Masonry walls - Modeling in-plane response (o seismic actions)

Cyclic horizontal forces, anisotropic damage, hysteretic dissipation, damage localization,
inertial vertical forces ...

PROSPETTO SEZIONE LONGITUDINALE PROSPETTO DELLA PARETE

Block masonry wall in S.Sisto (Beolchini et al., 1997).

Brick masonry wall tested in Pavia, Magenes et al. (1994).
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Influence of the brick/block aspect ratio and bond pattern
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Dry block masonry
Giuffre et al, 1993
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Shear testing on brick-mortar assemblages
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Brick-mortar interface model: coupled damage-frictional interface
iz
i t
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{ e, =h(a,) H(s,) o, / ‘Sm =K,0, +8*m‘

V= k(o) (T= 1)

Conjugate variables
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Gambarotta e Lagomarsino, 1997

Brick-mortar interface model: coupled damage-frictional interface
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Masonry walls - Discrete models
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FE model
Brick units + Interface
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Masonry walls - Discrete models Formica et al., 2002
. Lagrangian model: rigid block w={u u, ¢
o-q s i 1 2 i
Rigid blocks connected by damage frictional T
interfaces f={f £ ¢
r .
¢ _f.q 9 strain - stress a« [ q af
£ &= {g” } at contact pointq ¢ = {G“ T }
Compatibility
e -Du=0 Coupled damage-frictional interface
Equilibrium (6ambarotta e Lagomarsino, 1997)
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Mixed FE formulation
M Arch-length iterative analysis
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Discrete models - Multigrid/Multilevel approach
Casciaro et al, CMAME, 2007
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Large masonry shear walls - 2D Cauchy equivalent continuum
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Meso fields 6, u, ¢, ¢
J 08 Macro fields X.E. Z

u(x):Ex-%—uw acro Tie , B,

1
u,, periodic on 88 | s T=- [ x®tds
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dive=0 in ¢ & b a ‘ )
on antiperiodic on 8¢ || E =Z@J;Sym (u®n)ds
[oln=0 sus Periodic RVE

Macro - costitutive equations

o EZ
Z internal variables

Meso - costitutive equations

Brick units o, <> g,, ¢,
Mortar 6, €,,C,
Interface o, &,¢;
¢ internal variables




Homogenization of periodic masonry Anthoine, 1995, 2007

strain-periodic cinematically admissible
displacement field

u(x)zﬁx+\i’x+up (x)
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2D micropolar orthotropic continuum models - Periodic rigid block masonry
Besdo, Sulem & Mihlhaus, Di Carlo, Rizzi, Trovalusci & Masiani, Sulem & Vardoulakis .....

->Trovalusci & Masiani, 2003,05 Running bond 2D
* Lagrangian model: dofs block A u,, W,

* Homogeneity of the generalized displacements
gradients H - K in the RVE

H=gradu , K=gradW, T'=H-W
+ Relative generalized displacement at interface C
{uc =Iv,, +(KVBX ) Vep _(KVAX ) Veu
W, =Kv,, b%

+ tc, T¢ elastic generalized contact forces at
interface C u,, W, i

* Equivalence of the work expended per unit area ‘+—B+

in the Lagrangian and in the Polar continuum
—5' (kK + 2K =b
Yllll 8 kl + 2kn > 8 a

70 (TK) :%;(tucuc +%TC-WL.j o (TK) = E-F+%M-K )
Y, =8k,
Average stress X and couple stress M tensors Y, =08k,
Constitutive equation o X=YI" f Yy =87 (k; +2k!)
in the case of centro-symmetric unit cell = {M -CK C, - (4k;+3k;62 215 412K )/126
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2D micropolar continuum models -

->Casolo, 2004,06 - Running bond
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Periodic masonry with elastic units and
mortar

(a)
Prescribed displacements
at the boundary of the RVE

Ss'=3" W

‘u =E,sym(e, ®e,)x+u’

Evaluate: s
Mean (symmetric) stress Ziz

Block rotation _
(specifically defined) §s = Vs

Prescribed rotation (I)W =V,
of each block with periodic
boundary condition u=w’

Evaluate:
Mean couple density
By =2y -,

2D micropolar homogenization - Forest & Sab, 1998

Heterogeneous (Cauchy) medium
u(x)

displacement u(x)

displacement v(y) , ¢(y)

Generalized (Cosserat) continuum
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Homogenization criterion based on equivalence of strain energy density in RVE

