

300 ,'

200 ’

Original configuration

0.005

1800 1
1600 -
1400 -
1200 -
1000 -
800 -
600 -
400 4
200 A

0

g Orie FEM (DIANA) (+X) Modal only X
[ T4
——— Orig. FEM (DIANA) (+X) Modal all dir.

0.010 0.020 0.025 0.030

----- Orig. EFM (SAP2000) (+X) Modal only X

----- Orig. EFM (SAP2000) (+X) Modal all dir.

_____

-
P

0.000 0.010

B3 Orig. FEM (DIANA) (+X) Modal only X

B3 Orig. FEM (DIANA) (+X) Modal all dir.

0.040 0.050 0.060 0.070 0.080

d[m]

0.020 0.030

----- B3 Orig. EFM (SAP2000) (+X) Modal only X

----- B3 Orig. EFM (SAP2000) (+X) Modal all dir.

F [kN]

F [kN]

600

500 -

400 -

300 -

200 4

100 -

Strengthened configuration

0.000

LY
(4

1800
1600
1400
1200
1000
800
600
400
200

0.005 0.010 0.020 0.025 0.030

Str. FEM (DIANA) (+X) Modal only X~ ====- Str. EFM (SAP2000) (+X) Modal only X

Str. FEM (DIANA) (+X) Modal all dir. &~ === Str. EFM (SAP2000) (+X) Modal all dir.

-2

0
0.000

B3 Str. FEM (DIANA) (+X) Modal only X

B3 Str. FEM (DIANA) (+X) Modal all dir.

0.010 0.020 0.030 0.040

d[m]

0.050 0.060 0.070 0.080

----- B3 Str. EFM (SAP2000) (+X) Modal only X

----- B3 Str. EFM (SAP2000) (+X) Modal all dir.
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BIM-based methodology for the seismic performance assessment of
existing URM-RC buildings

Parametric study of the seismic
performance of URM-RC structures

Influence of linear material properties
Influence of the ultimate flexural drift limit
Influence of the out-of-plane resistance
Influence of the strengthening intervention




A. Influence of linear material properties

Considered cases:
* f=0.5, 1.0 and 2.0 MPa (with compressive fracture energy G, = fx1.6 mm for the FEM);

700 - 700 -
600 T 600
500 g 500 -~ s
PR Ir \\\
= 400 5 = 400 ~ AN
£ p £ g .
300 A 300
200 200 1
100 100
0 . . : : : . 0 . . . . . .
0.000 0.005 0.010 0015 0.020 0.025 0.030 0.000 0.005 0010 0015 0.020 0.025 0.030
d[m] d [m]
—e— Str. FEM (DIANA) (+X) Modal only X , E=900 MPa, fo=1 MPa, ft=0.05 MPa — s Str. EFM (SAP2000) (+X) Modal all dir. , E=900 MPa, fe=1 MPa, ft=0.05 MPa
----- Str. FEM (DIANA) (+X) Modal only X, E=900 MPa, f=2 MPa, ft=0.05 MPa - === Str. EFM (SAP2000) (+X) Modal all dir. , E=900 MPa, fo=2 MPa, ft=0.05 MPa

Str. EFM (SAP2000) (+X) Modal all dir. , E=900 MPa, fc=0.5 MPa, fi=0.05 MPa

Str. FEM (DIANA) (+X) Modal only X , E=900 MPa, fc=0.5 MPa, fi=0.05 MPa

FEM (DIANA) - EFM (SAP2000) )4
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A. Influence of linear material properties

Considered cases:

* f+=10.025, 0.05 and 0.1 MPa (with tensile fracture energy G, = f,x0.001 for the FEM);

700 - 700
600 600
500 POy 500 e
400 o 400 7 e
— i s ~,
é .2 é \\
300 A 2 =300
200 A 200
100 100
0 . . . . . ) 0 T T T T T )
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030
d[m] d[m]
—=&— Str. FEM (DIANA) (+X) Modal only X , E=900 MPa, fc=1 MPa, ft=0.05 MPa —=&— Str. EFM (SAP2000) (+X) Modal all dir. , E=900 MPa, fc=1 MPa, ft=0.05 MPa
----- Str. FEM (DIANA) (+X) Modal only X , E=900 MPa, fc=1 MPa, ft=0.1 MPa ===== Str. EFM (SAP2000) (+X) Modal all dir. , E=900 MPa, fc=1 MPa, ft=0.1 MPa

Str. EFM (SAP2000) (+X) Modal all dir. , E=900 MPa, fc=1 MPa, f=0.025 MPa

Str. FEM (DIANA) (+X) Modal only X , E=900 MPa, fc=1 MPa, {t=0.025 MPa

FEM (DIANA) - EFM (SAP2000) )4
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A. Influence of linear material properties

Considered cases:

« E =800, 900 and 1000 MPa.

