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Abstract

In Structure analysis of Masonry structures two separate models are realized normally for
global and local verifications using Finite element analysis (FEM). According to NTC-18 local
interventions made either to a single part or an element of a structure should not change the
global behavior of structure significantly. But there is always a doubt that whether the local
intervention will change the global behavior significantly or not. This gave rise to 3Muri project
that make use of a single integrated model for making both Local and global verifications on a
same single model and use an innovative approach of frame by macro elements (FMA). To
support this idea a masonry building of town hall of pizzoli in central ITALY was modelled in 2
different open-source software’s: software Salome Meca which implements code aster, which
is powerful FEM solver and 3Muri which implements an innovative fast approach of meshing
using Frame by Macro elopements elements. Modal analysis was performed in both software’s
and seismic response of masonry structures was compared in terms of Time period of vibration
of structure for first 4 modes of vibrations and ultimate displacement was also measured and
compared. when two software’s were compared it was observed that there was negligible
difference in time period of vibration (about 15% for first 4 modes) obtained from the 3Muri
and Salome Meca. Moreover, the difference in time period of vibration between two software’s
increases for higher modes.

Keywords

Code-aster, 3Muri, Frame by Macro elements (FMA), structure analysis, Finite element analysis
(FEM).
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Introduction

Code aster is a powerful finite element mechanical solver developed in France can perform
both static and dynamic analysis in field of civil Engineering as well. Code aster is implemented
in an open-source software known as Salome Meca which has been used here for structure
analysis of masonry building in order to compare the approach of Finite element analysis,
typical approach which has been wide spread in many commercial software’s. Salome Meca can
perform both linear and non-linear analysis and considers various non-linear material
properties. 3Muri on the other hand is a software that use unique innovative approach of
Frame by Macro elements particularly designed for structure analysis of masonry structures
developed as result of 3Muri project. 3Muri is made specifically for the linear and non-linear
analysis of masonry structure developed in ITALY. There are already some common types of
masonry structures and various types of bonds strength that can be realized in 3Muri.
Moreover, 3Muri there is also a possibility to reduce the material and mechanical properties for
existing structure based on level of knowledge of structure. Muri makes use of an innovative
approach of Frame by Macro elements (FMA) an approach made specifically based on
experience of most common types of failures that occurred in masonry buildings over last
couple of years. This approach of FMA is much faster than FEM and saves the computational
effort and cost of analysis. 3Muri make use of equivalent frame approach that has deformable
parts (spandrels and piers) that are connected through rigid zones.

Background

The seismic response of masonry building subjected to earthquake are modelled using different
modelling strategies in the commercial codes but they follow some simplified assumptions.
Particularly for existing masonry structures there are some uncertainties associated with
material and mechanical properties of mortar material. However, it’s not possible to rely
completely on a single modelling strategy for all types of structures. It’s possible to carry out
the non-linear analysis in commercial finite element software’s using the non-linear constitutive
laws of materials. However, an innovative and simplified approach of equivalent frame method
proposed particularly for the structure analysis of masonry structure is proposed based on the
observation of damages that can occurred in last couple of years in masonry structures. It has
been observed from practical experience that most of damage is concentrated in spandrels and
piers while rigid nodes remain intact.

Equivalent frame approach divides the structure into horizontal and vertical elements known
as spandrels and piers where most of damages takes place and these spandrels and piers are
connected through rigid nodes. It has been observed that most of damages that has occurred in
masonry structures has taken place in these horizontal and vertical panels.

(SARERI, 2017-2018)
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Case Study (Building Description)
In order to make a comparison between the code aster and 3Muri a two-story building in
masonry was chosen. 2-Story Masonry Building Located in Central ITALY in Northwest of
city of L’aquila, (Abruzzo) was chosen. The building is an old School Building built in 1920.
The building was a regular U-shaped Regular Plan with Regular openings and has Total Area
of 770 m? and Total Volume of 5000 m3. Roof of this building was replaced with RC Slab and
External Elevator was added later. This building is one of network of building monitored by
Seismic observatory of Structure (Osservatorio sismico delle strutture — OSS). It’s a service
of seismic risk and it aims to protect the public service buildings and other important
structures and are monitored by using some sensors that record the acceleration as result
of earthquake. The figure 1 shows the original condition back in 1920 while figure 2 shows
the current position of building. that was modelled in code aster and figure 3 shows the
plans of building which was almost symmetrical for all floors and positions of
accelerometers installed on the buildings that recorded the accelerations continuously as
part of structure health monitoring system.

Plzzoll (m. 740) - Edificio scolastica e Castello medloevale

Figure 1: Town Hall of pizzoli in 1920
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Figure 2: Town Hall of pizzoli in 2018
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Figure 3: Plan of Building and Position of acetometers installed on building
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Numerical Modelling of Masonry Structures

Numerical modelling of masonry structures is complicated process and there are many
simplifications that have to be made because there are many uncertainties associated with
material and mechanical properties of materials in masonry structures. These uncertainties are
more predominant in case of existing masonry structures. Masonry structures are mostly
realized with different types of materials and subjected to decay with passage of time. So, it’s
always recommended to perform some tests in order to determine the level of knowledge of
our structure before performing the structure analysis of an existing masonry building.
Moreover, the seismic response of structure also depends on the bond strength of masonry
blocks which is not always easy to determine. The most of resistance is provided by
compressive strength of masonry blocks while tensile strength is taken equal to zero. However,
this assumption can change the seismic response of masonry structure significantly

11
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Code Aster and Salome Meca

Code_Aster, acronym for Analysis of Structures and Thermo-mechanics for Studies and
Research from France that takes into account thermal effects and dynamic loading history. It
was developed by EDF (Electricité De France) a French electricity utility company.

Code_Aster is a finite element analysis solver, a FEM Mechanical Solver Engine and can handle
following types of analysis as follows:

e linear statics
* non-linear statics
e dynamic Analysis

Code-aster is an Open-source software. open to everyone as everybody can add
into its source code. Opposite of it is commercial code not available to everyone.

Code aster is basically a combination of algorithms for Finite element analysis.

Code-Aster Website http://www.codeaster.org.

Code_aster have a website which has an open access and all the documents that are required
to learn and use the code_aster is available on the website. Moreover, the documents are
divided into different categories as can be seen in the figure 4 below:

12
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Structures and Thermomechanics Analysis for Studies u EN FR E
and Research
Code aster NEWS PRESENTATION |DOCUMENTATION |TRAINING FORUM DOWNLOAD SUPPORT PRONMET

—
TRAINING

Al course matesials released under the
GFDL license

DOCUMENTATION

Everything you alwa anted to know
about using co

ﬁ- NLOAD

The aster-full packages code_aster
stable and code_as

SUPPORT

Documents helping the us:
become familiar with code_astes

" St s e e S o= &8
Handbook ofUse U s oo e IR e e o

A T SMARASS FOGAEE LD 54 NS O 8 ARV THASASOT" 1 Ml 5 YOS WP LS 1
- pa nance

Handbook of Reference R

Handbook of Data-processing D
description

Handbook of Validation \")
Handbook of Administration Wit
h

Figure 4: Code_Aster website available documents

Code-Aster Input and output formats
Code aster has various types of input formats and it’s written in python. It’s possible to give
input to code aster in Salome-meca software by using an input file that is written in python or

it’s possible to gives input in terms of other input file formats such as can be seen in the figure 5
below:

13
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MED format is by default and
advised in code_ASTER.

o

MED, ASTER, GIBI,

GMSH and IDEAS \ A [
and IDEAS

code_aster
Command File (follow FEM Mechanical
python syntax) Solver

Text file .comm

Figure 5: Input and Output File Formats of Code_Aster
However, the. Med format is by default used in code_aster.

Salome_Meca

SALOME is an open-source software that provides a generic platform for pre- and post-
Processing for numerical simulation Salome-Meca is a bundle which allows to run code-aster in
a single GUI. Inside the Salome Meca there is a module of code aster as can be seen in figure 6
below:

< SALOME-MECA 9.3.0 - [geometry_GROUPS_made _&_meshed_pizzoli]

File Edit View Operations Commands Tools Window Help

L & & I"AsterStudy - "I“’ ®© 5@ 9

Figure 6: Code_Aster Module inside Salome Meca

Open-source software is open to everyone as everybody can add into its source code. Its
source code is available to public and they can view, modify and add into it. Opposite of it is
commercial code not available to everyone. Code aster is basically a combination of algorithms
for Finite element analysis.

Numerical Model in Salome Meca
A numerical model was realized inside the software completely inside the Salome Meca. It's
possible to model directly on Salome Meca or import the input file in .MED file from GMSH.
Just the centerlines were modelled 1%t then. Building was having regular openings. The
geometrical model was having following significant geometric properties:

14
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1. Geometrical Model 63 Geometry M
The geometrical model realized inside the Salome Meca has following significant features:

* 1074 no of Nodes

e 1609 no of lines

* 588 no of faces/Surfaces

* Modelled just centerlines of walls

* 42 Groups in total

* Regular Openings

* 2 Types of Beams for Elevator Frame and RC Roof.

* Remaining all groups for shells (for walls and slabs).

Groups of nodes and lines were made such that later we will assign the material properties to
them. We have to create groups in mesh in order to define boundary conditions and load later on.

Inside Salome Meca it’s possible to create groups in mesh in order to define boundary
conditions and load later on. Two major types of groups were one for beams as follows:

* 1stelevator all steel beams all line were made a group as Compound group as
“Elevator_Steel Frame_Beam_typel”
e 2"4RC beams of Roof all line were made a group as Compound group as
“Roof RC_Beam_type2”
e All other faces were defined as Shell elements.
e 2"4RC beams of Roof all line were made a group as Compound group as
“Roof_RC_Beam_type2”. All other faces were defined as Shell elements.

Finally geometrical model realized in Salome Meca can be seen as in figure 7 below:

15
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File Edit View NewEntity Repair Inspection Operations Tools Window Help
Ded eB(ewn ‘asesaumer
L /0NN U NG IEL Y SROOLNSeL REDD BE
fNL 1 AP0/ 0 FN FOSBRLO PAINNG L EEIY VGRS

Object Browser & X OCC scene:l - viewer:1
® Name PUPRABLPEA PSPV O009S PO S aea
- > Geometry

> W Mesh

A AsterStudy /

> GUI states

Object Browser  NoteBook

Parameter Value

Text & X

@ Name
Dimensions
Annotations

Figure 7: geometrical Model inside Salome Meca

Mesh -
2. Mesh Module | =

Meshing is subdivision of our structure into elementary objects. Following types of meshing can
be done inside Salome Meca:

e point
e edge
e square

e tetrahedron
e triangular

There are many types of meshing that can be defined inside the Salome meca. There were 2
major types of meshes that were created one for beam and other for shell as follows:

([U4.21.01] Operator LIRE_MAILLAGE, n.d.)
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Meshing for Beams

Automatic length having fineness of 0,25 was assigned to all the beam elements in Hypothesis

Following types of meshes were defined as can be seen in the figures 8-11 below:

¢ Hypothesis ... [ pd

4& Automatic Length

Arguments

4k

Marme |Autnmatic Length_1 |
|

Fineness |IIIZ|

OK Cancel Help

Figure 8: Hypothesis chosen for Beam Meshing

= Create mesh O >

Mame |Mesh_Eeam |

Geometry | @ |2c|t|ject[s] |

Mesh type Any -

3D 2D 1D oo

Algorithm Wire Discretisation -
Hypothesis Automatic Length_1 - 3 «ﬁ
Add. Hypothesis <MNone= - 3 ;z
Quadratic Mesh_1 oy ?z
=
Assign a set of hypotheses
Apply and Close Apply Close Help

Figure 9: Beam Meshing
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Shell Meshing

Walls and slabs were modelled as shell and following and meshing used for shell was having
following properties. Shell meshing thickness is taken as 0.2m and no. of layer=1 taken from the
as shown below Stairs are modelled as 0.2m thick plate.

< Hypothesis Construction ] X
ﬁ Viscous Layers
Arguments
MName |‘|.Fiscnus Layers 2D_1 |
Total thickness |IZI.2 = |
Number of layers |1 = |
Stretch factor |1 = |

(@ Edges with layers (walls)
Specified edges are

() Edges without layers (inlets and outlets)

Add
Edges with layers Remove
OK Cancel Help

Figure 10: Hypothesis for Stairs for Mesh
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< Create mesh [l >

Mame |MESh_5hEII-SCﬂLE |

Geometry | @ | |3. SHELL_SEZ_3_MAT_2_SCALE |

Mesh type Triangular -

3D 2D 1D oD

Algorithm Triangle: Mefisto -
Hypothesis <Default> - [ ; ﬁ
Add. Hypothesis <Mone= - Gﬁ ﬁ
Viscous Layers 2D_1 .
W
=
Assign a set of hypotheses -
Apply and Close Apply Close Help

Figure 11: Meshing for Stairs as Shell

In the similar manner the meshing for shells for walls and slabs were defined 1%t and then
assigned as per the groups made in the geometry module. The figure 12 below shows the
pictures of major two types of meshes defined for Beams and shells as follows:

Object Brovser L& OCC scene:1 - viewer:1

Il ® P RFARE LAPAFAA PSS FOLOOIO DD >c¢cGoldswH-@aadad - 0 »

L Name

® 5Mesh_inclided_Roof
i 6Mesh_Roof slab

[6hosonoonobonosonbsbnaosbede

GG E T T TG E T TG

Object Brawser

Figure 12: Meshing inside Salome Meca
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@ Asterstudy -
3.Aster Study 0

There is complete module inside the Salome meca software that implements code aster. Code
aster being the collection of powerful algorithms and has many applications in many fields such
as Civil, Mechanical and electrical and its continuously updated and evolved over past 25 years

of research.

The following figure 13 below the steps or stages followed inside the code aster module in
order to carry out any types of analysis which has been discussed one by one later:

e Add a stage (we can use a readymade stage using stage assistance of linear static
analysis for example)
e Read a mesh

e Define element
e Assign to the group that we have created in mesh

e Command file is created in Aster study

File Edit View Operations Commands Tools Window Help

0w d|fesy -@ls @ 2@ 9 o 6@ P & X ea8h Rl N A

* @ ouput ~

(2] [ (@ mesn - @ model Defation v | [ mewerisl ~ | @, Functions and usts + | (@ BC snd Losd + | (@, Pre analysis ~ | [, Ansysis = | [ Post Processing | [0, Fracture and Fatigue

| = e mr—

| i@ CurrentCase

~ Stage 1
7_ | 1. Read A Mesh---> ‘LIRE_ MAILAGE’

VNRTIAG © T VRRSIBION DIOCES UBRTON T WDSAS 15 & TMECNR TIRASIADAN. My DR IMErRCise And INSCCATaNG 17 Who'e &7
i per and ¢ pecvided

| 2. Assign a FEM-—> ‘AFFE_MODELE’
3. Section Definition---> ‘AFEE_CARA_ELEM’

B BC and Load
i Pre Analysis
B Analysis

i [Lcoseview | story view

< >

“ 4. Define Material-----> ‘DEFI_MATERIAL’
Fieparne st |Moge | B 5. Assign Material ----- > ‘AFFE_MATERIAU’

v W Stage i
B IMeshBeam12 i Ve

Ro R3 R4 R5 RG R7

For Every command there
is a complete Document

Do D Dz D4 Ds D& D&

available on website of |[——__ I8

Code_Aster.

VERIF="0UF

Figure 13: Steps of analysis inside Code aster module
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Add a stage

The 1% step to do inside the code aster is to add a stage in case view as | have created stage 1 in
the case view and later all the work will be done in this stage.

Reading Mes
File Edit View Operations Commands Tools Window Help

) & & BN ERCE RN A N AR T . %X ¢ G‘W‘ﬂf
PR G m Model Defintion = | (D), Material = | [, Functions and its = | [, 8C.and Load = | I, Pre Analysis = | [, Analysis

*| [, Post Processng = | D). Fracture and Fatgue = [, Ovtpt =

] P RPRA@E LPAAPHSDIFOO0D

[nformaten oo
mesh_1 = LIRE_MATLLAGE(

FORMAT=MED'

=1,

THO_MED=1,

WOM_MED = "Mash_Beam_1',

i

VERI_MAIL=_F

VERIF='0UT

Figure 14: Reading a Mesh

Figure 15: Reading Beam Mesh in code aster

21



$287972
Thesis Report

2" step to do is to read the mesh that we have created in already inside the mesh module.
However, it is also import to read a various mesh format such as Gmesh, Gibi and aster.in figure
15 shows the beam mesh that has been read in code aster. In the similar manner all the meshes
created for shell walls and slabs were read in code aster module. The figure 16 below shows the
available possibilities to read a mesh:

([U4.21.01] Operator LIRE_MAILLAGE, n.d.)