Rectangular RVE

min j AuF"FAu da
u(x,+d)

Au=u®(x)-u(x) F=¢ Q¢ +3e¢, Oe,

Displacement field in the RVE and
prescribed displacement at the boundary

\ L~ .
di=de, u(x)=u"(x)+u”(x)
+ w(x) displacement field fulfilling the periodicity conditions at the boundary ¢
u’(x,)=v"(x,+d,) i=12 x,eC

+ u'(x) displacement polynomial of grade 3 satisfying the following conditions:
E'(y)=¢€"(y) of grade 2 - scale invariant
o (y) aoffine function

{ "@2 @1i2i§—3ifiz) .
s B 4Bof (O +2C % D% -358)

Boundary conditions on the RVE  u(x,+d,)-u(x,)=u"(x,+d,)u'(x,) i=12 x,&C

@
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Cauchy continuum homogenization  u*(x)=E*x E* mean strain tensor

Components of generalized strain at the centre y=0 of the RVE

* 3 components of the symm part of the strain tensor E,(y=0)=E,(y=0)=
- 1 comp. of the skew part of the strain tensor 6(y=0)=¢(y=0)-Q(y=0)=0

* 2 components of the torsion curvature tensor K(y=0)={k, I?Z}T =K

Assuming Q(y=0)=0
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Homogenization of a regular pattern - English Bond
B, =1

D,=1 = E,=Q=0, 00
= E,#0,0=0"=¢=0, Q=0

a

E, =5000MPa, E,, =500MPa, v, =v, =0.1, s=10mm

Elastic generalized moduli for varying masonry patterns
Running bonds English bond

=12

d=25cm ‘ d=25cm ‘

‘ d=13cm ‘
T T T I I
d=13cm
RB 1 RB 2 RB 3 FB
|E, =5000MPa, E,, =500MPa, v, =v,, =0.1, 5 =10mm|
Yllll Y2222 Y1122 Y1212 Y2121 Y1221 C C (1 (2
31 (N) 320
(Mpa) (Mpa) (Mpa) (Mpa) (Mpa) (Mpa) (mm) (mm)
RB1 2,865E+03 | 2,814E+03 | 2,205E+02 | 1,407E+04 | 1,021E+04 | -9,899E+03 | 1,529E+07 | 4,169E+06 58 36
RB2 2,776E+03 | 2,098E+03 | 1,845E+02 | 7,130E+03 | 5,141E+03 | -4,351E+03 | 4,553E+06 | 3,080E+06 36 35
RB3 3,466E+03 | 2,154E+03 | 1,990E+02 | 6,741E+03 | 4,770E+03 | -3,838E+03 | 5,937E+06 | 1,203E+07 40 68
FB 3,101E+03 | 2,126E+03 | 1,911E+02 | 7,143E+03 | 4,461E+03 | -3,876E+03 | 5,816E+06 | 1,180E+07 39 71

internal lengths

Yijhk scale invariant
2 _ Y2,G (. = VoG
ci o (d b= e
| = YI212Y2121_Y;221 121242121 ~ 1221

¢y \D

Bacigalupo, Gambarotta, 2008




Shearing of a masonry walls - Boundary shear layer model
u, =A, ¢=0
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Evaluation of the omogenization of running bond masonry - vertical cell
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Damage in masonry shear walls
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Meso fields o,u, &, ¢
J 06 Macro fields Z,E, Z

“(X)ZEX+“pcr acro Tie . E,

1
u,.. periodic on 88 | s 2=Z J X ®tds

06

dive=0 in & ‘g b 0‘ X
on antiperiodic on & || E =Za,[;5ym (u®n)ds
[ojln=0 sus Periodic RVE

Macro - costitutive equations

o EZ
Z internal variables

Meso - costitutive equations

Brick units o, © g, ¢,
Mortar 6, €,,C,
Interface o, &,¢
¢ internal variables

Continuum damage-frictional model m %‘*y;tj;r;’;f;r,‘%;g%g'g‘;“‘"°' Sl
- Layered model - b>a \ b al '
1
T RVE
* On
—K + * + * eb={0'gb’Yb}t i
E=RKRyoTN,E, TNLE Brick unit ¥ o2
Ty s
T - 1
Meanstrain |6 = {c, 5, T}' v,