700 -
600 -
500 g
< ~'
» S
é 400 P =
B 300 A ¥ RN
200 ¥
Y
100
0 T T T T T "
0.000 0.005 0.010 0.015 0.020 0.025 0.030
d[m]
—=— Str. FEM (DIANA) (+X) Modal only X , E=900 MPa, fc=1 MPa, £=0.05 MPa
----- Str. FEM (DIANA) (+X) Modal only X , E=1000 MPa, fc=1 MPa, ft=0.05 MPa
Str. FEM (DIANA) (+X) Modal only X, E=800 MPa, fc=1 MPa, ft=0.05 MPa

F[kN]

700 1

600 -

500 -

400 -

300 -

200 A

100 -

0.000

——

0.005 0.010 0.015 0.020 0.025
d[m]

Str. EFM (SAP2000) (+X) Modal all dir. , E=900 MPa, fc=1 MPa, ft=0.05 MPa
Str. EFM (SAP2000) (+X) Modal all dir. , E=1000 MPa, fc=1 MPa, ft=0.05 MPa

Str. EFM (SAP2000) (+X) Modal all dir. , E=800 MPa, fc=1 MPa, ft=0.05 MPa

EFM (SAP2000)

0.030

X
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B. Influence of the ultimate flexural drift limit

Considered cases: y
According to the actual version of EC8-3 (CEN 2005): 0,=0.008aH/D;
Mmax """"
! ~-------
gy 6, Oy 0
600 1 600
500 A 500 P it e e E L
wo{ e 400 &
E ’r"’ E /5
= 300 g o 300 J
200 - ," 200
100 A ,” 100
0 T T T T T " 0 T T T T T \
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030
d [m] d [m]
—=&— Orig. FEM (DIANA) (+X) Modal only X —=e— Str. FEM (DIANA) (+X) Modal only X
----- Orig. EFM (SAP2000) (+X) Modal only X5u=0.008¢H/D - === Str. EFM (SAP2000) (+X) Modal only X8u=0.008«H/D
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):

According to the expected future version of EC8-3 (CEN 2022):

600 7

500 1

400 A

F [kN]

300 A

200 A

100 -

0.000 0.005 0.010 0.015 0.020 0.025 0.030
d[m]

—=&— Orig. FEM (DIANA) (+X) Modal only X

----- Orig. EFM (SAP2000) (+X) Modal only X5u=0.008cH/D

Orig. EFM (SAP2000) (+X) Modal only X8u=0.01(1-c04)

Original configuration

F [kN]

600

500

400

300

200

6, = 0.008aH /D;

eu = 001(1_00/f); Mina|------- ! \ _______

0.000

0.005 0010 0015 0.020 0.025 0.030
d [m]
—e— Str. FEM (DIANA) (+X) Modal only X
----- Str. EFM (SAP2000) (+X) Modal only X5u=0.008aH/D

Str. EFM (SAP2000) (+X) Modal only X8u=0.01(1-604)

Strengthened configuration
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B.

Considered cases:
According to the actual version of EC8-3 (CEN 2005):

According to the expected future version of EC8-3 (CEN 2022):

According to the “Modified SIA-model” (Salmanpour et al. 2015):

600 7

500 A

400 A

-
-~
Ss

F[kN]
4
'I

300 A ~

200 -

0.000 0.005 0.010 0.015 0.020 0.025 0.030
d[m]
—=&— Orig. FEM (DIANA) (+X) Modal only X
----- Orig. EFM (SAP2000) (+X) Modal only X8u=0.0080H/D
Orig. EFM (SAP2000) (+X) Modal only X8u=0.01(1-c0/)
----- Orig. EFM (SAP2000) (+X) Modal only X8u=0.0080/(1-c04)

Original configuration

F [kN]

Influence of the ultimate flexural drift limit

M
0, = 0.008aH/D:
6, =0.01(1 —ay/f); Moy |2 : <
0, = 0.008a(l — ao/f); |
0y Oy Oz
600 1
500 — e
\\\
400 - X
\\\
300 - ’
200 -
100 -
0 . . . . . ,
0.000 0.005 0010 0015 0.020 0.025 0.030
d [m]
—e— Str. FEM (DIANA) (+X) Modal only X
----- Str. EFM (SAP2000) (+X) Modal only X5u=0.008«H/D
Str. EFM (SAP2000) (+X) Modal only X5u=0.01(1-c04)
----- Str. EFM (SAP2000) (+X) Modal only X5u=0.008a(1-c04)

