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Piranesi: Pantheon (Choisy)

Historic masonry constructions: from damage to safety

1. Knowledge about historic
Zwm | constructions:
| - Historical investigation
* Construction
techniques and materials
* Survey-damage

Fig S0,

% 2. Mechanical modeling:

' - Simulation

* interpretation of damage -
[" diagnosis

e + Safety evaluation

7 I( TE/
? * Evaluation of strengthening

L/ o ,,__,‘v, _ X
= techniques
V. Lamberti, Statica degli edifici, Napoli, 1781
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3. Design
+ Retrofitting (if required)
* Monitoring




Arches

Umbria-Marche Earthquake, 1997

Masonry bridges

Prestwood

Road bridge
Arquata S., Alessandria




MC(SOhI"y walls Out-of-plane collapse

=

T : ;
Umbria-Marche Earthquake, Colfiorito, 1997

Masonry walls

In-plane collapse

Umbria-Marche Earthquake, Colfiorito, 1997




Vaults

South Piedmont
Earthquake, 2003

Umbria-Marche Earthquake, 1997

. . *Boscovich, Le Seur, Jacquier, 1743
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Collapse mechanism
“Tre Matematici’

Boscovich, Le Seur, Jacquier,
1743
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Least abutment thrust, Elastic NTR solution
Como, 1998 Como, 1998

Equilibrium analysis, Poleni
1748

Ancient building construction techniques
and rules of practice




In the absence of rules......

S. Cristoforo Castle, Piedmont

Irregular distribution of masonry walls......
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Modeling: general aspects

The masonry material

* heterogeneous material (periodic - random bond pattern)

: components: brick unit, stone block, mortar layer

* quasi-brittle behavior

- different types of bond pattern - thick masonry walls

* large variability of mechanical parameters

* to be calibrated by /n situ & laboratory tests

: constitutive modeling based on the geometry and pattern of the
components and their constitutive models

The masonry construction

* Construction vs. Structure

* Interaction among vaults, walls, columns, arches, etc.

+ Building - foundation interactions

* Modification and extension of the construction during its life

+ Building to building interaction (Historic centers and urban aggregations)

Experimental response of the constituents

o, Brick-mortar interface

Vertical load
l(t) w

B
- | o )

|
& @ <.<_(z > © )
= | ‘

@]

LVDT LVDT LVDT LVDT
(12) (10} [ an

Shear test apparatus - Triplet
(Binda et al., 1995).
7 mean shear stress -  mean shear strain

1 - SHoza1s
2  sHoesia
5 3 siioats

2

e . ,
[Nmm‘mm"] o 2
171 \ 3
0,36

Stress o, [N/mm’]
w

360 mm

Masonry pillars: Stress-strain results
& and statistical summary

0 0,003 0,005 0,008 0,01 0013 0,015 EFE===3% . (Schueremans & van Gemert, 2006)
w=188mm v

h

0

7,
£

Strain & [mm/mml




Hysteretic behavior of shear walls

Imposed horizontal
displacement on
compressed walls

Cyclic shear test set up
(Anthoine et al., 1994)

Dominant NL elastic response NTR

Squat wall #

b=100cm
h=135cm

(&)

Slender
wall

b=100cm

h=200cm

Modeling: introductory aspects

The constitutive ingredients

e

NN
i

t]

Elasticity

Unilateral contact

Plasticity

Friction

Damage

Fracture

Viscoelasticity

A




Geometry of the components and bond patterns

1 'y ' !
JOCL JE X 0 IC JL LI JL I
| o] o
3 -u - JUEJC 3¢ JC JL JC 10 L I
it
' L A il 10C 3T ICIC 30 I
AL L L 000 i 1L
S N . B JOL 100 O R 10 JCIC 0
'l I'm /. I A I A
FLEMISH ENBLISH

Masonry heterogeneity - length scales

Structural scale Mesoscopic scale Microstructural scale

brick
mortar
- brick masonry
£y =10—-25cm ¢ ~1mm

ly=1—40m - stone masonry
Uy =15—"T5cm




Homogenization

Periodic bond pattern masonry

Attuatori I o

Ut Fy Uy AUy

A

T\ T T 17

L JIT T

N ) v2

Homogeneous macro-strain

Alpa & Monetto, TMPS, 1994, Anthoine, JSS, 1995 ...