Mean stress

interface

Interface - damage & friction
{ &y = Cy Oy H(0,) 0, - Damage

Yin = Con O (T S) ¢y =Y.~ R (00,) <0
Internal variables: (X damage & /" interface friction

) ) Ji ] 5 dg =Y, —R,(a,)<0
Conjugate variables ==> Y =<c, H(c,)os+5c,, (t=f) |y

Limit conditions:

S 2 " > - Friction
Brick unit - damage in compression o, =|f|*+po, <0
{ g, =¢,0, H(-0,) 0, sliding
To = Cpt OpT ’Ym=V7\. 5 A>0

Internal variable: (X, brick damage

Conjugate variable ~=—=> ¥ = %C‘m H(-6,) o +%cm )

) v=/If|




4. Continuum damage-friction model Layered micro-model
(Gambarotta e Lagomarsino, 1997)

Evolution of the internal variables

0,20 ¢, =1c,0i+1e, T - R (a,) <0 b _ [ R 0} An| | Jwo, Gt e77| o
(o] d 1 2 :> ¢db 0 Rb Oy CyTT
; Pen: O, =30 T — Ry () <0
. . . . t . . t
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Large shear walls - simulation of experimental results

— Wi /F
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—= ¥y /F

Damage (exp)
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Brick masonry wall tested in Pavia, Magenes et al. (1994).
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Large shear walls - dynamic response to ground motion
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(a) Acceleration time history applied at the base of the wall.

iz

(b) Displacement time history on the second floor.
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(a)Acceleration response spectrum of the input base
motion. Amplification function with respect to the base of
the wall: (b) first floor displacement, (c) second floor
displacement.
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Cyclic response of the large scale wall
second floor; (b) first floor.
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Large shear walls - response to horizontal forces

Horizontal forces T

superimposed on

vertical dead loads i
e

Brencich et al, 2001
Masonry building in Catania
GNDT

- eaveri 2

AN

Anthoine et al., 2003

Simplified collapse mechanism
Como e Grimaldi)
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4. Large shear walls - simplified approaches

Cauchy continuum models

Modelling inelastic response of shear walls -

o8

Fiz. 2. Pussible damaged siaies of ald masonry material

Representative cell

Alpa & Monetto, 1994
De Felice & de Buhan, 1995
Milani et al, 2006

Limit Analysis

Damage models

Luciano e Sacco, 1997
Massart et al, 2004-

Strain localization

14



Limit strength domains by homogenization of the periodic unit cell

Macro-stress components

1 1
2, ==f +=n
11 2 1 2 3
Z22 f22
1 1
S,=f=%,=—0+—=t
12 1 22 2 2 2 3
Equilibrium of blockl 1& 2 Limit domains
t+t,-2%,=0
+ Interfaces 1-3 - Brick tensile strength
n +n,-2%,=0 . t. ‘ 1‘
arctan |\, ! 16
-t +22n, 285 —0 Tt =0
a a C, bt bs
b b n. ° Masonry compressive strength
n,—n,+ 2gt3 - zgzlz =0 G\ 0o, ! parallel to the bed joints

Limit strength domains: simulation of experimental results by Page

S, (Mpa)

o, =9 MPa
¢ 1, =0.6
retan |, ! ¢, =0.8 MPa
B ¢, o, =7.5MPa
~ %N n, u,=0.5
@ O\ %O ¢, =0.8 MPa
A f,, =0.5 MPa
foa =1.1MPa
Sfum =10 MPa

Bacigalupo, Gambarotta, 2008




Lower bound

s, =max(s,),

CZ, =c¢,

QZ, -59=9q,,

Y'Z, <y. sP
Upper bound <:]
sy =min(s, )= min (—qOT,a + ZTZ.),
Ba-Z'A=0

Aa=0,

qja=1,

A>0.

Shear walls - Multi-scale limit analysis (cohesive-frictional models)

Admissible macro-stress fields (Suquet, 1983)

Macro X2 ,E
micro o,&

=> I shom =

+ Alpa Monetto, 1994,

De Buhan, De Felice, 1997
5P, S™unbounded, S Coulomb

+ Milani et al, 2006
S5b, 5™ Mohr-Coulomb - cut-off

}:=ijx®tds
%6
dive=0 Vxeé&

s/llo|n=0 vxes

O'(X)GS' Vxe$

on anti-periodic on 06
O'(X) eS* Vxe&”, a=b,m

Dual kinematic definition of Shom

J

9o FE discretization

+ Equilibrium model

+ Compatible model
90

Anderheggen e Knapfel, Sloan &
coworkers, Pastor et al., Maier &

coworkers.... ...