Strengthened configuration
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B. Influence of the ultimate flexural drift limit

Considered cases: y
According to the actual version of EC8-3 (CEN 2005): 6, = 0.008aH/D;
According to the expected future version of EC8-3 (CEN 2022): 0, =0.01(1 —ay/f); Minay|- -2 : .
According to the “Modified SIA-model” (Salmanpour et al. 2015): 6, = 0.008a(1 —ay/f); '
According to the Italian code (NTC 2008): 6,=0.006;
o, 6, Oy 6
600 A 600
500 A 500 T T —— e T L
400 1 ==__ 400 \\
= 300 1 N = 300
200 A 200
100 A 100
0 T T T T T " 0 T T T T T "
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030
d[m] d[m]
—=e— Orig. FEM (DIANA) (+X) Modal only X —=— Str. FEM (DIANA) (+X) Modal only X
----- Orig. EFM (SAP2000) (+X) Modal only X5u=0.0080H/D — === Str. EFM (SAP2000) (+X) Modal only X5u=0.008cH/D
Orig. EFM (SAP2000) (+X) Modal only X5u=0.01(1-c0/£) Str. EFM (SAP2000) (+X) Modal only X8u=0.01(1-c04)
----- Orig. EFM (SAP2000) (+X) Modal only X5u=0.0080(1-504) = === Str. EFM (SAP2000) (+X) Modal only X5u=0.008a(1-c04)

Str. EFM (SAP2000) (+X) Modal only X5u=0.006

Orig. EFM (SAP2000) (+X) Modal only X5u=0.006

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):

According to the expected future version of EC8-3 (CEN 2022):
According to the “Modified SIA-model” (Salmanpour et al. 2015):

According to the Italian code (NTC 2008):
Proposed calibrated value (based on the “Modified SIA-model”):

600 7

500 A

400 -

F[kN]

300 A

200 -

100 -

-
~
Ss

0
0.000

0.005 0.010 0.015 0.020 0.025 0.030
d[m]
—=&— Orig. FEM (DIANA) (+X) Modal only X
----- Orig. EFM (SAP2000) (+X) Modal only X5u=0.008«H/D
Orig. EFM (SAP2000) (+X) Modal only X5u=0.01(1-c04)
----- Orig. EFM (SAP2000) (+X) Modal only X3u=0.008a(1-c04)
Orig. EFM (SAP2000) (+X) Modal only X3u=0.006
----- Orig. EFM (SAP2000) (+X) Modal only X5u=0.011a(1-c04)

Original configuration

F[kN]

M
6, = 0.008aH/D;
6, =0.01(1 —ay/f); Monax|------2 : . __E
0, = 0.008a(1 — 0, /f); '
6, = 0.006; |
0, =0.011a(1 — o, /f). e
P
300 A h \\
0000 0005 2010 0015 0020 0025 0030
d[m]

—e&— Str. FEM (DIANA) (+X) Modal only X
————— Str. EFM (SAP2000) (+X) Modal only X5u=0.008aH/D
Str. EFM (SAP2000) (+X) Modal only X5u=0.01(1-604)
----- Str. EFM (SAP2000) (+X) Modal only X5u=0.008c(1-c04)
Str. EFM (SAP2000) (+X) Modal only X5u=0.006
----- Str. EFM (SAP2000) (+X) Modal only X5u=0.011a(1-c04)

Strengthened configuration
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C. Influence of the out-of-plane resistance

Considered cases:
Piers without OOP hinges;

700
600
500 A

404 e - ST
A’—

F [kN]

300 - 4

200 - /

0.000 0.005 0010 0015 0.020 0.025
d[m]

—=&— Orig. FEM (DIANA) (+X) Modal only X

----- Orig. EFM (SAP2000) (+X) Modal only X , No OOP hinges

Original configuration

F[kN]

700 1

600 -

500 4

400 -

300

200 A

100 -

0.000

e cccace==""

0.005 0.010 0015 0.020 0.025 0.030
d[m]

—e— Str. FEM (DIANA) (+X) Modal only X

----- Str. EFM (SAP2000) (+X) Modal only X , No OOP hinges

Strengthened configuration
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C. Influence of the out-of-plane resistance

Considered cases:

Piers with OOP hinges neglecting the return walls;

700 -
600 1
500 A

4004 0 e _e-mmTTTTT o=

F[KN]