I
— —— /
[—
]
0

Strain localization

—

Macro X,E

meso o,&

Compressive strength (solid brick masonry)

1:5:0

T 0 G TI08 S AT 0 R T i [ MYy A T T 1 e (0 M A I

brick

EB

masonry

mortar ﬁﬂ “JLT“L‘"L“

0.0

o 51 ) (= o P B e e

; [a—
AT e o s

Strain {

Generalized hinge
at a masonry arch
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Modeling compressed solid brick masonry

Equivalent layered medium
Hilsdorf, 1969, Francis, 1971...

LTI oo PRI

===
NRAREREN]

Z[L'J»]HHH

X

. o RVE FE Models
h, _brick unit thickness a f; + f:n Massart et al. 2004 -

h_ - mortar | thick f =—
m - mortar layer Thickness M ftooft Lourenco et a/, 2006...

3. Columns and arches

Eccentrically loaded columns & arches

Experimental set up

5 S

1 unit stack 2 unit stack
e=0 e=4cm e=6cm e=8cm

11



Eccentrically loaded columns & arches Theoretical limit domain N-M MM,
250

12
NTR + EPP compression

200

—1
150 A NN

Load

100 A

50 4 Experimental limit domains N-M

T 7

S

WO
g N\
c R
. . k [ 08 1.0
i — Brittle — — Duct.: 1.25 === -Duct:15
— = - Duct.: 2 Ductile ®  Exp. Genoa-1
. » o5 & Exp. Genoa-2 ----eh=1/6 ----eh=1/5
e - = ----eh=1/4 ----eh=1/3 e/h=2/5
----eh=1/8 ----eh=115 ----eh=12
O Hatz. etal. O Maurenbr.

+  Drysd. Ham, 1979
Brencich e Gambarotta, 2005, 2008

X Drysd. Ham, 1982

Failure of eccentrically compressed masonry pillars (solid brick masonry)
Main issues

Influence of the brick bond / geometry of the units

Influence of the materials: constitutive models of brick-mortar joint -

interfaces
e | N
* Free edge effects (comparison with layered models) ‘ ,
- Stress concentration/singularity due to mismatch b i
of material parameters I ,
* Validity limits of 2D models RVE
| [
b m m I \
N _plbat /o £ 4" el i i |
; T T T g g e ,
f.d d b b f f f b
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Eccentrically loaded columns & arches

LB strength of stacked bond prisms
Assumed tension field

d) x ao[f0 -%—rf0 }-%—ZZa,m . g

Periodic cell O (x,y)=af [ £ (x)+rf (x ]Zzb f(X)en(y

fh” ) =

: + plastic admissibility - Mohr-Coulomb criterion
N /

— ) T l
| I ﬂ

+ unilateral — frictional brick-layer interface

FL,,,ff_.fff ; max N =c’a
e REV _
\P“ Sa<d
PPLIN

| =

A, a=0

A a<0

Concentric axial force Influence of the RVE height/width ratio

no N N
fiXM 0 fiXM:() fiXM:(}

E_ i= I

h =65 mm h=65mm
d =250 mm d =120 mm

T
|
_
| L
[
= | | | | | | |
= R ) A
3 [ e e e e T |
= I
061 | =g T
| e extended layered medium | |
[ :7 present model B :7 -
T T T T T T
0.4 : :
0 50 100 150 200 250
d (mm)
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Eccentric axial force

Vertical compressive stress
at the limit state

Limit domain of NTR-EPP
(NoTensileResistant - ElasticPerfectlyPlastic)
homogeneous beam