Limit strength domains: simulation of experimental results by Page

k
i xeY

Polynomial distributions assumed for the
stress components at each sub-domain

Gf.jk) = Z(X)T S.

Representative cell and sub-domains

Equilibrium and anti-periodicity of on on 06

Statical admissibility of the stress field

a i Q
25539 5G9 E
! & cofrd] N q 335 &3
! - Biaxial limit domains Tt
= R = pmm I
- |— 20 \ i _ - Ly =, pamm’y
b N f%.d;‘ E ; TN :‘
- a @ =
.- o 1‘ ERE %i' E ) 40
v ] m oo 1 b
L] t +20 Toh 1 e | -
[} 1o | [N.lmlj e t——t i
= - " b PR e T L S S
- 0 \
I =
o Mol T .
5 60 \* Milani, Tralli, 2007
' g i,
"
" =100
O
gns
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Existing masonry building in Catania

Friction-damage model - layered model

AT G T T
y.Am I I 1
///r ‘ T (—\ﬁ_{
F@) . > ‘ I
_/ i | — L e
w5
L L L) s o
u - top displacement (cm)

Simplified LA - Pier overturning
Brencich, Gambarotta, 2001

Milani et al., 2006

Multi-scale Limit Analysis - Existing masonry building in Catania

g

T
Homogenized failure surface Collapse mechanism
Fub:787kN
100 ‘
% ||
7~ T 1T T
:’ |
F 50 =
40 /
20.
U704 08 12 L6 20 24 28 32 36 40 44 48

. Principal stresses at collapse
u - top displacement (cm) Fi,=691kN
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Multi-scale analysis of damaging shear walls

Massart et al., 2007

Structural scale
FE Model

LU

Anisotropy evolution effects
combined with a ot |

mesoscopically motivated \
regularization technique for T
damage localization \

Meso-scale

FEM-REV

rep ]

(e o 2)

Meso-BVP
(38 o oz)

Localization at the M-scale

l:l [ | [ S
] NN i
1 1= L
- T Su

Sy \>wza

N

Embedded localization band:
the width is determined from
the periodicity of the meso-

structure
rda

Masonry domes

Basilica di S. Maria di Carignano - Genova

JLOEIVN
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Dome-drum interaction: Basilica di Carignano in Genova (G. Alessi, 1540-1600)

NS R

Basilica di Carighano: Safe theorem !
Statically admiddible states

Hypotheses Equilibrium of a slice
NTR material
Infinite compressive strength
No sliding failures admitted

Loads:
* masonry weight y=17 kN/m3
+ lantern weight P=1200 kN/16

Search for thrust surfaces
lying within the masonry

Lantern weight distribution

for the safe equilibrium state:
85% inner shell
15% outer shell

Gambarotta et al., 2002




Upper Bound Theorem
If 3 u e KinAdm such that:
W= [ badv+ [ baidy =i, +
z #*

res

W >0 "> The structure will collapse

b - unit volume weigth
u’ - upward velocity

u - downward velocity

1. Local mechanism
Inner and outer domes

W .
Y. x2>1 |=> <
%} > W <0

m=

| Overall Mechanism domes-drum int.

Global
mechanism 1.

w,
=", =85
W,

m
Global
mechanism 2.
W'Y‘ZS
= 4 ~1.8+7

Influence of the compressive strength
on the location of the centre of rotation of the
drum slice
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FE Model -1/8 slice

SHELLS:
elements
nodes

DRUM:
elements
prismatic
tetrahedral 3907
nodes

TOTAL:
elements
nodes
dofs

Incremental analysis

1.5
o

1.25 +>
d

1
Crushing 0,=6MPa
d

o
\

1 i B
A -
0.75 1 - ,)
-
0.5 1 - H

0.25 = - -
= VCI‘TIC‘0| dls?Iacemenf of the Ianfer'n‘ [em]

0 ' ' " " " '

0 02 04 06 08 1 12 14 16 1.8
‘nd]

Crack pattern (inside)

State A
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Influence of the construction sequence - structural growth

displacement increment

due to growth displacement increment

accretion line

Reference domain

A
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Influence of the construction sequence - structural growth

Example: Triumphal arch Normal stresses at crown section
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