1. Reading a Mesh —->*

‘ MED, ASTER, GIBI, GMSH and IDEAS ‘ E Edit command

\ Read a mesh
3 types of Checks are made: Name |mesh_B1
+ absence of orphan nodes I
. \ \ T m ,® { =
» absence of meshes in double [ #) L2 | & ® L@J " Q
- absence of too flattened meshes --\k [Search... (press Esc to dear seard
+ INFO_MED=1: No Impression, A\ Mesh file locat - .
| pression,(By \ 2;-'0!?1:3:;1;‘53 on 1.Mesh_Beam_1
Default) )
« INFO_MED=2 only impressions [ Med v)
relating to the correspondence [ Mesh check ;
¥ Edit...
family/group, » Flat criterion=0.001, Che.. -
+ INFO_MED= 3 the totality of NOM_MED e [ - e
information is printed L.Mesh_Beam 1 - <
| mro_men [1 v
Verbosity =1 (By Default) Verbosity B |

Verbosity=2 (Increases output data)

Figure 16: Reading a Mesh

Mesh file Formats

There are many formats in which File can be imported into aster study such as MED, ASTER,
GIBI, GMSH and IDEAS. | Imported the mesh from .MED Format The format who means
“Modeling and Data exchanges “is a neutral format of data for the data exchanges between
computer codes. MED format is by default and advised in code ASTER. The figure 17 below
shows all the possible file formats that can be imported and exported in code aster.

([U4.21.01] Operator LIRE_MAILLAGE, n.d.)
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MED format is by default and
advised in code_ASTER.

——

[ MED, ASTER, GIBI,

code_aster
Command File (follow FVI Mechanical
python syntax) Solver

Text file .comm

EEEREITRIDEAS \ " " MED, ASTER, GMSH
N and IDEAS

Figure 17: input and output file formats of code_Aster

Mesh Check Mesh Check

m Edit command

Read a mesh >} Mesh check

Name /mesh_1

G t.®®®'* &

4§ |Search... (press Esc to clear search)

Check

Flat criterion

Yes

0.001

112 L

Figure 18: checks for mesh

The operand VERI_MAIL performs three types of checks on the grid:

* absence of orphan nodes (A node is considered as orphan if it does to contain to any mesh

connectivity).
¢ absence of mesh “in double”,

* absence of too flattened mesh (the flatness of mesh is defined as ratio of stop shortest and

longest of mesh)

23
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By default, these three checks are made by code aster. However, it is also possible to avoid
these checks in case if user wants to avoid these checks.

To check the quality standard of the imported grid operand MACR_INFO_MAIL is used.

INFO_MED Print information specific on the course of the second reading of the file of grid MED
(number of nodes and meshes read again, information on families MED):

INFO_MED=1: No Impression, (By Default)

INFO_MED=2 only impressions relating to the correspondence family/group,

INFO_MED= 3 the totality of information is printed

Verbosity

There are 2 options for verbosity 1 or 2. By default the verbosity is 1 but if we choose 2 it will
increase the file output file data.

24



$287972
Thesis Report

% ]
Edit command

Read a mesh

MName |mesh_E12

G '\.ﬁ)b‘* &

Q |Search... (press Esc to clear search)

Mesh file location = |2 Mesh Beam 2

20="0:1:3:1818"
+’| Mesh file format Me -
h file f [ Med | &
Mesh check _
Check="Yes!, Flat criterio... Edit... ‘
MOM_MED
| : .
o o2 2.Mesh_Beam_2 e
INFO_MED 1 ol
Verbosity |1 v| -«

Figure 19: Reading Mesh of Roof RC Beam
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G
Edit command

Read a mesh

MName |mesh_3

G K@'b‘* &

Q |Search... (press Esc to clear search)

Mesh file location = | <3 undefined>

3=
Mesh file format | Med v| -
Mesh check .

Check="Yes", Flat criteric... Edit... ‘
EIDM_MED | ,| akv

+| INFO_MED 1 .

| “«
+| Verbosity 1 »

«

ok Close Apply

Figure 20: reading Mesh for Walls and slabs
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Model Definition (Assign a Finite element)

Basically, there are 3 types of elements used as follows:

1. 2 node Beam elements which implies Timoshenko Theory used for RC beams and steel
beams of elevator Frames

2. 4 node shell elements with bilinear shape functions used for slabs and masonry walls.

3. Aspring element is also used to model the uncertainties of the geometry and materials
below the mezzanine floor (boundary conditions).

e Square Hollow steel beam of 0.18m x 0.18m and 0.004m thick for elevator frame.

e A RCBeam of depth 0.35m and width 0.30m for Roof.

e Stairs are modelled as 0.2m thick plate.

Modelaztion POU D T, POU D E,

POU _C T, Bar

POU_D_T means Straight Beam of Timoshenko (Refer to Doc U3.11.01) takes into account
the effect of transverse shearing. For modelling of beam each node in mesh is subjected to
6 degrees of freedom (three translations along the 3 axes and 3 rotations). The nodes
represent the segment of average fiber of a beam.

Finite element Degrees of freedom (with each node top)
DRY
POU D T DX DY DZ DRX A DRZ
DRY
00 D E ) DY DZ JR? )RZ
FOU_D_E DX PRX " MARTINT -
BAR DX DY DZ

The mesh associated with the finite elements of this type of beam is Beam with segment of
2-Nodes.

Mogeling Mfsh Iﬂnite element_ Remarks
| POU D T SEG2 MECA POU D T
POU D E SEG2 MECA POU D E
BAR SEG2 MECA BARRE

There is no need to create the mesh discretization for the edge of elements of beam and
bar as all the loads applied to elements of beam are taken as direct discretization of mesh.

POU_C_T means Curved Beam of Timoshenko (Refer to Docs on aster study)

POU_D_E means Straight Beam of Eulerian (Refer to Docs on aster study)
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COQUE means shell in code Aster.

COQUE means shell in code Aster. ([U4.41.01] Operator AFFE_MODELE, n.d.). the figure 20
shows how to assign a finite element to the mesh:

2. Assign a FEM--—-> ¢ ’

Operands Contents/significance °
ALL Assignment with the totality of the meshs m Edit command
GROUP_MA Assignment with a list of groups of meshs
Assign finite element > Finite element assignement > [0]
3 types of Phenomenon:
. Name [FEM_B1
Acoustic
- LN T m,® .
Mechanic . [ #EP RSO L 2]
Thermic ™ A - ;
~ Ll |beﬂ‘ch... (press Esc to clear search)
* 2-Node Beam Element for Beam POU_D_T 0 | ’gz’eifhm = =
S
* 4 Node Shell Element for wall and slab COQUE_AXIS 1N
. O Group of element Edit..
~
Keyword Modeling |
BA BAR, CABLE GAINE Phenomenon © |Mechanic v
CABLE CABLE. CEBLE POULIE )
TR COQUE AXIS, | COQUE_C_PLAN, COQUE_D_PLAN, DKT, DST, DKQ, DsQ, Modelisation * ¥ litem &
Q4G, COQUE 3D, DKTG, Q4GG I

DISCRETE DIS T, DIS TR, 2D DIS T, 2D DIS TR |[0] = —73 H
EEEN POU_D E, [ POU_D_T| POU_D_TG, POU D_T_GD, FLUI_STRU, TUYAU_3M, -

TUYAU 6M, POU D EM, POU D TGM i

SOLID MASS 3D, AXIS, AXIS FOURIER, C PLAN, D PLAN, TUYAU 3M, TUYAU 6M

G 5 E CE E G| L MERA = .

SRID CRILLE EXCENTRE, GRILLE MEMBRANE Modeling PoU D T (Right Beam of Timoshenko)
MEMBRANE MEMBRANE EpE

3D FAISCERU

POU D EM, POU D TGM
S TR

s_T

Figure 20: Assigning a FEM to mesh
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\
Edit command
Assign finite element = Finite element assignement = [0]
Name |FEM_BJt |
Y
G ot 3
Q |Search... (press Esc to clear search) |
Exactly One *
() Everywhere Yes W
@ Group of element Edit... ‘
Phenomenon = |Mechanic V|
Madelisation = w litem &}
[0] = |POUD_T v| - X
QK Abort Cancel

Figure 21:Assigning FEM Beam_1 of Steel elevator Frame Mesh
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It’s also possible to give Length, temperature and pressure to the FEM model as shown in figure

22 as follows:

m Edit command

Assign finite element = Characteristic value

Name |FEM_B1 |
G eoprha

Q |Search... (press Esc to clear search) |

[ ] Length 112
|:| Pressure 12
|:| Temperature m

Figure 22: giving properties to FEM
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% ]
Edit command

Assign finite element

Name |FEM_B2 |

G '\.ﬂ)"* &

Q |Search... (press Esc to clear search) |

— At Least One *
[] Substructures ... Edit...
Finite element ... ¥ 1 item =]
-

[0] Everywhere="ves'... ‘ — x

Mesh = 'mesh_B1 ..AILLAGE) ~
Verbosity 1 v| -
[] characteristic v... Edit...
[] m™PI distribution Edit...
[] Jacobian check Yes L

Figure 22: Assigning FEM to RC Roof Beams
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%]
Edit command

Assign finite element

Name |FEM_S1

G owea

Q |Search... (press Esc to clear search)

— AL Least One *
|:| Substructures assignement Edit...
Finite element assignement w1 item EL
[0] Everywhere="Yes', Phenomenon="Mecha... ‘ : Izl
Mesh = mesh_3 (LIRE_MALLLAGE) ~
Verbosity 1 v|
|:| Characteristic value Edit...
[] MPI distribution Edit...
|:| Jacobian check Yes "‘q
0K Close Apply

Figure 24:FEM FOR SHELL
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Defining section (Code Aster Document- U4.42.01)
For defining the section properties for beam and shell the following document as shown in
figure 25 below:

" Structures and Thermomechanics Analysis for Studies E FR B

and Research

Code_aster NEWS PRESENTATION Esle/eSlY[=irjls'l TRAINING MATERIAL FORUM DOWNLOAD SUPPORT PRONET

Warning : The translation process used on this website is a "Machine Translation”. It may be imprecise and inaccurate in whole or
in part and is provided as a convenience.

Utilisation - U - 263 documents

[U4.42.01] Operator AFFE_CARA_ELEM

[U4.44.04] Operator AFFE. CHAR AGOU

operators by name [U4.44.03] Operators AFFE_CHAR_CINE et AFFE_CHAR_CINE_F

Uo U1 U2 U3 Ug U7

[U4.44.01] Operators AFFE_CHAR_MECA et AFFE_CHAR_MECA_F
[U4.44.02] Operators AFFE_CHAR THER et AFFE_CHAR_THER_F
[U4.43.03] Operator AFFE_MATERIAU

1U4.41.011 Operator AFFE MODELE

Ro R3 R4 R5 R6 R7

Figure25: Document for defining section properties for FEM

Defining section for Beam

Defining section of beam 1 of hollow square section of 0.18m x 0.18m having thickness of
0.004m and detail of characteristics of H means length if side if its rectangular is given in the
document from code aster website. The figure 26 below shows the section defined for Beam1
inside Salome Meca:
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3. Section Definition—>

HY

Rectangular
General
Circle

3 types of sections:

(7Y ]

-

[0}
NY

EPZ

U T

Figure 6.3.3-1 : Section of the type RECTANGLE.

m Edit command

AFFE_CARA_ELEM > POUTRE > [0]

3 types:

Constant

AFFINE(if surface of section varies
in a linear way hetween 2 section)
Homothetic(if dimension of
section varies in a linear way
between 2 section)

Name [sec_81
m,® e
G rcoprd
@ |search... (press Esc to clear searct
Exactly One =
Group of element
(O] iy Edit...
| SECTION = |RECTANGLE ~|
CARA = ¥ 2items &
o =[x ] = 1%
[ = |ep MR
value = w 2items g
o1 = [os J m : x
[ = [o.004 w o %
4' VARL_SECT \CONSTANT ~ |

Figure26: section defined for Beam

6.3.3 Operand SECTION = ‘RIGHT-ANGLED’

CARA Significance Value by default
/ HY Dimension of the following rectangle Gy Obligatory
HZ Dimension of the following rectangle Gz Obligatory
/ H Length of the edge (if the rectangle is square) Obligatory
/ EPY Thickness according to GY in the case of a hollow tube HY/2
EPZ Thickness according to GZ in the case of a hollow tube HZ/2
/ EP Thickness along the two axes in the case of a hollow tube Full tube
Y
- * EPY
HY . gl
G z
— —
EPZ
HZ 5
-

|-

Figure 6.3.3-1 : Section of the type RECTANGLE.

Figure 27: section properties for rectangular section
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e Vari_section to see if section has constant cross section or not.

Section for shell

Walls and slabs are modelled has shell COQUE_AXIS with 3 degree of freedom two
displacements and 1 rotation. The shell element of COQUE_AXIS was used for walls and labs of
building as shown below:

Finite element Degrees of freedom (with each node top)
MECXSE3 DX DY DRZ
Modeling Mesh Finite element Remarks
COQUE_AXIS SEG3 MECXSE3

The mesh supported for this kind of shell is SEG-3 as follows:

SEG3

For application of load there is no need to define separate supports for loads as loads are
applicable to direct discretization on mesh support of element in displacement formulation.

Model Definition----- AFFE_CARA_ELEM

The operand used to give the section properties to the already defined elements is
“AFFE_CARA_ELEM”. This assignment is done in two stages:

First, we select the type of elements concerned with the model such as beam or shell.
For Beam

Secondly the section properties are assigned to the meshes to be affected.

35



$287972
Thesis Report

e It ls possible to define characteristics of section by operand “CARA” and each
characteristic is associated with a value given by the operand “VALE”.

e [t's also possible to give characteristics to section using an operand “LIRE_TABLE” but
table must follow a standard format.

e Dimensions of sections are given by operands ‘CARA’ and ‘VALE’ and code aster
automatically calculates the mechanical characteristics such as surface and intertie of
defined section.

e The operand ‘VERI_SECT’ can be used to define the beam of constant or variable
section.