1M N (NY
S(NM)=—"—+—+|—| =0
2M, N, N

0

No=/fi d

MozNod/4=f\2dZ/4

* No influence of the friction coefficient
in the range p<[0,0.6]

N-M limit domain

0.6 T T 7 N T T
| [RCIR4 //‘&/‘ | | s
N , \b(’
05+ - L - /;Q“/’/L —;’— — - ”\:«1\ —————
| U i
77777 <Gt A Bl i N Rt e
i I f‘ LA T |
0.4 S AR et e
- e
,,,,, q [ (U
T
0.3 1 Rl Vo | | w,f/
o, 0 I I L=
0.2 et | =7 o
[ Ay S L e
R A
/
0.1+ 734'7/,1 & present model o
,,ig¢7¢t ...... NTR-EPP homogeneous beam .
e I - )
0.0 t T - T - T

0.0 0.2 0.4 0.6 0.8 1.0

"N/No

3. Masonry arch bridges

Incremental analysis - Castigliano
2D - Homogeneous beam model
Ao
uni-axial model

NRT G L

+ EPP compression

A
r y compression

Brencich et al, 2003
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Limit analysis - NTR model Kooharian, Heyman, .........

Hypotheses:
1. No tensile resistance NTR 2. Unbounded compressive strength
3. No sliding failure admitted 4. Small displacement and rotations

Trust line

Statically admissible stress fields

B :—lv hb ﬁv(S)aS/iq a,(s) ds

Kinematically admissible mechanisms

Safe theorem M, =max W,

Kinematic theorem W, =min W,

Masonry bridges:
Vault - fill interaction

Tests on full scale masonry
bridges: Prestwood Bridge

Page, 1993

15



Tests on model scale bridges

(Royles & Hendry, 1991) \\__%ﬁ/mfml\: |
L ! aE
z
X
w
e
9
=
o
(5]
o
(=]
S
2
©
0 e Crisfield (1985)
° ‘ : ° ) Choo et al. (1991)
v(mm) Owen et al. (1998)

Bicanic et al. (2003)

Sperimentazione su modelli - Effetto del riempimento - A. Brencich
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Sperimentazione su modelli - Effetto del riempimento - A. Brencich

Two dimensional model of the bridge ) Fill

The two-dimensional model is «—
obtained by neglecting the in
plane resistance of the spandrels

Vaults I\ B)FA Fill: frictional-cohesive material

Arches and
piers:

NTR, ductile in
compression beams

Fill

Pier Backing

Why a two-dimensional model ? - Focus on longitudinal collapse mechanisms and arch-fill interaction
- Difficulties in describing the 3D behaviour of materials and

components
Limits of validity - Interaction between longitudinal and transverse collapse
(within the objectives of mechanisms

the research)

17



Effects of spandrel walls on fill resistance

Spandrel Spandrel walls

Assumptions
about the fill:

/ Arch barrel

The resistance of the fill is affected by the containing
capacity of the spandrels, which has to be taken into
account also in a plane model of the fill

Y

The effects of spandrels and tie-rods on the fill resistance
(due to the containing effect) are approximately taken into
account by limiting the out-of plane stress o,

The plane state conditions necessary to obtain a two-dimensional description of the fill imply
an underestimation of its resistance (safe assumptions for the fill resistance)

Method of analysis: Limit Analysis approach

Lower Bound — Equilibrium model

. . (C & 6, 2007) A range of values is
Limit Analysis obtained within which
approach the true collapse load
- : of the mechanical
Upper Bound Compatible model model is contained
(C & G, 2005, 2006)
Assumptions (and limits) - Ductile behaviour

- Associated flow rule
- Small displacements

Why Limit Analysis ? - Reduction of the number of constitutive parameters with

respect to an incremental analysis (reduction of uncertainties)
- Direct evaluation and description of the collapse configuration