300 o
200 A s

100 1 /7

d[m]
—— Orig. FEM (DIANA) (+X) Modal only X
~~~~~~~~~ Orig. EFM (SAP2000) (+X) Modal only X , OOP hinges without returns
----- Orig. EFM (SAP2000) (+X) Modal only X , No OOP hinges

Original configuration

0.000 0.005 0.010 0.015 0.020 0.025 0.030

F [kN]

700

600

500

400

300

200

0.000

S ccccc===""

0.005 0.010 0.015 0.020 0.025 0.030
d[m]
—=&— Str. FEM (DIANA) (+X) Modal only X
----- Str. EFM (SAP2000) (+X) Modal only X , No OOP hinges

-------- Str. EFM (SAP2000) (+X) Modal only X , OOP hinges without returns

Strengthened configuration
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C.

Influence of the out-of-plane resistance

Considered cases:

F [kN]

Piers with OOP hinges considering the return walls (proposed default configuration).

700 -

600 1

500

400 A

300 A

200 A

100 +

0.000

0.005 0.010 0.015 0.020 0.025
d[m]
—e— Orig. FEM (DIANA) (+X) Modal only X
Orig. EFM (SAP2000) (+X) Modal only X , OOP hinges with returns
--------- Orig. EFM (SAP2000) (+X) Modal only X , OOP hinges without returns
----- Orig. EFM (SAP2000) (+X) Modal only X , No OOP hinges

Original configuration

0.030

F[kN]

700 1

600 -

500 -

400 A

300

200

100

Seecmcaaa-

———

0.000

0.005 0.010 0.015 0.020 0.025

d[m]
—e— Str. FEM (DIANA) (+X) Modal only X
----- Str. EFM (SAP2000) (+X) Modal only X , No OOP hinges

--------- Str. EFM (SAP2000) (+X) Modal only X , OOP hinges without returns
Str. EFM (SAP2000) (+X) Modal only X , OOP hinges with returns

Strengthened configuration

0.030
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D. Influence of the strengthening intervention

Considered cases: Considered load patterns:
Timber diaphragms (original configuration); + Uniform pattern

RC slabs (strengthened configuration).

600 - 600 -
041 TN N soy /e N
-~ So R4 D
Pid ‘~\~ PR

400 e TS 400 A Jiat
— ’ SS3s = v
E "1 ~~~~~ E /7
= 300 - 4 - = 300 ’/

° /
/
200 200 1 /
’l
/
100 - 1004 //
4
4
0 : . . : . ) 0 . . . . . ,
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030
d [m] d[m]
----- Orig. FEM (DIANA) (+X) Unifrom Str. FEM (DIANA) (+X) Unifrom —==== Orig. EFM (SAP2000) (+X) Unifrom Str. EFM (SAP2000) (+X) Unifrom

53



D. Influence of the strengthening intervention

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

600 -

500 A

--------
-
-

400 o <

~~~~~

F[kN]
\
N
)
/
/

-
300 A Lo TTSEES

-~
~—~
-~
~—

200 A

100

0 T T T T T d
0.000 0.005 0.010 0.015 0.020 0.025 0.030

d [m]

----- Orig. FEM (DIANA) (+X) Modal only X Str. FEM (DIANA) (+X) Modal only X

----- Orig. FEM (DIANA) (+X) Modal all dir. Str. FEM (DIANA) (+X) Modal all dir.

~~~~~~~~~~ (no diaph.) FEM (DIANA) (+X) Modal all dir.

FEM (DIANA) -

Considered load patterns:

* Modal pattern in all directions

* Modal pattern only in the analysis direction

600

500 A

400 227 D

300 A Rt X

F[kN]
(Y
(Y

200 A &

100 4

0 T T T T T ]
0.000 0.005 0.010 0.015 0.020 0.025 0.030

d [m]

----- Orig. EFM (SAP2000) (+X) Modal only X Str. EFM (SAP2000) (+X) Modal only X

----- Orig. EFM (SAP2000) (+X) Modal all dir. Str. EFM (SAP2000) (+X) Modal all dir.

----------- (no diaph.) EFM (SAP2000) (+X) Modal all dir.

EFM (SAP2000) ﬁ(
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BIM-based methodology for the seismic performance assessment of
existing URM-RC buildings

IV. Contributions




Contributions

f /\ Speed of the analysis: EFM vs FEM

@ Robustness of the model creation plug-in

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

[ ]
(' Y Automation and simplification of processes

* Modelling, analysis, and results

ﬂ‘.ﬁe Convenience in engineering practice
(2) * 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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