“Refines” mean that the surface of the section varies in a linear way between the two nodes.
Dimensions in the direction are constant there ( HY, EPY ) and that in the direction z vary
linearly ( HZ1, HZ2 , EPZ1 , EPZ2).
* “Homothetic” mean that dimensions of the section vary linearly between the values given to
the two nodes end. In this case, the surface of the section evolves in a quadratic way.
In the case as of circular hollow sections, so that the section is regarded as homothetic, it is
necessary that EPDEBUT /RDEBUT=EPFIN /RFIN . In the case of not respect of homothety the
solution

e given by Code_Aster is approximate [R3.08.01].

e For rectangle section beams it’s possible to define following characteristics and assign

value to them using the operand ‘CARA’ and ‘VALE’:

AY
- +EF’Y

-

EPZ

- HZ -

Figure 6.3.3-1 : Section of the type RECTANGLE.
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For Shell

For shell following properties can be assigned to the elements:

e Thickness of shell

e The no of layers used in the integration of shell element
e Orientation of local axes
([U4.42.01] Operator AFFE_CARA_ELEM, n.d.)
the figures below show sections defined inside the Salome Meca:
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B
Edit command

AFFE_CARA_ELEM > POUTRE > [0]

Mame |sec_El

%

G . K@Ei* &

Q |Search... (press Esc to clear search)

Exactly One *

Group of element .

|7® [‘MEEMM.} Edit... ‘
SECTION = |RECTANGLE |
CARA = W 2items g
1 = [H e X
[1] = |EP v| &1 %
Value = W 2items =]
[0] = |08 | I;I X
] = |U.nn4 | 112 %I b4

VARL_SECT [consTant | 4

oK Abort Cancel

Figure 28: Hollow Section properties for Elevator steel Frame
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O
Edit command

AFFE_CARA_ELEM

Mame |sec_El

G owpra

Q |Search... (press Esc to clear search)

POUTRE ¥ 1item 2 ~
[0] SECTION='RECT... ‘ = X
[] BARRE b 0items =i
[ ] coque P 0items =i
[] casLE P 0items =i
[] piscreT P 0items =i
[ ] DISCRET_2D P 0items =i
[] massIF P 0items =i
[] GRILLE P 0items =i
[] MEMBRANE b 0items =i
[] RIGI_PARASOL P 0items =i
[ ] mass_Rep P 0items =
[ ] MULTIFIBRE P 0items =i
Model = FEM_B1 (..._MODELE) v

Verbosity 1 v o
0K Close Apply

Figure 29: Section_ assigned to FEM of Beam 1
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Section properties of Beam 2

O
Edit command

AFFE_CARA_ELEM = POUTRE = [0]

Mame |sec_52

Q |Search... (press Esc to clear search)

Exactly One *
[eme
SECTION = | RECTANGLE
CARA = P 2items
Value = P 2items
I:' VARI SECT CONSTANT

Figure 30:section FOR RC Roof Beams
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% ]
Edit command

AFFE_CARA_ELEM

Mame |sec_52

Q L Tg‘@' ©)

Q |Search... (press Esc to clear search)

— At Least One *

POUTRE ¥ 1item =] .
[0] SECTION='RECT... ‘ v~ X
[ ] BARRE b 0items =
[ ] coque b 0items =i
[] casLE P 0items =i
[ ] DISCRET b 0items =i
[ ] DISCRET_2D b 0items =
[] massIF b 0items =i
[] GRILLE P 0items =i
[ ] MEMBRANE b 0items =i
[] RIGI PARASOL b 0items =
[] mass_REP P 0items =i
[ ] MULTIFIBRE P 0items =i
Model *  FEM_B2 (..._MODELE) v |

I v BV G 1 v
0K Close Apply

Figure 31 SEC_2 assigned to FEM_B_Beam-2
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" ]
Edit command

AFFE_CARA_ELEM > POUTRE > [0]

Mame |sec_E12

Greokphva

Q |Search... (press Esc to clear search)

Exactly One *
|7O Group of element Edit... |
SECTION = |RECTANGLE |
CARA = w 2items
] - w2 ] = (X
1 = [wy v] & (X
Value = W 2items =]
e,
] = |0.30 RE=—; "]
1 = [o3s | w2 X
7] VARL SECT | CONSTANT v| -
oK || Abot  Cancel
Figure 32
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B
Edit command

AFFE_CARA_ELEM = POUTRE = [0]

Mame |Eeam_2]

G K@b‘* 2

Q |Search... (press Esc to clear search)

Exactly One *
|7O Group of element Edit... |
SECTION = |RECTANGLE |
CARA = w 2items &
o1 = [Hv vl = X
1 - [n -] = (X
Value = W 2items =]
il
0] = |0.35 E—; "]
m - o3 w5 X
[[] vARL SECT CONSTANT v| -
ok | oAbt | cencel

Figure 33: section for Beam 2
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O
Edit command

AFFE_CARA_ELEM > COQUE = [0]

Mame |sec_51

G . K@{ikﬁﬂ

Q |Search... (press Esc to clear search)

— BExactly One *
Group of element . ‘
® ['2.Mash_shell_scale’) Edit...
— BExactly One *
@ EPAIS l0.2] |
(O EPaIS_FO <no fonction_s...ule available> ~
[ ] ANGL_REP P 2items =i
[] vECTEUR P 3items =i
[] a_cs 0.8333333 m -
[] COEF_RIGI_DRZ 1e-05 m -
[] coque_ncou 1 .
[] EXCENTREMENT 12
[ ] EXCENTREMEN... <no fonction_s...ule available= -~
[] mER_ROTA Yes w
[ ] MODI_METRIQUE No 4=

oK Abort Cancel

Figure 34: Section of stairs as shell having thickness of 0.2m
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¢ Edit command
AFFE_CARA_ELEM
Name|sec_51 |
. ra-=a
G oBprNE
Q |Search... (press Esc to clear search) |
— Af Least One * -
[ ] POUTRE b 0items =
[ ] BARRE b 0items =
COQUE ¥ 1item =]
[0] Group of element... ‘ : x
[] casLe b 0items =
[] piscrer b 0items =
[ ] pIscreT_z2p b 0items =i
[[] massIF b 0items 2
[] GRILLE b 0items =
[ ] MEMBRANE b 0items =
[] RIGI_PARASOL b 0items =i
[ ] mass_rep b 0items =
[] MULTIFIBRE b 0items =
Model * FEM_S1 (..._MODELE) ~
[ TR . v
0K Close Apply

Figure 35: section assigned to FEM_S1515151S1Shell-1 of stairs
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O
Edit command

AFFE_CARA_ELEM = COQUE = [0]

Mame |sec_52

G .~ K@EE*GQ

o} |Search... (press Esc to clear search)

— BExactly One *
Group of element : |
® (4.Mesh_Infill_ walk’) Edit...
— Bxactly One *
@ EPAIS 0.1 |
() EPAIS_FO <no fonction_s...ule available> ~
[] ANGL_REP b 2items =i
[] veCTEUR b 3items =
[] a_cIs 0.8333333 m -
[ ] COEF RIGIDRZ  |1e-05 m -
[] coque_ncou 1 13 .
[ ] EXCENTREMENT 112
|:| EXCENTREMEN... <no fonction_s...ule available> -
[ ] MER_ROTA Yes w
[ ] MODI_METRIQUE No L
oK Abort Cancel

Figure 36:Section for Infill walls
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"
Edit command

AFFE_CARA_ELEM

Mame |sec_52

RSN LY 2/

Q |Search... (press Esc to clear search)

— Af Least One *
[ ] PouTRE b 0items =
[ ] BARRE b 0items =i
COQUE ¥ 1item =l

[0] Group of element... ‘ : x
[] casLe b 0items =
[ ] pIscreT b 0items =i
[ ] piscreT_zD b 0items =i
[[] massIF b 0items =i
[] GRILLE b 0items =
[ ] MEMBRANE b 0items =i
[ ] RIGI_PARASOL b 0items =i
[] mass_rep b 0items =i
[ ] MULTIFIBRE b 0items =

Model = FEM_S2 (..._MODELE)
M1 srnchoci. 1

OK Close Apply

Figure 37
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B
Edit command

AFFE_CARA_ELEM = COQUE = [0]

Mame |sec_53

G 7 b‘ o 2/

Q |Search... (press Esc to clear search)

— BExactly One *

(® Group of element Edit... |

— Bxactly One *

@ epais |0.29] |

() EPAIS_FO <no fonction_s...ule available> ~

[ ] ANGL_REP P 2items =i

[ ] VECTEUR P 3items &

[] a_cs 0.8333333 .

[] COEF_RIGI DRZ 1e-05 m -

[ ] coque_ncou 1 1 .

[ ] EXCENTREMENT 12

[ ] EXCENTREMEN... <no fonction_s...ule available>= -

[ ] INER_ROTA Yes w

[ ] MODI_METRIQUE No 4=
0K | | Abort | ‘ Cancel

Figure 38: section defined for Inclined Roof
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* Edit command
AFFE_CARA_ELEM
Narne|sec_53 |
. resea
G/ ophd
aQ |Search... (press Esc to clear search) |
— At Least One * "
[] POUTRE b 0Oitems =
[ ] BARRE b 0Oitems =i
COQUE ¥ 1item =l
[o] Group of element... | : Izl
[ ] caBLe P 0Oitems =i
[ ] DISCRET P 0items =i
[ ] DISCRET_2D P 0items =i
[ ] massIF b 0items =i
[ ] GRILLE b 0items =i
[ ] MEMBRANE b 0items S
[ ] RIGI_PARASOL P 0items S
[ ] mass_rep b 0items S
[ ] MULTIFIBRE b 0items S
Model *  FEM_S3 (..._MODELE) ~
s R » 1~
0K | | Close | | Apply |

Figure 39: Section assigned to the FEM of inclined Roof
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In similar manner section were defined and then assigned to the for all types of walls and
slabs in our masonry building inside Salome Meca.

4.Material Properties Definition (U4.43.01)
The operator used to define the material is ‘DEFI_MATERIAU’. There are 26 different types of
materials that can be defined in aster code.

| [U4.43.01] Operator DEFI_MATERIAU|
[U4.43.02] Procedure INCLUDE_MATERIAU
[U4.43.03] Operator AFFE_MATERIAU
[U4.43.04] Operator DEFI_TRC
[U4.43.06] Operator DEFI_COMPOR

Figure 3: Document on code_aster for Material Properties Definition

It’s possible to model the hydration and drying of concrete, metallurgical for modelling of steel
and modelling of porous environments associated with certain soil mechanics phenomenon.

The keyword ‘ELAS’ and ‘ELAS_FO’ are used to define constant linear characteristics. All the
materials were defined as linear elastic for the modal analysis initially. The following figure 40
shows the material properties defined for beam type-1:
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File Edit View Operations Commands Tools Window Help
Db sy -oS eae@9 w6 B &~ X ceopah
D0 6 ©ms |0 mocelostnnon - Functons and Lists = (. 6C and Load = | @, Pre aralyss = | @ analyss ~| @, Post rocessng = | @ Fracture and Fatgue < | @, oupit -

L g FPRAFAE L2 B2 P28 00080005 ¢E0Md - ¢ Fouam

GO

rmater = DEFT_MATERLAD

Figure 40: Definition of Material for Beam Type 1

Code aster makes following types of checks on the material properties automatically:

e The operand ‘E’ is used to define the young modulus of material and it’s checked that
value of E20.

e The operand ‘Nu’ is used to define the poison ratio of material and it’s checked that
value of 0.1<v<0.5.

e The operand ‘rho’ is used to define the density of material, no check on density of
material is defined.

e 11 different types of material were defined: in my model of masonry structure:

([U4.41.01] Operator AFFE_MODELE, n.d.)

Modeling of damping in dynamics (U2.06.03)
Linear (R5.05.04)

In aster study there are two models of damping available:

e Viscous damping model in which the energy dissipated is proportional to the speed of
movement

T T
E,==v Cv=—u" Cu
2

2
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The newtons 2™ law is applicable:

mil+cu+ku=f

Where C is the matrix of viscous damping, m is matrix of mass and k is matrix of
stiffness.

Rayleigh method in which viscous damping involves linear combination of mass and
stiffness through coefficients alpha and beta is applicable:

C=xK+B M

The exact values of coefficient a and B is difficult to find and can be found by taking the two
model damping ratios for each mode:
B

- .
28=0 o+

The most optimum value of coefficient a and B are taken to consider the value of modal
damping which brings resonance behavior in the structure. There are 2 ways of defining
damping of materials:

e Eitherit’s possible to assign the damping to the discrete elements of meshes
Or to define in the material as can be seen in the figure 41 below:

e Model of Damping hysteresis in which the damping is proportional to displacement and
force of damping. Damping hysteresis can be used suitably for the structure having
viscoelastic behavior.
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For transitory and harmonic analysis, the model of viscous damping can be used while
for the model of damping hysteresis can only be used for harmonic analysis.
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%]
Edit command
Define a material > Linear isotropic elasticity
Mame |STEEL| | or reuse the input object [_]
*loom,® 1 |
G o
Q |Search... (press Esc to clear search) |
Young's modulus = |210&9 | 112
Poisson's ratio = |U.2? | 112
Density 7850 | 1
[ ] Thermal expansion... 112
Coefficient a [] stiffness damping m
(AMOR_ALPHA) —
[] Mass damping 1m
Coefficient B | -
(AMOR_BETA) |4 |
|:| Hysteretic damping 112
Damping
coefficient / [ ] Characteristic length *|.'|:!v
hysteresis n
(AMOR_HYST) |:| Damping coeficient 1.0 *|.'|:!v L o
damping 1
_ 4
coefficient ¢
(COEF_AMOR)
OK Abort Cancel

Figure 41:Steel Material defined for Elevator Frame Beams
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([U2.06.03] Modeling the mechanical damping, n.d.)
([R5.05.04] Modelling of linear dynamic damping, n.d.)

After that all the materials were defined as can be seen in figure 42, it shows like this in the
information:
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Data Settings

U
it
it
u
U
it
it

sec_S37
sec_S38
sec_S39
sec_S40
sec_ 541
sec_S42
sec_S43

v [ Material
i+ STEEL

AFFE_CARA_ELEM
AFFE_CARA_ELEM
AFFE_CARA_ELEM
AFFE_CARA_ELEM
AFFE_CARA_ELEM
AFFE_CARA_ELEM
AFFE_CARA_ELEM

EDeﬁne a material

i} CONCRETE Define a material .,

Data Files of STEEL

s
Filename Unit

Mode Exists

BEEEE »

Embedded

ELAS=_F(

STEEL = DEFI_MATERIAU(

NU=0.27,
RHO=7850.0

)
)

E=210000000000.0,

Go»

Figure 42
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O
Edit command

Define @ material > Linear isotropic elasticity

Mame |CDNCREFE | or reuse the input object [_]

#EIPISHOY LAY 7/

i

Q |Search... (press Esc to clear search) |

Young's modulus = |30&9 | 1.12v
Poisson's ratio = |U.25 | 1.12v

Density |2500] | 12

[] Thermal expansion... *|.'|:!v

[] stiffness damping *|.'|:!v

[] mass damping *|.'|:!v

|:| Hysteretic damping *|.'|:!v

[ ] characteristic length *|.'|:!v

|:| Damping coeficient 1.0 *|.'|:!v 4'\

oK Abort Cancel

Figure 43: Concrete material defined for RC Roof beams
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5.Assign Material properties (U4.43.03)
The operand used to give the material properties is “AFFE_MATERIAU”

Each material has certain parameter which are in turn associated to number of variables we call

these variables as “variables of order”. Each mesh can be affected by 1 type of material.

The operand ‘NOM_VARC' is used to give properties to a material. following table shows
different kind of properties that can be assigned to a material:

TEMP temperature

GEOM directions of space

CORR corrosion of steels

EPSA unelastic deformation

HYDR hydration of the concrete

TRRA Irradiation

M ACIER metallurgical phases of steel

M ZIRC metallurgical phases of the zircaloy

NEUT1 “neutral” variable 1: the material coefficients of materials according to a
parameter “user allows to vary” (see example 3 below)

NEUT2 “neutral” variable 2 (like NEUT1)

NEUT3 “neutral” variable 3 (like NEUT1)

SECH drying of the concrete

PTOT Total pressure of fluid in THM (chained resolution)

DIVU Voluminal deformation in THM (chained resolution)

e If some material property changes with time, then a keyword ‘EVOL’ must be used with

time varying material properties

that variable.

1%t Define Material give E, v and Density and then assign the material from the material

tab:

o @

‘ mater = DEFI_MATERIAU()
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Structures and Thermomechanics Analysis for Studies ﬂ ER a
and Research

NEWS PRESENTATION Eelelell/NISN/vylel/ TRAINING MATERIAL FORUM DOWNLOAD SUPPORT PRONET

Warning : The translation process used on this website is a "Machine Translation”. It may be imprecise and inaccurate in whole or
in part and is provided &s a convenience.

Utilisation - U - 263 documents
[U4.42.01] Operator AFFE_CARA_ELEM

[U4.44.04] Operator AFFE_CHAR_ACOU

[U4.44.03] Operators AFFE_CHAR_CINE et AFFE_CHAR_CINE_F
[U4.44.01] Operators AFFE_CHAR_MECA et AFFE_CHAR_MECA_F
[U4.44.02] Operators AFFE_CHAR_THER et AFFE_CHAR_THER_F

I U4.43.03] Operator AFFE MATER\AUI

[U4.41.01] Operator AFFE_MODELE

[U4.61.21] Macro-command MACRO_MATR_ASSE

Figure 44: Document on code_aster website for assigning material properties

([U4.43.03] Operator AFFE_MATERIAU, n.d.).

The following figures below shows the material properties that can either be assigned to
the mesh or to the finite element that we have already defined previously:
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%]
Edit command

Assign a material

Mame |Eeam_ele{ |

G 5 t° b‘ o 7/

Q |Search... (press Esc to clear search) |

[

At Least One *
Mesh 'mesh_B1 ..AILLAGE) ~
Model 'FEM_B1 (..._MODELE) ~
Material assign... = ™ 1 item =]
[o] *  Everywhere="Yes... | : Izl
[ ] Behavior assig... ¥ 0 items &
[] Bxternal state v... ¥ 0 items &
Verbosity 1 V| -~
oK | ‘ Close | | Apply

Figure 45:Steel material properties assigned to Elevator Frame Beams
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G
§4 Edit command

Assign a material

Mame |RC_Eeam

G REEE* 2/

Q |Search... (press Esc to clear search)

At Least One *
Mesh ‘mesh_B2 . AILLAGE) ~
Model 'FEM_B2 (..._MODELE) ~
Material assign... = " 1 item =]
[o] = BEverywhere="Yes... | : Ig'
[ ] Behavior assig... P 0items =
[] External state v... P 0items =i
EA verbosity |1 v| o
OK Close Apply

Figure 46: RC Concrete assigned to Roof Beams
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6. Boundary Conditions and Loading

All the supports were assigned as fixed for the foundation. In code aster it is Fixed support
means is denoted by Castre and Liason means Support. The figure 47 below shows the fixed
supports assigned to the foundation:

Select nodes to whom you want to assign fixed support.