- Evaluation of a range of values within which the true collaps
load of the mechanical model is contained




Admissible domains: arches

NTR, ductile in compression beam

and beams
W N
/M

M P
o ! IM 2N(. N
172 f(c,)=—+—|1+— |<0
Mn Np P
M
===l \ N/;NP N, =bho,
N /_ _
J ! Le M, =1bh’s,
\\
Admissible domain
/ Associated flow rule
_1(, 2N\, . Sign(M) . .
E=—|1+— |A; y=——"—"A; A>
2[ Np] X A=>0

h

Admissible domains: fill (1)

(1) (Mohr-Coulomb criterion in the plane of the model)

£y, (6)=4/(0, -0y )2 +41}, +(0y, + 0y, )sing—2ccos 9 <0

Mohr-Coulomb criterion, out-of-plane components:

£2,(6)=+/(0,, ~ 0, )" +47}, + (0, + 0, )sing -

£ (@) =y(0,~ 0y, +47] ~(0,, + 0y, )sing -

4ccosp

1+sing

4ccosp

1-sing

2(1-sing)
1+sin¢

2(1+sing)
1-sing

o, <0

v

o, =min(o,,0,)

1+sing 1+sing

1—sin<p+ 2ccos@ =[ 1

2

(O'n Jr‘7'22)7l

2

Maximum allowed containing stress from spandrels

Constitutive parameters:

¢ - angle of internal friction
¢ - cohesion

G, - Allowed containing stress
(from spandrel)

(611 =@ )2 + 47122 :|

Maximum admissible
1-sing , 2ccos¢  out-of-plane stress o,
Ltsing - 1+sin@  \finimum thrust on
the spandrels)

(2) (Containing stress delimitation)

53:‘5'3"“2 — > ch(6)=7(0'11+0'22)+\/(0'11’522)2+4T122’26— L+sing _4ecoso

‘l-sing 1-sing "~

(3) (Tension cut-off)  f,(6)=y/(0,,— 0, )" +47, +(07, +05,) <0

19



Admissible domains: fill (2)

Resulting admissible domain of the fill in the \ X —7
space of in-plane principal stresses:

REIY
_ZCCOS(p_& 1+sing _2ccos@ .7
l-sing  © 1-sing 1-sing .7 L0
: >
1
(Tension cut-off)
) s
2ccos @
s 1-sing
e
7
2 (In-plane Mohr-Coulomb)
Plane stress P
assumption L7
- s
(Gc :0) - ] ZCCOS(D_& 1+sing

7 l-sing  “ 1-sing
’ (Boundary due to the limited containing capacity

of spandrels; it does not exist in plane strain )

Admissible domains: arch-fill interface

Slidings between arch and fill are
allowed and ruled by Coulomb law
with tension cut-off:

f*(o)=0, tanG+|7|-T<0

£ (0') =0, <0 (Tension cut-off)

Constitutive parameters: S o

n

¢ - angle of friction

~So A
¢ - cohesion (assumed zero) 7/ -C Tension cut-of f
¢ -

20



FE discretization of the bridge

Discontinuity allowed between
triangular elements

% Triangular
elements

SN S vivavavy
S AR
AAvAYAYATav v &

&
A
oy s

Interface
elements

Beam elements

Equilibrium model: beam element

e LMY (E)1L(€ 1a(EV(,1(¢
________________________________________ M(§)=-C-E¢ 2 [‘ )[ [ ](1 2( 0 )jr(0)+2 ) (‘) (1 3(!]]0”(0)+
i Internal force vector 2 0
f, =0 L i from equilibrium —l‘?*[éj T(“”)‘fl“”z[éj o(1)-5 &V,
Mp ! \ 4 L 6 ! 2
1/2 E \ i h h k k
' Ub(g)_Dbsb+Db(§)° +Db(§)° +db(§)
\\\\ l ____________________________________________________________
N/"v f, (5) :Ngcb(g)_rb <0
\ / t-1 t T =
\ t=a | & =N;o,(&)-r, <0, t=1..p,
k- N Nt // ™~ The discrete admissible domain is inside the original one in order to maintain the
fy = - lower bound property of the load multiplier