For applying loads Force_

Edit View Operations Commands Tools Windaw Help
O @ W[ asersy S e 2R T w8 P X “opan
B. @ E ©wesh - @ Mossl pafintion ~ [, Motarial ~ | [, Functions and Lists + | @.BCand Load + | [, Fre Anysts = | 0. Anayss + | [@). Post Frocessng + | (). Fracture and Fabgue = | (. Output ~

o @ P RPAR P ERAPAHPHFIOODODIDD O>C » @~

ALL-

Hame foed

GrCceopwd FIXED

Figure 47: Fixed support assigned to the foundation

([U4.44.01] Operators AFFE_CHAR_MECA et AFFE_CHAR_MECA_F, n.d.)

7. Pre-Analysis

You have to calculate mass and stiffness 1%t in order to perform modal analysis in Pre-Analysis
module You have to calculate mass and stiffness 1%t in order to perform modal analysis in Pre-
Analysis module You have to calculate mass and stiffness 1%t in order to perform modal analysis
in Pre-Analysis module You have to calculate mass and stiffness 1t in order to perform modal
analysis in Pre-Analysis module For carrying out the Modal analysis | 1%t calculated the mass and
stiffness of the system 1% in order to perform modal analysis in Pre-Analysis module the steps
followed for calculation of mass and stiffness of system was follows:

Pre-analysis> Assemblage-=> Mass_Meca( for mass matrix) --—> Rigi_Meca (For Stiffness
Matrix)

the figure 48 below shows the steps followed for calculation of mass and stiffness’ of the
system:
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] Do sie m Edit command
§ U sec 539 AFFE_CARA_ELEM ~ MASS AND
U sec 540  AFFE.CARAELEM
£ 1 sec.541 AFFE_CARA_ELEM ASSEMBLAGE STIFFNESS MATRIX
1) sec 542 AFFE_CARA_ELEM
3 = . .
i U sec 543 AFFE_CARA_ELEM Name CALCU LATION
B U base FEM  Assign finite element -
i Materia m ,® .y
v B BC and Load ﬁ L+ t. QLWJ* Q
4 fixed Assign mechanica! Ioad .
~ I Pre Analysis b S |‘_~ear-:" (press Esc to clear search)
U tistr CALC_AMOR MODAL
_AMOR.} N —=
U fronome] __ASSEMBLAGE t Least One
~ B Analysis MATR_ASSE ¥ 2items B
1 modes1 CALC_MODES v
: -
= [o] MATRICE=<asterstudy.dat...
filename Unit Mode Exists Embedded b - X
-
[1] MATRICE=<asterstudy.dat.. | & |
E — N
af
m Edit command m Edit command
ASSEMBLAGE > MATR_ASSE > [0] ASSEMBLAGE > MATR_ASSE > [1]
we o
[ - Name _ m.® P
Gl ceoprhd
RS0} =1 b
> b 3, [Search.. (press sc to dear search
e Q |-:a ch... (press Esc to clear search MATRICE - lstiness |
3K
oo MATRICE “ [Mass option - [ReGLmECa v
Option = | MASS_MECA ~ [ mooe_rouriEr (

Figure 48: Calculation of Mass and stiffness of structure

8. Analysis Module (Modal analysis)
Calu_Modes is command to perform modal analysis

Choose type of analysis and apply boundary conditions and load if any

There are 26 different types of materials on the document available on website
The 2 Node beam (Beam-188) has Following Properties:
For every type of material, you have to define these properties:

e As Wooden Roof was replaced by RC Roof so Roof can be modelled as Added mass to
take into account in model.
Calu_Modes is command to perform modal analysis inside the code aster.
([U4.52.02] Operator CALC_MODES, n.d.)

15t four modes of vibration were calculated on this model the steps followed in Salome meca
are as follows:
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[oaaseomes ™ R
> U sec539  AFFE_CARA_ELEM ~ et command Edit command
E 1) sec_S40 AFFE_CARA_ELEM ooee
1 sec 541 AFFE_CARA_ELEM N
3 1 sec 542 AFFE_CARA_ELEM Name [modes ] CALC_MODES > CALC_FREQ
s 1 sec_s43 AFFE_CARA_ELEM e 1
,§ U} base_FEM Assign finite element a ‘ - \ "‘ g | Hame ‘mcdes I
5 e Material Seasch... (press Ext to dear seorch) IS e
2 ~ m BCand Load MATRRIGL  * |Mass(_RES._OF MACRO) ~ 2 ﬁ L+ @ ._! *0 Q
o vm Plr’e::::ysis Assin mechanicelload s Q |Searcn... (press Esc to clear search) I
U tistr CALC_AMOR_MODAL £ Tvee_Resu [onusnqee ] &
> U0 fnoname]  ASSEMBLAGE ) opten - NMAX_FREQ ‘ ] m ‘ -
; -
v - ‘l;""’"" W] e . -
modes CALC_MODES v
- P - [ SOLVEUR_MoD. Edtt.. [ nmax_ITER_SHIFT 3 L
3 7 & | .
Filename Unit Mode Exists Embedded ] marRamoR S e
]IZI orge] o [ rrec_sHIFT 0.05 E -
[ norM_Mope Editu
[ seun_rreq 0.01 m [N
[ rFuTre_mooe Edit... -
[] mrression Edit...
[ sohver Edit.
[ norm_mooe Edit.
modes = CALCS [ FuTre_Mooe
HMAX_FREQ=i
X [ merESSION
MATR_MASS= Stifess, v
MATR_RIGI=Hos5
OPTION="FLUS_PETTTE',
TYPE_RESU=TYNAMIQUE' III Cose Apply
)

Figure 49: Modal analysis steps inside Salome Meca

After that in order to run analysis, we have to go to history view and run the analysis as
can be seen in figure 50 below:

H
z| @ cumentCase cuicas RunCase_1
E :
EH
>
g
; ETTTEr
Unit  Filename Stage P°
2 1Mesh Beam 1 Stage_1 it
1 10.Mesh_wall_below_windows Stage 1 it
12 11Mesh edge Stage_1 it
13 12Mesh_Primo_Piano_ Muri intemal  Stage_1 it
14 13.Mesh_Primo_Piano_Muri_internal 1 Stage_1 it
15 14.Mesh_Primo_Piano_Muri_intermal 2 Stage_1 it ¥
<

Basic  Advanced

Case name RunCase_L

Memory
R servers kcaihost - ®
Version of code_aster  stable B

Husmber of MPLCPU 1

User description

Figure 50: Running Modal analysis inside salome Meca

stop Refresh  AutoRefreshino  +
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9. Post processing
After running analysis to view results we have to go to paravis or right click on data file
summary -—> post process.
The results were showed in terms of max displacements and 15t four vibration modes in
paravis view inside Salome Meca as can be seen in the figure 51 and figure 52 below:

File Edit View Tools Sources Filters Macros Window Catalyst Help

b & & Lalifn S e meP p@ BPO o R AP IPISE e Jo:
i R C -t @ 4 f - Xl“qgﬁu&:.ﬂﬂ&gn:’) %@77@ ShowsalomeObject annotate_groups  annotate_groups-1 - ShowSalomeObject-1
B o /flocathost:11111

W MEDReader!

Displacement field

—_—
708E-03 001061

—
+533E-08 .354E-03 5
L177E-03 .s31E-03 .sesE-03

selection Display Inspector an
@ selection Color | @ Cell Labels v | @ Point Labels »

Properties  Display | Information
Properties aw

2 X Delete ']

= properties (WarpByVector1) o8 @

Vectors | yanamedoDERL (0] ﬁ 72579 _Vector

L &1 xs

‘:::.mumm 272579 vector ;| Magkude [Displacement in m]
[ Y E (YN Linear Elastic FE analysis considering gravity loads

Mode_Shapes f (Hz)
1 5,4
2 5,9
3 6,5
4 10,2

(1) 1* bending Y. (2) 1* torsional Z. (3) 1* bending X. (4) 2™ torsional Z.

Figure 52: Modes of Vibration of Building
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The frequency and Time period of vibration of first 4 modes were measured as can be seen
Table below:

Salome Meca
Mode_Shapes f [Hz] T [s]
1 5.4 0.19
2 5.9 0.17
3 6.5 0.15
4 10.2 0.10

Table-1: Salome Meca modes of vibrations
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3MURI

Introduction

3Muri is a leader software particularly designed for analysis and design of Masonry and mixed
structures. It was developed by prof. Sergio Lagomarsino in university of Genova in ITALY. it’s
possible to carry out the global analysis or part of it in a fast and affordable way. Furthermore,
software also identifies the critical areas by performing the sensitivity analysis from seismic
point of view and important for retrofitting intervention from seismic point of view. It’s also
possible to have an estimate of cost of intervention.

3Muri uses following codes:

e NTC (norme tecniche per le costruzioni Italian Code)
e Eurocode-6 and Eurocode-8
e SIA (Switzerland code)

(3Muri - Presentazione breve, 2017)

The software allows to perform structure analysis of masonry structures. The software
performs the non-linear pushover analysis specialized for masonry structures. 3-muri can also
perform analysis according to Eurocodes EC-6, EC-8 and Italian national code (NTC) and
Switzerland and Netherlands national code.

It’s possible to model floors with their real stiffness that allows the true distribution of
horizontal seismic forces on the walls. There is different kind of library of types of walls that can
be modelled and also there is option to model wall with or without reinforcement. It’s possible
to model reinforced masonry and masonry reinforced with fiber reinforced polymer FRP/FRCM.
The mesh used for masonry structures is made of Frame by Macro elements that the software
generates automatically by 3Muri software. Using this automatic mesh, it becomes very easy
and fast to move from real structure to model.

It’s also possible to retrofit using FRP or carbon reinforced polymer (CFRP) in walls that are
failing. Using 3-Muri it’s also possible to perform pushover analysis of a single wall. In 3-Muri
it’s also available to reinforce with steel to the walls or floors of masonry structure.

Background of 3Muri Project

The objective of 3Muri project is to have a single integrated model for both Local and Global
analysis for masonry elements. The types of interventions mostly effect a single element and
involve local verification. But sometimes it can also change the global behavior significantly. As
it’'s recommended inside the code NTC-18 that the local interventions should not significantly
change the global behavior of structure due to local interventions applied, but there is always
an uncertainty associated with this fact and sometimes local interventions change the global
behavior significantly. It gave rise to 3Muri project which make it possible to perform both
global and local analyses on a single model. It goes without saying that the global verifications
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require that there no local failure in our structure. So, there are 2 types of analysis that can be
performed on as single model:

e Global analysis with Frame by Macro elements
e Local analysis (open elements)

So, approach of 3Muri project is to have to use a single integrated model for both local and
global verifications as can be seen in figure 53 below:

ELEMENTI Global model
SINGOLI

Types of Intervention OPE N FME

(Frame by Macro elements)

NTC 18 - CAP. 8

Local Interventions ‘g

\

2.

improvements V%

v
Adjustments @ %

—

s

Figure 53: 3Muri Analysis approach
The software divides the systems in 4 major categories as can be seen in figure 54 below:

e Simple structures (in the calculation model is easy to model and in which cause and
effect are evidently known)

e complicated structures (in which there are difficulties but the model is well defined and
well determined, calculation models but there are assembly of simple structures for
example a steel structure)

e complex structures (Most of Masonry structures lies in this area in which there is
uncertainty in the modelling because of damage caused to the structure with the
passage of time or there is uncertainty with the level of knowledge we have)

e Caotico structure (the cause and effects are unknown).
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Complex @mu complicated

e and sHed arenot can be decomposed into simple
elements

evident prior

Caotico Simple

Cause and effect are unknown Cause and Effect are Known

Figure 54: 3Muri categories of systems

Implementation of BIM in 3Muri

In 3Muri it’s possible to import the .DXF file and chose the structure centerlines. In this way it’s
possible to model the structure in a quick way.

As it well known that BIM implementation in project has several advantages as follows:

e [t reduces the overall cost of project

e It eliminates the repetition of operations

e Increases efficiency in the construction and maintenance phase of building

e Guarantees integration of data of project
As can be seen it’s possible to integrate the design, construction and maintenance phase
of building in a single model as can be seen in the figure 55 below:
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VISUALIZATION

Building
¥ Information
g Modeling

Figure 55: BIM Methodology

The implementation of BIM methodology is needed particularly in building is integration
between the architectural model and structural model. The standard format data that is IFC
(industry foundation classes) for transfer of among the architectural and structural software’s
and many other has been implemented in 3Muri.

Theoretical Basis of 3-Muri
Types of Analysis

It’s possible to perform following types of analysis using 3Muri software:

Linear static analysis

Linear Modal analysis

Non-linear static Pushover analysis of Global structure
Pushover of Local mechanism

The efficiency of intervention in improved behavior of structure
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The output of 3-Muri the report is generated in .rtf format that can be opened by word. The
output results can be exported in Excel file as well and it includes all the results of analysis
performed step by step.

(3Muri project, n.d.)

There are 2 types of design method used for linear and non-linear analysis in 3-Muri as can be
seen in figure 56 below:

e Linear static analysis (analysis is done in elastic range considering the behavior factor
and verification of each structural element is performed in terms of strength)

¢ Non-linear static analysis (analysis is done considering non-linear constitutive laws and
global verification is done in terms of displacement).

Design methods for Masonry Structures

‘__....--

Linear static Analysis Non-Linear static Analysis
e Analysis In Elastic Range with ¢ Nonlinear Material Constitutive Laws
Behavior Factor ® Global Displacements in terms of
e Verification of every structure Displacements.
element in terms of Strength.

Figure 56: Types of Analysis in 3Muri

Linear static Analysis

This method of analysis is suitable for very regular building and strength of spandrel is so low
that | can be considered cantilever model of the structure. Verifications are made in terms of
Strength in linear static analysis. Behavior factor is automatically calculated by the 3Muri
software. Moreover, 3Muri can also perform linear dynamic analysis known as Modal analysis.

Non-Linear Static Analysis (pushover analysis)

Equivalent Frame model can be realized for non-linear static analysis. It’s based on non-linear
constitutive laws and based on macro elements used for generating mesh inside 3-Muri. A non-
linear global analysis is performed for equivalent frame model also known as pushover analysis.
For global analysis verifications are made in terms of displacement of structure. 3Muri produces
pushover analysis in 24 different ways (considering the combinations of two different main
directions X and Y, with and without considering the eccentricities as recommended by codes
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and considering uniform and modal distribution of forces) and in each case calculates the
vulnerability index. In case of existing masonry, it’s very important to consider correct
distribution of masses and stiffness during modelling otherwise it can result in underestimation
of forces in structure significantly. Therefore, codes suggest to consider the accidental
eccentricity of +5 % of direction of floor considered between center of masses and stiffness to
take into account this fact. Its fundamental to carry out a preliminary knowledge phase in order
to get information about the resisting mechanism of structure and also to know about the
material property because maybe the change in type of use of building and change of original
plans can change our model significantly. Also, we should consider that the structure has
degraded with passage of time specially in case of existing structure.

There are 2 kinds of seismic forces applied uniform and modal; force profile in order to
overcome the simplification that the shape of force profile does not change even when
structure enters in non-linear field. There is also a possibility to set angle of applied forces.

e Uniform distribution of Forces in which applied load has rectangular shape. These
applied forces are increased monotonically and does not change their shape. Forces
applied are proportional to floor masses.

e Modal distribution of Forces in which load distribution is triangular and its increases
with the height. Modal forces are proportional to 1t mode of vibration.