Compatible model: beam element  Two hinges at ends

Compatibility

A, g
st —Bou° | e=80) woli
Al Ad 3
A ';/j
Beu‘ —N,A° =0 [« i
fe = NcToc —re<0 e _ meq ¢ - Associated
/ \\‘> € =NA" | flow rule
e :{cb(O)} " 1o |- Dissipated
o,(!) Dp =r, power

">~ The discrete admissible domain is outside the original one in order to maintain the
upper bound property of the load multiplier

domain

y Do’ +D/c’ +D/c" +d, =0

Discretized limit

Equilibrium model: triangular element

N'(x)=a'x, +b'x, +¢'

o, / Np(xq):apq

o a(8)={om =N (R0 N (x)a 4N (1)
lez} #g

O+ 7, +b1 =0
Tyt 05, +b2 =0

Equilibrium l

f(o(x))=N'o(x)-r<0

oy, c (x) linearly
2 interpolated

f(c")=N'c'-r<0, k=i jh

Plastic admissibility
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Upper and lower bound collapse load

Maximum statically admissible
load multiplier,

Equilibrium ‘& max (Ss ) g
\

Dead load

e Live load
q=q, /

Live load multiplier

s, =min(c'a, +qla, +y'a ),
Dual Coa +Qa,+Ya =0,

Co=c
Boundary c >
conditions T QO' —S q =q
s 02
T
<
Plastic — No=<r.
admissibility

Minimum kinematically
admissible load multiplier
\

qo,=1
a 0.

Compatibility and
associated flow rule

\

Boundary conditions and
internal constraints™|

Positivity of the
power of live load

Linear Programming
problems solved by internal
point method (Mehrotra)

PRESTWOOD BRIDGE
Non resistant fill model:

Hinge at
impost

collapse mechanism

Hinge at
haunch

G, =4.5MPa
@=37°

P

P, = 46kN

/
Numerical collapse
load (fill as dead
load): 20% of the

experimental
result

P, =228kN

(Page, 1987)
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PRESTWOOD BRIDGE: Plane strain fill

Compatible model:

Maximum shear strain
rate field

é VAVAVAVAVS~AVAVAVAVAVAV- -4

7 AVAVAVA
‘%ﬁh VYT eV AVAVAATsd
VAV,

AYAVAYAY:

VAYAVAVAVAZAVAVAVAVS
AHRKRIKKAIHK
PITAVAYAWAYS S L
P

NAVAVAVAVAVAVAVAVAVAVAY
RPN
AVAVAT,Y
Kl SRS
BN
AVavaV)
AVavg

Vs
Vava

N
8

V4
AN
X

A
Vavavidss

P, =228kN

Equilibrium model:

Line of thrust
Minimum principal stress directions

PRESTWOOQOD BRIDGE: Plane strain fill

Sensitivity of the collapse load P, to the constitutive parameters

r
300+

A

300+ UB

Exp /

250

2 200
=3
= 150

100+

50

5

10

15 .
KkP;
Cohesion/c( J (p

300 Exp
s00 \ ‘,L/"/

P, (kN)

100+

504

2001 /
150 LB

Masonry compressive stren

4 6 8 10
o, (MPa)

igth

24



PRESTWOOD BRIDGE
Effects of the containing stress of the spandrels

2254
200
1754
150
125+
100+
757
504
257

p, (kN)

Containing stress distr

N

PAYAVAVAVAVAWAYAVAYAY
v»‘mnéfe'ﬁ &
AVAD AYAV4Y,
A¥aVavy

VAN
aVAVAVAv e
avAvaY,

B

i P
4WAVA§‘

In-plane Mohr-Coulomb limit domain activation:

RN X OSSR ARERK]
I T AVAVAYaYAVA, NSV

M OO OISO

K 7Y 7 VN AAY s
AASCA R Lok

PR SRR
Py

B RS

RN KOS

ibution:

A A AT IV A S0, AVAVAVAVAVAV)VAVAVAVAVAVAV="4
T S . R AV A
S — T VA WAVAVAYAV Y
A VAVA v, AVAVAVAVAVAY
4%1:195 v ﬂ"véy <]
<Y AV
NG S,
IISORRKT
Seas
S

30 20 -10 0 (kPa)

PRESTWOOD BRIDGE
Effects of the containing stress

2254
200
1759
150
125+
100
757
504
257

p, (kN)

0 20 40 \ 60
o, (kPa)

Containing stress distr

VAVAVAVAVAVAWAVAV AV
A% pVAVA avy
EEOOORROOEROC
S YAy,
OB
AAAvvi A
SR

5

D
AV
oTvava|
ORIXK]
SEKAX

Vavy ‘ig

¥
)

In-plane Mohr-Coulomb limit domain activation:

s
YAYAVy Cavavavs
B AHKRESX
YRAS

(

%
o
KK

SO VAS VIS v A
TSN e Y

oy,
Vi

RROKR
KX
CRK

N AT IAVAVA
RRERKS
K

TAVAVAYAA
2
&

PAYAVAVAYA)
AR

R ATAYAVAY;
Vi P N
VKL S

77
avsva
NN

< SRS g
AVAVAVAVAVAN S5
VYA VaVAAVAVSLSio

[
A

v

X
5

VAVAVAVAVAVAVAVAVATAV/ N iVAVAYS

X

S NSV, (VAVAVAVAVAVAVAVAVAV  avAVAVAVAVAS 4|

BB S

AV A" YAV AVAV AN TeVAV g VAV NS O IORRRAKA A% SYAVAVAVSYAVAVAVAVA AVAVAVAVAVSY
P AVAVA v o AYAVay, gra%ave GTaTA 2 TAVAV R TAVAY JSREANH
RERROOETSSIRES KOOSR
BEREOROORES RO SE
BRRROOOLONLORIL” NN KSR RIRES]
RERORRARRKINAP S0 U
BRI RRBRRIAARRKER]

Localisation of collapse under the
bution: live load position

N A VAN A A A VAN S S AV4YAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAS: 4|
e g

e SOOI KACROOK]

R aTAVAY AR VN AVAVA W O

ORISR

WO Ay g
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VAV)
V)
\
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AVAVAVAVAYA

3
¢
et

TAVAVAY

-15 -10 =5 0 (kPa)
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PRESTWOOD BRIDGE
Effects of the containing stress

Results obtained by avoiding plastic strains in the fill
below the position of the applied live load: in this case
the reduction of the collapse load is very small

!

This result shows that a diffused deep reduction of
the fill resistance due to a limited containing stress
from spandrels does not affect the result, once
localised effects under the load are avoided

Activation of the containing stress limit condition:

v

VAVAVAVAVAVAVAVAVAVAVRAYAVAVSS)) VAVAVAVAVAVAVAVAVAVAN TaVavaVaVAVav- e

s g

VAT AVAVAVAVAN s TATaVa YAV A Y AVAYSTAVAVAVAV, S "4VAVAVAVATAY

kP R AR, AKX KREAKR!

o; (kPa RS ARSI AR
BRSRAA XA Y NATAVAVAVS S|

BRRBA KO RRTS RRSOSRISIRERE]

RO KSORRRIRIS

SRS OAKRISEASY RIS

EERERRRRREIS SRR

BRANIARAAARR RSN SRER]

N

GREARRIXRK

K
Vs
iy

Localisation of collapse under the live load position

Prestwood Bridge

Load\deflection curve and ductility demand

Incremental
Upper bound analysis

Masonry ductility:

01 23 456 78
v/l (*10%)