(Trapani, politecnico di Torino)

As for masonry material the plastic range is quite larger compared to elastic range which can be
taken into account by performing non-linear pushover analysis in 3-muri as can be seen in
figure 57 below.
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Shear

\%

\ ] Drift l
| |

Elastic range Plastic range

Figure 57: Typical Curve of Push-over Analysis of Masonry material

The meshing in equivalent frame structure is done automatically using Macro elements that
consist of Rigid elements and flexible elements (Spandrels and piers). Whereas Spandrels are
part of masonry between the two openings in vertical direction while piers are the parts of

masonry between the two openings in horizontal directions while all the remaining nodes are
called Rigid elements as shown in the figure 58 below:
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Macro-elements method

Rigid element
Flexible elements (Piers and
Spandrels)
T T
Spandrel " J:l D
N

Figure 58: FARME BY MACRO ELEMENTS

It has been seen that almost all the damages in masonry structures occur in the spandrels and
piers. This fact is evident by observing the damages that has taken place in masonry structures
in the past years. almost all the damages in masonry structures have been took place in the
spandrels and piers whereas the rigid part are not damaged by failures. Use of macro elements
really save the time and computational effort as compared to time required by frame by
microelements. The beams also have their own resistance but are not visible in figure 58 above
behind the spandrels. Concept of equivalent frame is based on a frame with rigid elements at
the extremities with flexible elements (spandrels and piers) in-between. so, masonry structure
can be modelled as equivalent frame as can be seen in figure 59 below:
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Figure 59: FRAME BY MACRO ELEMENTS

The equivalent frame model can take into account the variation of normal force variation as
horizontal force changes its direction. It’s possible to update the resistance of element step by
step taking into account the interaction of shear and normal forces.

If we observe one of our piers, we can see that it develops shear cracks when earthquake forces
are applied in one direction as can be seen in figure 60 below:
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Cracks
Dominated by
shear

Figure 60: Shear failure Cracks

However, when the earthquake forces are applied in opposite direction, we have flexural cracks
on observed pier as can be seen in the figure 61 below:

Cracks
Dominated by
preflexure

Figure 61: pressure Flexural Cracks
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3Muri gives an overall picture as we push the structure and different panels of macro elements
as they pass through the elastic phase to plastic phase and then from plastic phase to collapse
phase. As all the elements do not enter in their plastic range simultaneously so overall ultimate
strength of structure obtained as result of pushover analysis is higher than elastic limit. The
picture 63 below shows the picture as pushover analysis comparing the control node point at
the center of mass of top floor to the base shear force.

Bilineare equivalente
Shear at
the base

e

I
|}‘ll.\'h(‘\'c"‘1'(‘lll'\-’ﬂ

v

Displacement of Control Point

= Panels in Elastic Phase

= Panels collapsed

Non-linear Response proceeding

v

Figure 62: Picture of non-linear Pushover analysis

it is based on the most common types of failures that has been observed over past years of
experience as can be seen in figure 63 below:
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Pressoflession
e

(PRE flexural
Cracks)

Figure 63: Real building Shear and Flexural Cracks

The macroelement takes into account this the interaction between the shear and axial force
resistance in equivalent frame and update the resistance of element when the opposite
direction of earthquake is applied as well.

The lateral displacement of structure is the best measure to know how much our structure has
damaged. using pushover analysis, we can determine the lateral displacement caused as result
of applied force against the base shear demand which in corresponds to different limit states as
can be seen in figure 64 below. The performance of building depends on how much the building
deforms laterally as result of applied external force. These limits help us to define during the
design as well as verification phase to consider different limit states associated with different
return period hence related to different probability of occurrence:
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Base
Shear A }\[;—‘—]EE - [
Demand /“'
HC - =1

Very rare events
(2%/50yrs)
Rare events
(10%/50yrs)

Occasional events «—] ""'6 rational
(20%/50yrs)

Frequent events
(50%/50yrs)

Life Safe

Lateral Deformation

Figure 64: Sequence of limit states as damage

3Muri automatically perform 24 analyses with changing sings of modal and unform forces in X
and Y directions as suggested by codes. It's more meaningful to present response of a structure
to the excitation in terms of displacements rather than forces because displacement is more
precisely linked to damage in structure occurred as we displace our structure. In this regard
non-linear static analysis (Pushover analysis) play an important role in order to determine the
response of structure subjected to predetermined seismic event. Static because the external
forces are applied statically and non-linear because the resistant behavior model adopted for
structural resistant elements. The pushover analysis can be performed by controlling the either
the applied forces or displacements. The pushover analysis compares the max base shear to the
max horizontal displacement of a control point as force is applied on the structure. The
pushover analysis curve is then converted to capacity curves which present the analysis of
hysteresis cycles and can be considered as an indicator of post elastic behavior of structure.

The load applied is proportional to mass and simulates the distribution of inertial forces
simulated by earthquake and in agreement to first modal shape. Specially in case of regular
buildings the distribution of forces is chosen in such a way that it determines the response of
structure 1%t in elastic field and then in non-elastic field. The capacity offered by structure is
compared with the demand coming from the applied external force.

The energy dissipation effect during the damage of structure that can only be taken into
account in non-linear behavior is accounted by reducing the max displacement demand by 20%.
Hence the max displacement of the structure in case of seismic event is obtained corresponding
to the reduced shear value to take into account non-linearity in the structure.
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Types of Failures in Masonry Structures

The two most common types of failures that occur in masonry buildings are as follows:

e Shear failure
e Compression-bending failure

Can be seen as in figure 65 and 66 below:

Figure 65:Shear Failure in Masonry building
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Figure 66: Compression-Bending failure in Masonry Building

This practical observation has led to development of Masonry Micro elements which develops
shear cracks in their central parts and at their peripherals develop both compressive and

bending stress mechanism. This practical observation has led to development of theoretical
Macro elements.

1%t of all we have to Avoid the activation of local mechanism in particular, failure by out of
plane failure of walls. Walls should develop resistance in plane. In carrying out the global
verification it is assumed that the any kind of local failure is avoided even if provided with some
suitable devices. The resistance of element (pier or spandrels) will be minimum of following
failure mechanism that can occur in an element:

e Bending failure Cracks
e Diagonal shear Cracks
e Sliding shear cracks

The flexural cracks normally take place when the thickness of masonry wall is less below
the window. The sliding shear cracks takes place our course or block of masonry wall
slips cracks are developed that progressively increase. We must consider the interaction
of shear and axial force acting on an element. Shear cracks are developed diagonally.
The shear slippage/sliding cracks take place when one course or block slips as can be
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seen in picture below. There are different types of failure cracks that can take place in

masonry structures as can be seen in figure 67 below:
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Shear Sliding Cracks

flexural Cracks

Figure 67:Cracks in Failure Modes in Masonry

the interaction between the shear and Normal force must be taken into count for all
three types of failures as shown in figure 67 below and resistance is given as minimum

resistance of shear or flexural resistance of element
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Figure 68: Resistance of section as min resistance

The pushover analysis gives the capacity curve that relates the base shear to the
displacement of control node which is usually taken as center of mass of top floor and
3Muri gives suggest some node automatically to be chosen as control nodes having the
maximum height form the foundation level automatically. The displacement of structure
passes through various limit states and eventually collapses. This displacement must be
compared with the displacement demand. The displacement demand can be found from
the elastic response spectrum that is based on single degree of freedom system as it
oscillates considering the structure as infinitely rigid. To take into account the non-linear
behavior the displacement demand is reduced by a behavior factor that takes into
account the non-linearity associated with material and of structure.

(STA DATA, 2022)

The theory on which the 3MURI software is based on macro elements considering the
constitutive law of material not perfectly elastoplastic that collapses suddenly until reaching the
ultimate drift but is based on the step-by-step collapse as can be seen in figure 69 below:
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Figure 69:Step by step Collapse proceeding

we can see the sequence of damages as we push our structure. The First part in elastic range in
which there are very few damages in the structure. Moving on to plastic range reaching to
serviceability limit state (1%t limit state governed by people) it’s possible to have some damage
but structure is still safe for people. Moving on reaching near to ultimate limit state there will
be significant damages in structure and need some maintenance for sure. The structure will be
pushed until the collapse and here is where the calculation ends. The figure 70 below shows the
sequence of limit states starting from Elastic range to collapse limit state as we push our

structure:

(3MURI, 2018)
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Damage increase in the wall structures

>

Damage

beginning
Full
serviability
limit state
Ultimate
limit state

— Refurbishable
Collapse

/_

— Serviceability

Base shear

Displacement

Elastic range First failures

Figure 70: Sequence of limit states of Damages for Push-over analysis

The Macro element collects the axial deformability of and tangential deformability of an
element as can be seen in figure 71 below:
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Figure 71: Macro element internal actions
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The curve of real pushover analysis passes through these stages as shown in figure 72 below.
the maximum strength is little bit higher as not all of structures reaches the elastic limit as we

cross the elastic limit. Ultimately, we stop to push our structure when it reaches the collapse
limit states.
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Figure 72:sequence of limit states as damage is progressed

The Linear static analysis has the following applicability limits as mentioned in Eurocode-8 as
follows:

EN 1998-3: SC.3.2 Linear methods: Static and Multi-modal

e The lateral load resisting walls are regularly arranged in both horizontal directions.

e Walls are continuous along their height.

e The floors possess enough in-plane stiffness and are sufficiently connected to the
perimeter walls to assume that they can distribute the inertia forces among the vertical
elements as a rigid diaphragm.

e Floors on opposite sides of opposite sides of common wall are at same height.

e Floors on opposite sides of a common wall are at the same height.

e At each floor, the ratio between the lateral in-plane stiffnesses of the stiffest wall and
the weakest primary seismic wall, evaluated accounting for the presence of openings,
does not exceed 2,5 Linear Static Analysis applicability limits Nonlinear Static Analysis
(Pushover) allows you to overcome these limitations

e Spandrel elements included in the model are either made of blocks adequately
interlocked to those of the adjacent walls, or have connecting ties. At each floor, the
ratio between the lateral in-plane stiffnesses of the stiffest wall and the weakest
primary seismic wall, evaluated accounting for the presence of openings, does not
exceed 2,5 Linear Static Analysis applicability limits Nonlinear Static Analysis (Pushover)
allows you to overcome these limitations.
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However in reality these limits are never met and non-linear static analysis allows to
overcome these limits.

Types of Materials

Its possible to model different types of material inside 3-Muri software in figure 73
below and can be seen as can be seen follows:

Masonary

Reinforced Masonary

Steel

Wood

Walls reinforced by FRP

Reinforced Concrete.

Materials

g MASONRY + @

+- CONCRETE

+- REBAR STEEL GRADES
+- STRUCTURAL STEEL

+- SHEET STEEL

+- TIMBER

Figure 73: Types of Materials inside 3Muri

Slabs Modelling

To take into account the connection between the slabs and walls, there are basically 3 types of
slabs with diaphragmatic that can be modelled as follows:

Diaphragm with Infinite stiffness
Diaphragm with finite stiffness
Diaphragm with negligible stiffness

However, in our model realized inside 3Muri slabs were modelled as rigid diaphragms
Among these slabs with finite stiffness is easiest one to model as it reduces the degree
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of freedom to 3 (2 translations and 1 rotation per each floor). However, we must model
our slab as such as it takes into account the elastic behavior of slab. We can model our
slab as available as membrane or shell as available options in various software’s. there
are readymade types floors that can be defined inside the 3Muri software as can be
seen in the figure 74 below:

- Rigid floor -- v
-- User defined --

One-way timber floor with single wood plank
One-way timber floor with overlapped wood planks
One-way timber floor with additional concrete topp
Dippelbaumdecke

Steel-beam and hollow flat block

Steel-beam and vault

Imasonry-r.c. composite floor

{Prestressed slabs (Predales)

|Corrugated sheets

Corrugated sheets with slab

Figure 74: Types of Floors inside 3Muri

Passing from static to dynamic analysis involves a lot of difficulties and complexities. for
non-linear dynamic analysis we must take into account the cyclic behavior of masonry
walls. Moreover, there when modelling slabs there is an option inside 3Muri to define
the support length of slab on walls as can be seen inside figure 75 below:
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Floor -
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[(+)ae | Supportlenght [m]
()8 A extrados elevation 0.000| [m]

[ Leading variable action _& intrados elevation [m]

NT18 circolare i

w wmow[ oww [ @

[] category of Lv

Type
-- Rigid floor -- v
Thickness 0 [mm]
G 0.00 [Nm3)
Ex 0.00 [kN/m2)
Ey 0.00  [kNfm2]
v 0.00
Mass loading
(O Unidirectional (®) Bidirectional
Main direction loading 50 v %
Display
Material colour - Texture
|
Retrofits OK Cancel 0

Figure 75: Definition of support Length of slab on walls

Its possible to model the floors as flexible or with their real stiffness as can be seen in
the figure 76 below which changes the distrinution of forces in the wall significantly:
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Floors: transmission of horizontal seismic forces

F1= F/4 %F]_: F /3

F1=F/2 F,=F/3

F1=F/4 F;=F /3
Flexible floor (wood, vaults) Rigid floor (reinforced concrete)

Figure 46

Types of Structure elements defined in 3-Muri

Different types of Floors and vaults can be defined in software 3-Muri as shown in figure 77 below:

Parametric floors and vaults

Figure 77: Types of Floors defined in 3-Muri

It’s possible to define different types of Walls, Beams and columns as shown in figure 78 below.
Moreover, it’s also possible to define different types of Beams (Reinforced concrete, wood etc.)
with masonry wall as shown in figure 78 below:
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Simple panel Panel with opening Pillars

Panel with curb (in reinforced concrete, steel, wood), balcony, pillars

Figure 78: Types of panels in 3MURI

Furthermore, it’s also possible to define different types of materials within same masonry wall
as shown in figure 79 below:

Reinforced wall with
new masonry

Reinforced wall with Reinforced wall with
concrete steel elements

Figure 79: Types of walls inside 3Muri
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There is also possibility to insert different kind of reinforcement with steel, FRP and FCRP within
the wall as can be seen in the figure 80 below:

Reinforced masonry

Reinforced masonry wall — ERP

wall

Mixed material structures

Figure 80: Reinforcement definition inside 3Muri
Foundations

The foundations are not modelled in 3Muri and the superstructure is considered to have a rigid
link with the foundation that could be a big approximation for seismic analysis.

Local Mechanism

It's also possible to perform the local mechanism of wall for out of plane failure of wall between
two soft floors when the connection between the walls and floors is not good and box types
behavior is not sure as can be seen in figure 81 below:
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>

Figure 81: Out of plane Failure of Wall

Choice of Control Point

The choice of control point for performing pushover analysis is important as it effects the
reliability of results. As pushover analysis can be done by controlling either the applied force or
displacement that is applied step by step. It’s recommended to select the node most
deformable as less force will be required to achieve that displacement and more accurate will
be our results as we can pass through all the breaks of our structure.

Pushover analysis compares the base shear as function of displacement/force applied. We can
judge by the shape and value of pushover analysis curve that whether our analysis is correct or
not. Generally speaking, if we achiever ultimate displacement du from pushover curve of
several cm just an example as 72cm which is obviously not realizable particularly for masonry
structure we cannot consider our result to be correct. On the other hand of our ultimate
displacement is less than 1cm roughly we can consider our results of pushover analysis.
However, the values of ultimate displacement du varies depends on case to case and can varies
significantly.

Moreover, the shape of pushover analysis has an initial elastic shape and a plastic stage. When
some of elements have reached their ultimate drift limit the resistance is provided by ductility
and enter in non-plastic phase.

The return period for capacity is done automatically depending on value of acceleration of
structure and can have a constant or variable rate of return as can be seen the figure 82 below:
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Vulnerabilith Sismica n
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sLY 1421 475 2,992 2,56 3,0 42 0,37 1,448 3,93 1,535
|SLD 57 50 _ 11,520 1,02 .2.?3 .2.-37 0,35 4,681 412 3,064
| SLO 271 30 9,033 0,77 2,08 2,33 0,33 2,687 2,24 2,894

Figure 82: Return Period TR depending on limit state

If we have structure completely underground it’s not possible to perform pushover analysis of
such structure. We will overestimate the displacement of such structure if structure is totally
underground. If we have such structure which has 3 floors above the ground level and have just
1floor underground it’s possible to model all the floors above the ground.

If there is some connection between the two portions of building it must be modelled because
it causes the additional constraints to our buildings and behavior of our building would change.
If we model the building as isolated it cause significant errors.

The choice of reinforcement chosen for intervention depends on case by case. For example, if
our element of structure has lower resistance or have lower ductility. If element have lower
resistance, then we can increase the resistance by choosing the steel jacketing for example.
Furthermore, it depends on we want to increase our shear or bending resistance. On the other
hand, if our element is less ductile, we can increase the ductility by introducing some fiber
reinforced bars that increase the ductility of element significantly.

Sensitivity Analysis

It's also possible to perform sensitivity analysis inside 3Muri which allows us to determine
which part of structure is more sensitive to change in parameters (such as material parameters)
and is helpful in the retrofitting of part of structure. Infact there is a complete module inside
the 3Muri for performing the sensitivity analysis and results of sensitivity analysis are helpful
while performing the retrofitting interventions.

(3Muri - Masonry buildings analysis, 2022)

95



$287972
Thesis Report

Masonry Macro-elements

3Muri uses the concept of frame by macro elements for structure analysis of structures. Macro
elements can be considered as a wall or a beam or a column. Use of macro elements for
structure analysis saves a lot of time and computational efforts.

for modelling of masonry piers and spandrels a non-linear beam model has been used which
initially gives stiffness due to elastic properties and then stiffness degrades in plastic range. This
macro elements used in 3muri has following significant properties:

e the initial stiffness of macro element is given by elastic (cracked) properties

e the element follows a bilinear behavior and max value of bending moment and shear is
calculated in ultimate limit state.

e The distribution of internal forces takes place according to equilibrium of element.

e For detection damage limit state both global and local damage parameters are
considered.

e Stiffness degradation takes place in plastic range

e Ductility control takes place by defining max drift which could be different depending on
failure types and is regulated by codes depending on different limit states.

e The element expires at ultimate value of drift and global analysis continues.

The masonry structure is divided into following 3 parts:

The non-linear behavior is activated when one nodal force reaches its maximum value
estimated as minimum of following 3 failures can be seen in figure 83 below:

e flexural-rocking

e shear-sliding

e diagonal shear cracking

| l |

Ty T T
| 1 1 | | 1
/ ] 1 | g J
| ;I | : ]

| L ’
Lx \xl\\\’\\ : —— - ~
(a)Flexural Rocking _{b) Shear sliding (c)Diagonal cracking

Figure 83: Types of Failures in Masonry Structure
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The non-linear analysis push over analysis works on following scheme as shown in figure 84
below:

) B DXF/DWG Geometric
c Definition
2
"
[*)
= Struc‘tur.e Structure
S 7 peoperties, properties
Definition of Defination of
Automatic FME
Non- B. Capacity
linear Curve
Seismic A. Displacement
Demand Demand
Analysis

Finish

Figure 84: Working scheme of 3Muri for Pushover analysis

Bending: Ultimate moment

The ultimate bending can be calculated based on bending- compression interaction and can be
calculated using following expression:

w <Gl S | MY
2 08sfs | 2| W

Whereas
| is length of panel
t is thickness of panel
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60 is the average compression strength

Nu is maximum axial compression action of panel taken as Nu=0.85 fm.l.t

fm is average compressive strength of masonry

the tensile strength is taken as 0 (rectangular stress-block with factor = 0.85)

in existing buildings, the average strength of masonry is divided by confidence factor depending
on the level of knowledge we have.

the figure 85 below shows the interaction of ultimate bending moment and axial compressive
action:

e S e S

moment)

e g e R e T R N e

=i St SRt S

= e S St e =
=i e SN S e =

Mu (ultimate bending

N (axial compressive action)

Strength criterion in bending-rocking

Figure 85: M-N interaction
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Shear (Mohr Columb Criteria)

The ultimate shear according to Mohr columb can be found using the following expression:

V. =I'tf, =It(f,+uo,)=1tf, +uN

Where

I” = length of compressed section of panel normally taken as

po3(L o)=Ll ‘\

Y N

2

F

We refer to effective compressed length when e=M/N exceeds the limit values of /6. However,
when e< I/6 all the points of section are compressed.

t=thickness of panel

fv= shear resistance of Masonry that need to be divided by confidence factor depending on
level of knowledge we have according to Italian codes

fvo = shear resistance of masonry without compression
m = friction coefficient normally taken as 0,4
on= normal average compressive stress referring to the effective area

The software is used for the structure analysis of both existing and new structures particularly
for Masonry structures.

Sensitivity Analysis

We came to know by performing sensitivity analysis that

e What are the model assumptions/parameters are more sensitive in defining our model
in case if investigation cannot be carried out

e where | should conduct the investigations as it has to do with the cost so it’s important
to know where the analysis should be carried out.

For example, the experiments done to find the strength of masonry is different from reinforced
concrete wall and of steel. So, sensitivity analysis is important tool for carrying out a reasonable
analysis. By sensitivity analysis we came to know where we should carry out our investigation in
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order to have better level of knowledge about our structure. By performing the sensitivity
analysis, we came to what type of intervention will improve the behavior of structure the most:

Types of Sensitivity Analysis

Cognitive(Conoscitiva Improving(maglioramento)
Sensitivity analysis
) Sensitivity analysis

Where to carry out e What type of intervention
investigation would be most effective in
What assumptions in terms of cost and effort.
Model are more

conservative

Stone Masonry has quite unpredictable mechanical properties.
(3MURI, 2018).

Sensitivity analysis is performed to get to know about the structure functioning of structure and
to know about where it would be useful to perform the investigation on our structure in order
to get a level of knowledge about our structure. As the tests performed for investigation of
structure is associated costs so through the results of sensitivity analysis, we can make our
investigations cost effective. Moreover, sensitivity analysis also tells us where the intervention
would be most effective to make. It’s possible to come to know about some investigation that
would be least interested to make. As there are uncertainties related to application of loads
and also with the material and mechanical properties of material due to multiple reasons.
There could be degradation in the strength of material with passage of time and sometimes it’s
not possible to know all the mechanical properties for example to know about the mechanical
properties of reinforcement steel inside the reinforced concrete beam. This kind of analysis
reduce the current uncertainty about the model by determining about the importance of
parameter in terms of investigation to be make. Sensitivity analysis consist of performing
several pushover analyses.
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The output of sensitivity analysis is sensitivity index obtained for a series of pushover analysis
considering different combination of parameters as follows:

1%t analysis is performed by considering the mean value of parameters from one group
for example a masonry building Group.

2" analysis is performed by taking average values of parameter of 15t group and min
and max value of parameter of another group such as Reinforced concrete material
group.

Vulnerability index is a ratio of PGA capacity to PGA demand zE:

PGA  d,.-S

I PGA, a,,-S

in 3Muri vulnerability index is represented by symbol alpha as ratio of PGA of capacity
to PGA of demand and is independent of soil type.

PGA. - S
oL -—
POA Poss 8

The 3Muri calculates the vulnerability index represented by a by 3Muri software which
is a ratio of capacity demand over acceleration demand for different limit states (SLV,

SLD, SLO) automatically depending on specific return period.
Return Period Tr depends on location of building and depends on three parameters that

decide the seismic hazard of building as follows:
b i

Where PGA.is capacity peak ground acceleration coming from the pushover analysis
and PGA4 is the demand peak ground acceleration that depends on seismic hazard and
location of building. S is soil amplification factor that depends on soil type we have.

Figure 56
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when value of vulnerability index zetag>1 check is verified as capacity is more than
demand.

However, when the vulnerability index zE<1 the resistance is less than demand and the
element/structure has not passed the check and need to be retrofitted by some
intervention.

Following series of pushover analysis are performed as follows calculating vulnerability
index in each case.

15t force distribution applied proportional to the 15t mode shape or triangular
distribution of force.

Seismic action applied in main X and Y direction.

The action forces applied for positive and negative directions.

Force applied considering the accidental eccentricity of 5% as max size of building in
orthogonal direction to that of building. To be conservative the worst condition of
pushover analysis can be considered the one that gives the lowest value of vulnerability
index to save some computational efforts.

the 3Muri software shows the output as sensitivity index of analysis in form of a figure
89 as shown below:
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Analysis
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Figure 86: Example of output of Sensitivity analysis in terms of Sensitivity index

It's must be mentioned that the G1, G2 and G3 are the groups based on the different types of
materials we have in our building which must not be confused with structural permanent and
non-permanent loads. For Example, G1 represents all the group of masonry material, G2 can be
taken for reinforced concrete material and G3 for any other types of material we have in our

structure.

The analysis represents all pushover analysis result in single diagram as shown below in a figure

90 as an example:
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Figure 90: Example of Result of all pushover analysis

(3Muri Project X3 - Version 13.9.0.0 (29/09/2021), 2021, pp. 379-387)

Moreover, it’s possible to see the stages of damage caused to the structure as result of applied
force is applied.

Furthermore, it’s possible to see the stages of damage caused to the structure as result of
applied force is applied.

Types of interventions

e Intervention In existing masonry wall
e Introduction of reinforcement in the slab
e Improvement of slab and wall connection

During our model we must consider that there could be uncertainty associated with:
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e Loads applied on our structure as we can’t determine with certainty the exact values of
loads such as wind or snow loads

e Geometrical properties of elements as for existing buildings if we have not carried out
exhaustive investigation, we can have some uncertainty with the design drawings.

Local Verifications

The number of local mechanisms to be verified depends on the designer and he has to make
judgment what kind of local failures can be activated and also it depends on type of structure
we have. For example, for churches which are important buildings as part of cultural heritage
the codes suggest to make 28 different types of local mechanism to be verified reported in the
guideline of ministry of heritage.

(3MURI PROJECT, 20)

Types of Verifications

Following types of verifications are made using 3muri software:
e Global static verification
e Out of plane bending verification
e Sensitivity analysis

(3Muri Project X3 - Version 13.9.0.0 (29/09/2021), 2021)
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Numerical Model of 3Muri

Reference Codes
There are number of reference codes implemented inside 3Muri such as Italian national code
followed for construction, NTC (Norme tecniche per le costruzioni), Eurocode and Switzerland

codes as can be seen in figure 91 below. Moreover, it’s also possible to choose an existing or
new building while starting a new project.

Reference codes inside 3Muri

Building type
(® Existing O New

Selected Code
i B Technical standards 2018

Italy (NT 18 drcolare) "
Italy (NT 18)|

Italy (NTO8)

Euro Code

Euro Code (NL)

Netherlands (NPR9238)
Netherlands (NPR2293-2013)

v 1

Parameters

Model type
Current status V

oK Cancel 0

Figure 91: standard Code implemented inside 3Muri
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There is automatic parameter defined for each of reference codes such as partial safety factors
and for materials and some other parameters as can be seen in figure 92 below. However, it’s
possible to modify them:

For every code there are some by default parameters such as partial safety factor coefficients
for structural permanent and variable loads already defined inside the 3Muri software.
However, it’s possible to modify these parameters as can be seen in the figure 92 below:

B
Parameters library - Euro Code - w
A [1] Bilinear parameters
0,004 Intersection biinear -pushover 0.7
Existing: Drft-Bending 0,008 [2] LS of Near Collapse [(MC)
Existing: FCAC1 1,35 Limit condition (NC) Decay
Existing: FCLC2 1,2 Decay value 0.8
Existing: FCLC3 1 Make use of g* limit Mo
New: Drift-shear 0,004 3™
Mew: Drift-Bending 0,008 Make use of dt=fdet™ limit Yes
Reduchon factor for cracked stiffness 2 dt*fdet™ limit 3
w [ 2] Static calculation Displacement reduction factor i
¥G1 1,35 [3] LS of Significant Damage [SD))
yG2 1,35 Limit condition (S0 By NC
vQ 1,5 storey height drift limit (50) 0,0
Q,wind L5 Limit value coeff, 0,75
0, wind 0,6
Diominant wind load Nao
Initial eccentricty coefficent 450
Limit slenderness a7
v [3] Misc
Axes WM Foundations Method 2
Safaty coefficient bearing capacity 1,4 W
[1] Materials [1] Bilinear parameters

Cancel

Iy |
Figure 92: Reference parameters for Eurocode

Response Spectrum Definition
There are 2 options in which response spectrum can be defined inside the 3Muri:

e Parametric (in which its possible to select types of soil and other parameters that define
the seismic hazards of site)

e Personalized (in which its possible to develop your own response spectrum by inputting
the time period T and pseudo acceleration Se in m/s?.
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Just with Eurocode it’s possible to define the parameters that define the seismic response
spectrum parameters such as soil type from A to E and max value of amplification factor usually
taken as 2,5 as can be seen in the figure 93 below:

Spectrum
Type 1 v FO 2,50
Soil type Ss Teg LE - Tpo
A 1,00 0,15 0,40 2,00 |
B 1,20 0,15 0,50 2,00
C 1,15 0,20 0,60 2,00
D 1,35 0,20 0,80 2,00
£ 1,40 0,15 0,50 2,00
OK Cancel
Figure 93

By Default, parameters inside Eurocode

Then it’s possible also to change the parameters that define the seismic response spectrum by
choosing the soil Types from A to E defined as reference in Eurocode, amplification factor Fo
which is normally taken as 2,5 as can be seen in the figure 94 below:
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Spectrum

Type 1 bl FO 2,50

Soil type Ss Teg Tc Tpo
. 1,00 0,15 0,40 2,00 '
B 1,20 0,15 0,50 2,00
C 1,15 0,20 0,60 2,00
D 1,35 0,20 0,80 2,00
E 1,40 0,15 0,50 2,00

OK Cancel |

Figure 94: Response spectrum Parameters in Eurocode

On the other hand, using the Italian national code NTC-18 its directly possible to find the site by
choosing the soil type and coordinates of city and seismic parameters will be calculated
automatically that define the response spectrum for city of L’Aquila in central ITALY as our
building is located there as can be seen in figure 95 below:
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Site parameters

City/town L'Aquila - AQ
Longitude 13.3942
Latitude 42,3659

Nominal life .Dr:i\ayshlcuruﬂ.:»:mm

Use dasses III - Crowded buildings, important structures

Seismic hazard parameters

Calculate Clear
as uLs DLS oLs
a  [m/s2] 3.739 2.940 1.223 0.963
Fo 2.43 2.38 2.32 2.34
TZ [s] 0.37 0.36 0.29 0.28
Tr 1462 712 75 45
oK Cancel

Figure 95: Seismic demand for L'Aquila City
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amametre e o)+ s
Classe suolo B v Calcola
SLC SLv SLD SLO
b Verifica n [ M
a, 3.28 2.56 1.02 0.77
Fo 2.40 2.36 2.33 2.40
T= sl 0.36 0.35 0.28 0.27
Ta 975.00 475.00 50.00 30.00
S¢ 1.08 1.15 1.20 1.20
Tgls] 0.16 0.16 0.13 0.13
Tclsl 0.49 0.47 0.40 0.39
Tplsl 2.94 2.64 2.02 1.92
Categoria topografica T1 ~ 51 1.0
Fattore di amplificazione 1.000 ~
[ ] anua @

Figure 96: Seismic Load using NTC-18
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Modules Inside 3Muri
There are 4 specific modules dedicated inside 3Muri as follows and can be seen in figure 97
below:

e Alignment

e Structure

e Global Analysis

e Local Mechanism

Fle Settngs Toos Uty Deplay 7

Dwk A @RE®A I Structwe __ Wodelanahnis __Kinematic smalysis __Locsl verfication Retrofits I
Level 2 reonvywBELRX-F E-DIDEBLULUP
. —3 . . — .
150 150

« ] = =l = = =l = =

150
e [ —

150
. = = [ = :]- =l . o1 e [

150

LI = = /e CJee [ 3« «0 ¢« 1 e

Figure 97: Different Modules inside 3Muri

Units and formats
It’s possible to use units of measurement of some standard systems already made inside the
3Muri as can be seen in the figure 98 below:

-- STANDARD Units -- v

- Personalizzato -
-- Bl Units -

— SI International System Units —
— STANDARD Units —

Figure 98: Units setting inside 3Muri

The by default units in the 3Muri software is cm however it’s possible to choose any other units
of measurements such as m or mm as can be seen in the figure 98 above:
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Geometrical Model
It’s possible to import the .DXF file directly into the 3Muri software implementing the BIM
methodology inside 3Muri as can be seen in the figure 99 below:

File | Settings Tools Utility Display 7

New - )‘f Alignment:

Open . . .
e S ar _,.-"J-_,-"'

Save = 'b"-%’ ]L[ . iK o

| Save as

Close

Import » DXF

Export » Import

Report » Delete

Properties Advanced importing

Exit

Recently opened projects »

Figure 99: Importing the model inside 3Muri

It’s possible to import directly the .DXF file into the 3Muri as | have done and then using the
alignment command to draw the walls as | have done and can be seen in the figure 100 below.
It’s possible to import the .DXF file or .ifc file directly into 3Muri and then using the centerline
as a reference it’s possible to draw the walls manually.
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le Settngs Toos Uty Display 7
s B DEBE X Alignments Structure Modelanalysis  Kinematicanalysis  Local verification Retrofits

el Gl oY WS KD

PIANTA PIANO RIALZATO

Figure 100: Importing the .DXF file inside 3Muri

Importing directly the .DXF file into the 3Muri is easiest way to model our structure inside

3Muri and then using the alignment command to draw the walls as | have done and can be seen

in the figure 101 below:
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Fie Settngs Toos Uity Dsplay ?