Vertical displacement v
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Multi span bridge: Fill - arches - piers interaction

Fill model properties:

Fill density p=18kN/m’
Discrete domain planes p =36

Arch model properties:

Masonry density p=18kN/m’
Discrete domain planes p =48

6, =12MPa
@ =30°
c=20kPa

Multi span bridge

VAYAv.
Y

N
VA SAVar VA%,
N Vv

U.B. - collapse mechanism

Non resistant fill

L.B. - statically admissible
stress field
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Probabilistic models of masonry arches (including non-linear material response)

= Monte Carlo simulation + Limit Analysis (Ng and Fairfield, 2002)
= Fuzzy non linear analysis (Biondini et a/, 2002)
= Probabilistic Limit Analysis -Hystorical Buildings (Augusti et a/, 2001, 2002)

Uniaxial compression 6
Ageld0 £y [B Gre
days [N/mm’] [N/mmzl [Nmm/mm’]
5 X 426 1673 171
— s 0.83 368 0.56
£ 4 [eov e |10 22 B
3 19 18 I8
. = AN |N N
Masonry pillars: g?® ®
Stress-strain results 8,
and statistical summary %

—

360 mm

1
(Schueremans & van Gemert, 2006) , i
=
0 | &
&
0 0,003 0,005 0,008 0,01 0,013 0,015 N
. =188 mm x
Strain & [mm/mm]
Probabilistic limit domain of the generalized hinge
Hypotheses: Effect of the compressive

= the compressive strength i‘ is a random variable strength
c

= which is correlated in the section

= the tensile strength is deterministically vanishing i/ s v S o

Probabilistic limit domain of the GH

AMILA SR INL
#(N.M.])= z[bhjj ]{H[bhﬁ Herhzf? B

depending on the random variable i
c

Probability of failure
of the masonry section

. N
P =Pl f<-—— S
ph| S 4

N
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Piecewise linearization of the limit domain - 2¢ limit lines

A M
Probability of failure of i-th sectional mechanism nq\
q
1) 1
py=p| U7 curs|<pi <)
(¢-1) s
7 =n<Ts Projection of the internal v
! ! force on i-th mechanism
i_1) 2q
= (i-1) - Strength of i-th mechanism J
! (q—1)2 “ | random variable
for i =1 the limit domain is deterministic Dy =s'g, =14
+ T
= <
¢ (s) n;s<0 variance Ay
o (7)
- . i— -
D, :’;ﬂi :/11 o fL
' g1

v

Arch discretization + Selection of the set of all possible mechanisms

Kinematical model of the arch
npotential generalized plastic

sf

k hinges
|

|
N =C'R' =—2"_(29)
n = 4!(n—4)!( %)

Mechanism enumeration

» Rate of dissipation |~ ;. &o, &z
(random variable) Dy =r A, _er’lp _Z‘/’p ey

= External Power

(deterministic) ‘W; =Wy, +sW, ;2 0‘ >y
= Kinematically admissible multiplier| . Ej -, Nea
(random variable) 5= W No. admissible
&/ mechanisms

Hypotheses on the compressive strengths at the n hinges:

= stochastically independent j-th mechanism
= (Gaussian-distributed (stable)
with the same expected strength and variance Pc [E]] = PC [gj < S]
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Masonry bridges: probabilistic analysis

Prarolo Bridge, Genoa, 40m span

e

First mechanism cpp

x10°

= Collapse of the arch [£]=U[E,]

(realization of at least one event)

= CORNELL bounds
max P, (E,)<P.[E]< Y PR.(E,)<1

good approximations for small probabilities <<10-3 ez

1200 1250 1300 1350 1400 1450 1500
s

Masonry railway bridges

Open problems

= 2D vs. 3D modeling
= Interactions among structural
elements (spandrel walls..........)

* Uncertainty of material
properties

= Non linear analysis including
damage and cracking

= Dynamic response to time-
varying loadings

= Foundation settlements

= Material degradation