D H B2 HE E-X Alignments Structure Hodclanalysts  Kincmatic analysis  Local verification Retrofits
. - R R J »
Lovel 2 & onTW., X< ’ o s
. . . .
. .
. -

Figure 101: Geometrical model realized with alignment tool

Structure Properties
In structural Tab it’s possible to perform following tasks:

¢ Modelling the openings
e Defining and assigning the material properties of walls and Roofs
e Applying the structural loads on slabs

By following the .DXF file its possible to construct above the model and also the openings.

Walls

Defining Material Properties for walls
It’s possible to define a new material or an existing material inside 3Muri. When a new or
existing material is defined the following screens appear as can be seen in figure below:

There are number of types of materials that can be defined inside the 3Muri as can be seen
follows in figure below.
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+
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Moreover, there are already different types of materials of masonry, concrete and steel
sections defined in 3Muri and there is a complete library of materials available. Each Material is
associated with some mechanical properties. It’s also possible to define these material
properties manually by user. As there is uncertainty in the material resistance particularly with
existing buildings to take into account this fact, level of knowledge is used that reduces the

- [

CALCESTRUZZIO
ACCIAIO ARMATURA
ACCIAIO STRUTTURALE
ACCIATO LAMIERA
LEGNO
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strength of material by a safety factor depending on level of knowledge we have about our
structure as suggested by regulations Eurocode and also by NTC Italian national code .so, with
existing material it’s possible to define the level of knowledge from 1 to 3 that is associated
with different confidence factors we have about our 117structure as defined in Eurocode and

NTC-18 as follows:

e Limited information (LC1)
e Extended Information (LC2)
e Exhaustive Information (LC3)

5287972
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Confidence factor can be inserted while defining the material property as can be seen in

the figure 102 below:

Ry

R

- B N g e A e p T e amen s, O S e VT
WL i ot TRV g e T T R T P L N P S d a

Figure 102: Confidence Factors depending on Level of Knowledge

The reduction in the material properties for existing buildings is automatically applied by the

o |

' ' ' Knowledge level

G [Nfmmz] 11285
i | -- Limited information -- LC1 -

w [kN/m3] 25 AT -
| -- Limited information -- LC1

Fem [N/ mmz] 20 -- Extended information -- LZ2 \

== Exhauskive information == LiZ3

Fck [Mfmrmz] 12 |

acc 0.85 T«r

FiE 1.35

- i e e

software depending on chosen level of knowledge. There are 3 levels of knowledge that can be
defined and in case of level of knowledge 3 its possible also to input the results of experiments
conducted as can be seen in the figure 103 below:

If working with

The experimental values derived from the tests are requested.

knowledge level 3 Experimental data [3 =
0 0 ul a
0 0 1] o
0 0 1] o

Confirm values

Clicking on "Confirm values" defines the computation values.

Figure 103: Experiments Results input in case of Level of knowledge 3

The 3 level of knowledge as defined inside NTC-18 for masonry structures are as follows:
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Knowledg Geometry Investigations Tests Analysis Confidence Material Properties
e Level (as-built) Method factor (refer to table C.8.5.1)
FC 2>
KLl f {minimum values)
Lo Limited Limited tests 1.35 7, fvo  (minimum values)
From original E,G (average values)
design drawings f (average values)
KL2 . wﬁh_ron_dom It Irenhd 1.20 w, fvo (average values)
LC2 investigations or E.G (average values)
full surveys. o
THsroncan 7 t
cngccﬁ cmof)r/s_ls 10, fv0
KL3 and geometric E G
LC3 survey) Exhaustive Exhaustive 1.00
(depend on table values modified
by results from experimental fests,
see C.8.5.4.)

Figure 104: Level of knowledges for Masonry Structures

Definition of Materials

There are various types of materials that can be defined inside the 3muri software. Various
types of masonry such as stone and clay are available, various sections of steel sections and all
classes of concrete are available already inside the 3Muri. Moreover, it’s possible to define the
section of its own inside software and save it for future use.

Types of Bonds of Masonry

There are 2 types of constitutive laws that takes into account the bonds that can be defined for
the shear bond of masonry blocks as follows:

e Mohr-Coulomb Bond Criteria

e Turnsek Cacovic Bond Criteria
Mohr-Coulomb Bond Criteria involves presents sliding type failure and it is
recommended to use for new masonry structures. On the other hand, Turnsek cacovic
model is recommended to be used for existing masonry buildings and it involves
diagonal shear failure.

— Constiutive law

| Mok i Coulomb -

[ TurnsekiCacovic . h
]_ MohriCoulomb
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Furthermore, it’s also possible to improve the material properties by defining the improvement
parameters as suggested in the codes. For Masonry Material Stone Masonry has been defined
with level of knowledge 3 associated with the confidence factor of 1 as can be seen in figure
below:

For Masonry Following material properties can be defined as follows:

E: longitudinal elasticity module

G: Shear elasticity module

w: specific weight

fm: Average compressive strength

fvmO0:(Mohr-Coulomb) The average shear strength without axial action

fvlim: (Mohr-Coulomb) The shear strength limit (suggested value 2.2 N/mm2 §7.8.2.2.2 -
D.M.14-01-2008)

T:(Turnsek Cacovic) Shear Strength
fk Characteristic compressive strength

Ym: Material security factor
FC: Confidence factor

fm, fvm0, fvlim, T:The values listed on the form are to be considered NOT reduced for the
confidence factor (CF), the reduction will be applied directly in the calculation phase.

Following types of masonry materials can be defined inside 3Muri software:

Masonry in bricks and lime morkar - J

Masonry in disorganized skones (pebbles, or erraticfirregular stones)

Masonty in rough-hewn stone, with Faces of limited thickness and internal nucleus
Masonty in split stones, well laid

Masonry in rough hewn soft stone (tuff, macco, etc,

Masonty in squared stony blocks

Masonty in bricks and lime mortar

Masonty in half-Full bricks with cement mortar (g.g.: double LINT)

Masonty in perforated brick blocks percentage perforation < 459%)

Masonty in perforated brick blocks, with dry vertical junctions (percentage perforat
Masonty in cement blocks (percentage perforated between 45 - 659%)

Masonry in half-full cement blocks

Figure 105: Types of Masonry Materials inside 3Muri

Following material properties can be defined for concrete both for new or existing concrete
material as follows:
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PARAMET\|EXISTIN NEW DESCRIPTION
ER G
E f f Longitudinal modulus of elasticity
G J / Tangential modulus of elasticity
w f f Specific weight
fn \/ \/ Medium compressive strength
f / / Characteristic compressive strength
/ / Coefficient that takes into account long term
effects on
acc the compressive strength and of unfavorable
effects
resulting from the way the load is applied.
FC / x Confidence factor
Safety factor of the resistance of the material to
Ye f be used in order to perform the static

verifications.

Figure 106
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Materials
- MASONRY
&) CONCRETE +7 X ‘9 D
- l.cizis Name \c28yas
E [Nfmm2] 32,308.00
G [Nmm2) 13,462.00
w kN3] 25
'Fem [Mfmm2) 36.0
2:‘::2 fek [tmm2] 28.0
. C40/50 i L
Cas(ss L 0.85
..C50/60 Description
L. Co5/e7 Library Italian code

.. C60/75
..C70/85

- REBAR STEEL GRADES

- STRUCTURAL STEEL

). WOOD
L.FRP

Material colour -
Texture

o] @

Figure 107: types of Materials defined Inside 3Muri

For my model of town hall of Pezzoli there were two types of masonry materials were defined as there
were some tests performed on this building. In particular double flat jack tests was performed on town
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hall of Pezzoli to find the mechanical properties of types of masonry we have. It was observed that the
elastic modulus of masonry structure stone masonry was quite different than the reference values we
have form the NTC-18. However, following two types of masonry were defined for modelling the walls
as can be seen in the figure 108 below:

_Jrn-u. Ta E G W
Tipologia di muratura (Niem®™ | (Niem?) | (Nmm®) | (Nimm®) | (KN/m')
MIN-Mmax | nun-max | mim-max | min-max
Muraiura  in pierame  disordinat  (clotioli, piu:l.n:‘ 100 2,0 690 230
. i 4 |G
erratiche ¢ iregolarn) | 180 32 L0050 3501
Muratura a conci sbozzati, con paramento di limitato | 200 3.5 L0200 340
.
spessore e nucleo inlemo 300 3,1 | 440 480 20
260 5.6 | 5010 511
Muratura in pietre a spacco con buona tessitura » 21
350 7.4 980 6ol =
Muratura a conci di pietra lenera (wfo, calcarenite, | 140 2.8 S00 300
ecc.) 240 42 1260 420 -
: GO0 9.0 2400 T8O
Muratura o bloccha lapider squadran 13
/00 120 32010 94 ="

Mursur in mattoni pieni @ malia di calee

Muratura in mattoni semipieni con malta cementizia | 500 24 3500 875

(es.: doppio UNT foratura < 40%) 800 iz 600 1400 3
Muratura in blocchi laterizi semipieni (pere. foratura < 00 30,0 3600 1080

45%) B0 40,0 5400 1620 e
Muratura in blocchi laterizi semipieni, con ghunti | 300 0.0 2700 Bl

verticali a secco (perc. foratura < 45%) 400 | 3.0 3600 108D H
Muratura in bloechi di calcesiruzzo o argilla espansa | 1350 9.5 L200 300

(pérc. foratura tra 45% ¢ 65%) 200 125 1600 400 b
Muratura in blocehi di calcestruzzo semipicnl [ 300 [8,0) 2400 I

(foratura < 43%) 440 240 3520 880 14

Figure 108: Mechanical Properties of Masonry walls
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Tipodogia ofi
naranmra

Malka
buona

Ginndi
sottli
(=10 o}

Ricarsi o Connessinne Hueles Iniezinne ol
listature trasversale scalente Miscele
el anpio legarti

Intonasn
amato *

Muratura in pietrame
dizordinata

[ciattali, pietre
erratiche & irregolari)

1.4

i3 1.4 04 2

2,4

Murstura & conc
shozzati, con
paramen-to di
limitato zpeszare e
nucleo interno

1.4

1,2

1.2 1.4 08 1.7

huratura in pietrs a
Spacco con buons
tessitura

3t

11 28 09 1.4

1.4

Muratura & conc di
pietra tenera (tufa,
calcarenite, eot.)

1.4

1.4

04 1.7

huratura & blocchi
lapidei squadrsati

Muratura in mattoni

pieni & malta di
calce

1.5

1.4

1.4

Tabella CBAZ2 del

2 Circolare 61772009

Figure 109: types of Masonry walls improvement factors
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Proprieta materiale E
Tipo Nome Condizione del materiale

N ic<ony_type ] | © Esioteote O Nuovo

Colore materiale - [ Rigidezza fessurata
Touing - [[] Maka scadente (resistenza < 0.7 [N/mm2])
[[] Definizione utente

o R D e oo i

Eh [N/mm2] 3385.72 Tipo legame

G [N/mm2] 1244 SN _
w [kN/m3] 27 ' Degrado di resistenza a un valore residuo v
fm [Nfcm2] 840 Taglio

fhm [Nfcm2] 630 Muratura irregolare (Turnsek/Cacovic) W
i) s _ [] considera contributo a trazione fascia

T [Nfem2] 12.6 |

FC 1

v | s Parametri muratura

Maschio drift taglo | 0.005 |

Maschio drift flessione 0.01 Parametri di miglioramento

Fascia drift taglio 0.015

Fascia drift flessione | 0.015 | Definisci materiale multistrato

Fascia accoppiata drift | 0.02

Descrizione

Librena talia (NT18 circolars) Normativa L__l oK Annulla 9

Figure 110: Mechanical properties of Type-1 Masonry

The values of elastic modulus used for stone masonry were used as derived from the tests. While the
compressive and shear strength of were taken as average values taken from the codes based on the
types of masonry we have and average value was taken. the value of shear Modulus G was taken was
calculated from young modulus E considering the linear elastic relationship between E and G and
considering the poison ratio value of 0,3 as follows:
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G=E/[2(1+V)]

The level of knowledge used for defining the mechanical properties of was taken as. the figure 111
below shows the mechanical properties defined for type-1 Masonry were as follows:

Definizione parametri materiali

Tipo muratura Muratura a blocchi lapidei squadrati W
Livello conoscenza -- Esaustive indagini -- LC3 v FC 1
Dati sperimentali 1 v Metodo prova Martinetto piatto doppio v

fm [Nfan2] | T[Nfan2] | fv0 [Nfam2] | E [Nfmm2] | G [N/mm2] w [kN/m3]
Valore calcolato 22
k 2.00 1.00 0.00 1.50 1.00
Prova 1 0.00 0.00 0.00 0.00 0.00

Conferma valori

| Normatva [ ] | oK anda | @)

Figure 111: Type-1 Masonry Material Properties

In similar manner the mechanical properties of 2™ type of masonry material were defined
which was Brick Masonry and has following mechanical properties:
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Definizione parametri materiali
Tipo muratura

Muratura in mattoni pieni e malta di calce

Livello conoscenza -- Esaustive indagini —- LC3

Dati sperimentali | v Metodo prova Martinetto piatto doppio
fm [Nfem2] | T [N/am2] fv0 [Nfam2] | E [N/mm2Z] | G [N/mm2]
Valore calcolato
k 2.00 1.00 0.00 1.50 1.00
Prova 1 0.00 0.00 0.00 0.00 0.00
Conferma valori
I Normativa \__J I oK

Figure112: Mechanical Properties of type-2 Masonry

Table below elaborates all the mechanical properties used for the modelling of walls. There all the
external walls were modelled as stone masonry (type-1) while the internal walls were modelled as brick

Masonry (type-2).

Annulla

roperti
wall Types Masonry Types E[N/mm2] Improvemet factor | fm (compressive strength) [N/cm2]

Masonry type-1 muratura in blocchi lapidei squadrati 4707 12 600-800

Masonry type-2 muratura in mattoni pieni 2800 15 240-400

E [pal poisson Ratio, v

2.80E+09
4.50E+09

Gpa]
1.08E+09
1.73E+09

TABLE-2 Mechanical properties of Masonry walls

Modeling Assumptions

While modelling the walls its assumed that there is no resistance of walls out of plane. Also, out

of plane resistance of floors is taken as null for purpose of safety. Special Care should be taken
in modelling of slab. If we overestimate the stiffness if slab, it will make over structure more
rigid overall and it will reduce the ductility of structure and eventually will result in the lower
displacements of structure than reality. After Creating 1 floor it’s possible to Duplicate the floor
for upper levels if building is symmetric in elevation. Moreover, it’s also possible to model

different kind of Flat or Flaps or vaults like.
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Walls------- -> Stone Masonry
Roof and Stairs------- - RC Roof

External Elevator-----=> Steel

Assign of Material Properties
It's possible to make masonry panels and masonry panels with reinforced tie beams, masonry
panels with steel or wood beams. Table Moreover, it’s possible to change the thickness of
masonry walls above or below the windows as can be seen in figure 113 below. Furth more the
thickness of wall below the window was defined differently as 41cm than the wall thickness.

Definizione caratteristiche n
Pannello murario | Pannello + Cordolo C.A. Pannello + Trave Acdaio /Legno Pannello + Catena
Setto C.A. Trave C.A. Trave Acdaio /Legno Catena Messuna definizione

Pannello murario

Quota 850 [cm]
Altezza 450 [am]
S

Tipo architrave  Calcestruzzo ~
Verifiche statiche

Eccentricita 0.0 [em] [] Esposto al vento

Materiale
Masonry_type_1 > ﬂ

D Muratura armata/rinforz

[] Tamponamento

Sotto/Sopra finestra
SottoFinestra

- -
Masonry_type_1 ¥ ﬂ

SopraFinestra

Spessore [em]

Masonry_type_1 v ﬂ

7] Nen unire durante la mesh

[] non caricabile da solaio O oK Annulla 9

Figure 73: Assignment of Material properties to external wall of 2nd Floor
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Definizione caratteristiche n
Pannello murario Pannello + Cordolo C.A. Pannello + Trave Acdaio /Legno Pannello + Catena
Setto C.A. Trave C.A. Trave Acdaio [Legno Catena Messuna definizione

Pannello murario

Quota 850 [am] —
Altezza 450 [am] h
Spessore R [cm] -

Tipo architrave | Calcestruzzo ~| [ Tamponamento
Verifiche statiche
Eccentricita 0.0/ [cm] (] Esposto al vento
Materiale
Masonry_Type_2 ~ @

[ Muratura armata/rinforzi

Sotto/Sopra finestra

SottoFinestra

Spessore 41.0( [am]

Muratura v ﬁ

SopraFinestra
Spessore 50.0/ [cm]
Muratura v| B9

[[] Non unire durante la mesh

[[] Mon caricabile da solaio O OK Annulla 9 {

Figure 114: Assignment of material properties to Internal Walls of 2" Floor

The table below summarizes the thickness of external and internal walls modelled inside 3Muri for the
both 2 stories as follows:

WALLS Thicknesses
Floor No. wall Type Average Wall Thickness [cm]
External 63
Raised Ground Floor Internal 54
External 60
1st Floor Internal 50
Openings =

It’s possible to create the openings such as doors and windows in a fast manner inside the
3Muri using the .dxf File. It’s possible to create the openings using the Centrepoint of opening
or by selecting the 2 edge points of the opening.
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Openings Height[m]
Windows

Bottom Height of External Windows 0.85
Height of External Windows 2.45
Bottom Height of internal Windows 0.85

Height of internal Windows 1

Doors

Height of External Doors 3.3
Height of internal Doors 2.4

TABLE-3: Openings Detail

Floor Slabs

Slabs can be modelled with various typologies starting from the fully rigid floors to floors having
no stiffness and fully deformable. However, | decided to model the slab as rigid diaphragms as
there replaced with RC Roofs later. For rigid floor there would be no requirement on the
mechanical properties of slab and floor will be modelled as Rigid.

Giving the input geometrical properties of slab, software automatically calculates the stiffness
of Slab, structural permanent loads G1 and other mechanical properties of slab. Then it’s also
possible to assign additional non-structural loads G,
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Solaio n

Carichi

OOOIIIIIrrn  Qk Quota | [am]
Gk2

P

AN A
R 400| [daN/m2]

Verifiche statiche
T (4 ke Lungh. appoggio : [em]
}T—Jﬂi A quota estradosso [cm]
[+ carico dominante A quota intradosso 0| [cm]
NT1E8 circolare
wo 1.00| w1 0.50| w2 0.30
LJ
[[] categoria Zv
Tipo
| -- Impalcato rigido -- v | ﬂ
Spessaore 0.0 [cm]
G 0.00 [Nfmm2]
Ex 0.00 [N/mm2]
Ey 0.00 [N/mm2]
v 0.00
Scarico masse
() Monodirezionale (®) Bidirezionale
Scarico direzione principale 50 v %
Visualizzazione
Colore materiale - Texture
Intervent] l oK Annulla 0

Figure 115:Loads on the Floors
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There are various types of Masonry, Reinforced concrete and floors mixed with different
material types that can be defined inside the 3Muri software as follows:

~Rigid fioor — v
-=Udeﬁned-+

One-way timber floor with single wood plank
One-way timber fioor with overlapped wood planks
One-way tmber floor with addibonal concarete topp
Dippelbaumdecke

Steel-beam and hollow fiat block

Steel-beam and vault

{masonry-r.c. composite floor

{Prestressed slabs (Predales)

Corrugated sheets

Corrugated sheets with slab

Figure 116: Various Floor Typologies inside 3Muri

The structure model realized with walls and opening can be seenin 117 below:

© 3Muri [FINALE_MODAL_ANALISI] [Licenza uso acca demico] ] -
Fie Impostazoni Stument Utitd Visuslizza 7

D PDEBE-X Allineamenti Struttura Analisimodello  Analisi cinematica Verifiche locali Interventi

ety 2 gloaTwEMIBRX-FE-DICPBELLP

Figure 117: Structural Model of Town Hall of pizzoli inside 3Muri

Duplication of Floors

It’s possible to duplicate the for upper levels very easily as more or less our structure was
having similar mechanical and material properties. Moreover, there is also a possibility to
change the height of upper floor if duplicated. Depending on the floor type selected it’s
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possible to. Roofs can be modelled as structural or non-structural elements, Structural when
the roof has significant stiffness for example when we have reinforced concrete slab, non-

structural when slab has negligible stiffness for example if we have wooden roof. Also, if we
have masonry roof whose stiffness is significant and it would not be suitable to model as rigid. If

we model the roof as nonstructural element software will treat the structure same as without

roof. After modelling the roof Inside the different levels of each floor it’s possible to select
whether it’s covered by a roof or not and whether the roof is structural or not.

Gestione livelli

w Livelo 1

M. cho 2

Figure 8:3D Model inside 3Muri

- ) Altezza Q vento
Livello Visibile Descrizione fem] Quota [am] [da/m2] Tetto
1 Livello 1 400 400 ol O
4 2 Livello 2 450 850 0 ]
Altezza nuovo livello | 450} [om]  Vista 3D Mostra nel 3D i liveli spenti in grigio .lE
Figure 118
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Figure 119: 3D Model inside 3Muri
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Figure 120: 3D model inside 3Muri

Analysis inside 3Muri
the software 3Muri automatically generates the mesh dividing the masonry wall into 3
elements:

e Piersin Orange color
e Spandrels beams in Green Color
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e Rigid Nodes in Blue Color

e Yellow points on the bottom fixed in foundation
This division can be seen in the picture below:

Fle Impostasoni Stument Uthith Vesuslma 7
e H 2EEBE-X Allineamenti Struttura Analisimodello  Analisi cinematica  Verifiche locali Interventi
Lvelo 2 "FloAaT W EwWD-C-HeE D
o7 p3
x 1

Ps
P4

PS5

]
P2

P9

~
P10
Pi1
P12
=
=
P13
Pl4

=

Normativa attiva:

WT18 circolare Ole>50 Paretet 1

Figure 121: Wall-1 automatic Mesh generated by 3Muri
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Figure 122: Automatic Mesh Generation by 3Muri

Linear Static Analysis m
1%t linear analysis was performed which software performs automatically based on the criteria

of code selected in our case as Eurocode. It was observed that there was no failure in the wall
depending on under static loads as can be seen in the figure 123 below. Infact the walls were

working around their 60% capacity.
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063 BN iv M v | | Verifiche a carico verticale v|
Parete | Maschi | NAMr

2 3

8 2

3 1

a 0

5 0

6 0

7 0

9 0

10 0

11 0

12 0

13 0

14 0

Figure 123: Linear Static Analysis of all Masonry Walls

The figure 124 below compares the axial demand of walls to the axial load carrying capacity of
wall under static loads for wall/pier-1. In similar it was possible to compare the results for each
wall.
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Figure 124: Linear Static Analysis of wall-1

The orange nodes at the bottom shows that the base of building immersed inside the
foundation and is fixed and have no displacement as can be seen in the figure 125 below.
Actually, inside 3Muri it’s not possible to model foundation.

i
OB L H | | Vertcne |

Figure 125: Linear Static Analysis Results All Satisfied of wall-1
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The figure 126 below shows the maximum axial force developed inside the wall. The maximum
axial force of 137kN was developed in the load bearing central wall as can be seen in the figure

below:

1

N [dan]

[ 7672
] 23,746
o 39,821

55,89
- 71,971
o 88,045

104,120

120,185
o 136,270
| 152,345

Figure 126:Max Axial Force in walls

BEEEEEE

Modal Analysis
3Muri can also perform modal analysis which gives the picture of vibration of structure at
various frequencies of vibration. Just first 4 modes of vibration were calculated that contributed
around 93% mass in X-direction and 99% in y-direction as can be seen in figure 127 below:
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|velo 2 ~ Parete 1 v Scala Def. Parete 500 ScalaDef.Pianta 50

+ .02 0.01 0.00 0.0000 0.0000

45 €.03 0.02 0.00 0.0000 0.0000

Attivo inpushover

D, X

M | M | 2 | 0.am03| 1299 1,093,501 |
| |3 | o] 1697002 1,043 01
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Figure 127: Mode-1 Modal analysis Result

60 i | Liveia 2 v Parete 1 v dm Scala Def. Parete |  500| Scala Def. Pianta 50

Attivo inpushover

Dr.% DY

N
24 P7 1 3 0.12481 1,697,002 | 89.29 0.05 123| 0.01
15 4 0.07831 2| 0.00 82,032 | 432 52| 0.03]

oN27 I
5% &

a s a 9 Lﬁ

o al ahags S NS1E]

.

Mx totale. 8936 [%] My totale 91.97 [%]

Figure 128: Mode-2 of vibration
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Figure 129: Mode-3 of Vibration
-
60 |ivetoz ~ Parete 1 v 4= Scala Def. Parete [ 50] Scala Def. Pianta 50

Attivo in pushover |
| TE

Vmw lmm |-m1 |

Modo Mz [%]
Dr. X Dir. ¥
1 0,20067 of 0.00 571,430 2007 E') 0.00|
2 0.17003 1249 | 007 1,093,501 57.54 160 001
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Figure 130: Mode shape-4 of vibration

the table gives the results of modal analysis as follows:

Mode: Mode number of vibration associated to a frequency of vibration

T[s]: Time period of Vibration
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mx[kg]:Modal participation mass in kG X-direction
Mx[%]:Modal participation mass %age in X-direction
my[kg]: Modal participation mass in kG Y-direction
My[%]:Modal participation mass %age in Y-direction
mz[kg]:Modal mass Participating in direction Z

Mz[%]:Percentage of participating mass in direction Z

Attivo in pushover

Modo T[s] mx [kg] Mx [%] my [kg] My [%] mz [kg] Mz [%]
Dir. X Dir. Y
M 1 0.20067 0 0.00 571,430 30.07 30 0.00
2 0.17003 1,249 0.07 1,093,501 57.54 160 0.01
3 0.12461 1,697,002 89.29 1,043 0.05 123 0.01
4 0.07881 2 0.00 82,032 4,32 522 0.03

Mx totale 8936 [%] Mytotale  91.97 [%]

Figure 131: Modal Analysis Vibration Modes

The results showed that mode-2 was giving highest %age of mass in y-direction about 57%
while mode-3 was having highest %age of modal mass of about 89% which satisfies the
minimum requirement of 85% of modal mass to be considered.
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Pushover Analysis

3Muri performs 24 pushover analysis in X and Y and with combination of two types of
distribution of loads (Uniform and Modal) and with different eccentricities of +5. These
distributions of forces are proportional to mass and to 1%t vibration mode. Inside 3Muri it’s
possible to perform pushover analysis on a single wall or globally. Using the NTC-18 it’s possible
to set the seismic demand that will be used in the defining the seismic demand of site where
our building is located. In our case as town hall of pizzolli was located in L’Aquila the software
automatically calculates the response spectrum using the parameters as can be seen in figure
132 below. While setting the seismic demand parameters it’s possible to select the parametric
response spectrum or custom response spectrum. It’s possible to select types of soil from Ato E
and corner period Tc, soil amplification factor S and importance factor as mentioned in
Eurocode. These parameters define the response spectrum used for defining the seismic
demand in terms of dmax. Which later will be used to calculate the vulnerability index as ratio
of PGA capacity coming from pushover analysis to seismic demand PGA demand calculated
from the response spectrum. The choice of control node and Earthquake directions has to be
given as input by the user.

Computation parameters

Substeps EDEr"
Predision | 0.0050
Maximum displacement . 4,00 [em]
] Apply to Al
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Seismic load n
\

Spectrum Shape Parametric ... >

NC sD DL
Verification

b a2 gm/sT 1 0.8 0.6

Soil type A hd

S
TB[EI
Tcls) '

TD[S]

Importance Factor 1.00

. Load default oK Cancel 9

Figure 132: Seismic Demand for Pushover analysis

The output of pushover analysis is measured in terms of vulnerability index which should be
greater than 1 in order to pushover analysis to be verified. If vulnerability index is greater than
1 it means our pushover analysis has satisfied however if our vulnerability index is less 1 it
means our pushover analysis has not passed. than After performing Global analysis it’s also
possible to perform local analysis on walls or even on more than 1 walls. The software
automatically calculates 24 pushover analysis considering different possibilities of load profiles

of eccentricity and calculates the vulnerability index for 3 limit states for a specific reference
return period as follows:

e Life Limit state (SLV)

e Damage Limit state (SLD)

e Operational Limit state (SLO)
Dmax is displacement demand required by the structure depending on seismic demand
and response spectrum where Du is ultimate displacement offered by the structure and
obtained after performing pushover analysis on our structure. If Du> Dmax the
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verification of pushover analysis is verified and on contrary the verification of pushover
analysis is not verified.

Moreover, the software highlights the pushover analysis which are more critical in
yellow. And it possible to sees the pushover analysis capacity curve and bilinear curve of
that critical push over analysis.

Control Node Selection

The choice of Control node for pushover analysis is very important and choice of control node
can significantly change the ultimate displacement. Control node is the node whose
displacement is measured against the maximum shear at the base and is usually taken as center
of mass of top floor. the control node should be chosen which is most deformable. The more
deformable node we take as our control node the more accurate our results will be. By noticing
the ultimate displacement Dy of our structure it’s possible to see our pushover analysis was
performed correctly or not. If we get very high ultimate displacement of our control node, we
obviously need to check our model. The ultimate displacement will even vary if we choose
different position of control node within same floor. Moreover, the deformability of floor also
depends on the type of slab we have. The software automatically gives the option to select
some control nodes while setting parameters for pushover analysis as can be seen in figure 133
below. Moreover, using average node displacement, the whole building is displacement
according to displacement of control node. 3Muri gives the options to choose and suggest
some nodes having the highest elevation from the ground level. 24 Pushover analysis was run
choosing the control node near the center of mass of top floor and giving displacement of 7cm
as can be seen in figure 133 below:

145



$287972
Thesis Report

Analisi H
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Figure 133: Pushover analysis Input Selection of control node and Maximum Imposed displacement
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Figure 134: Pushover Analysis Capacity Curves
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3
4
5
6
7
8
9
10

ﬂ 11 +X Distribuzione modale 62.54
12 +X Distribuzione modale -62.54
13 X Uniforme 62.54
14 X Uniforme -62.54
15 X Distribuzione modale 62.54
16 X Distribuzione modale 62,54
17 +Y Uniforme 187.04
18 +Y Uniforme -187.04
19 +Y Distribuzione modale 187.04
20 +¥ Distribuzione modale -187.04
21 Y Uniforme 187.04
2 X Uniforme -187.04
23 X Distribuzione modale 187.04
24 X Distribuzione modale -187.04

Figure 135: 24 Pushover analysis output
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Results and Conclusion

By making a comparison between Modal analysis performed in both software’s Salome Meca
and 3Muri the time period of vibration of first 4 modes were compared between two
software’s and it was observed that there was negligible difference in time period of vibration
(about 15% for first 4 modes) obtained from the 3Muri and Salome Meca. Moreover, the
difference in time period of vibration increases for higher modes as can be seen in table-4
below. As 3muri is a software specifically designed for structure analysis of masonry structure
so 3Muri is able to consider the bond strength among the masonry block elements and support
length of roof on supporting walls that cannot be taken into account in typical finite element
software like Salome Meca. Moreover, the generation of mesh and modelling is must easier
and faster inside 3Muri compared to Salome Meca as 3Muri has materials library and tools
specially designed for modelling of masonry structures.

Salome Meca 3Muri %age difference in Time period [T]
Mode_Shapes f [Hz] T [s] f [Hz] T [s] %age AT [s]

1 5.4 0.19 5.00 0.2 7.41
2 5.9 0.17 5.88 0.17 0.30
3 6.5 0.15 8.33 0.12 -28.21
4 10.2 0.10 14.29 0.07 -40.06

%age Average Difference in T -15.14

TABLE-4

The figure 136 below shows a comparison between Salome meca (FEM software) and 3Muri
(FMA software) in terms of frequency and time period of vibrations of first 4 modes:

Figure 9: Comparison of Modal Analysis Results between Salome Meca and Code Aster
Modal analysis of Town Hall of

pizzoli

0.25

0.15
0.05 I I
1 2 3 4

Mode shapes

) )
- N

Time Period of vibration, T [s]
o

W Salome Meca T [s] 3Muri T [s]

Figure 136: Comparison of Time period of Vibration of Salome Meca vs 3Muri
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Comparison of Modal Analysis Results

1 2 3 4

Mode shapes of vibration

M Salome Meca f [Hz] ®3Muri f [Hz]

Figure 137: Comparison of f of vibration [s]
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