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Reducing Computational Cost of Meso-Scale Analysis of Masonry Structures Using a

Combination of Topology Optimization and the Drucker-Prager Yield Criterion
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Abstract:

Modeling masonry structures at the meso-scale, while yielding precise results, is often associated with
significant computational costs. This paper introduces an innovative approach that mitigates these costs by
integrating topology optimization with the Drucker-Prager yield criterion in meso-scale analysis. The
proposed method commences with macro-scale numerical models, employing the Drucker-Prager criterion
to account for material behavior under loading. The loading process is segmented into multiple incremental
steps. At each step, a fraction of the total load is applied to the model, which subsequently undergoes
topology optimization. This optimization aims to maximize structural stiffness while adhering to material
distribution constraints. Throughout this process, the stress and strain results of each element are recorded
at the conclusion of each step and utilized as inputs for the subsequent step. This iterative approach ensures
that the stress and strain outcomes derived from the Drucker-Prager yield surface are incorporated into the
stiffness maximization process, facilitating the identification of regions susceptible to damage from plastic
strain. The regions pinpointed by the optimization algorithm are accumulated over the course of the analysis,
highlighting areas within the masonry structure model that are prone to potential damage. These identified
regions are then modeled separately at the meso-scale, while other areas remain modeled at the macro-scale.
This dual-scale modeling technique drastically reduces computational costs by minimizing the number of
meso-scale elements needed. The efficacy of the proposed method was validated through four numerical
examples featuring varied boundary conditions and materials. The algorithm successfully identified
potential damage zones, and the optimized models exhibited consistent behavior and crack patterns in
comparison to fully meso-scale samples. The reductions in computational costs were significant: Y)7 in the
validation model, ) 8,77 in the first numerical example, 7¥,47 in the second numerical example, and &A, 77
in the third numerical example. This approach demonstrates a substantial advancement in efficiently
modeling masonry structures at multiple scales.

Keywords: masonry structures, macro-scale, meso-scale, optimization, topology optimization



Spdes L8, 4 azg b [Velogi e 28 (Se ol puliyus
@l (Folite o Shee JLad 5 S 0 bl (alu sleojle
S (OS5 g SadsS jlrs (2l s s
4 Glwd glp Nigd oo WS g 5 @ig by alili oo
2 Sl e wkes Sl 5l Gl laojle cnl (5L,
b Lae ol [ Poges oolied 5 5le uliie (ode (gjlo Jote
S8y Wlstes (gi93 4 (Simr § o Saol aygl; slo sl
Wls (Golte d Shas (iiiS g )Lid 5 a5 0 Sass 555 wllas
8y 930 elidie o ol laosle Jlos jo V] wis Lo )
bt L8, 9 S S e @ g 05l g0k el o5l 580
Slr wws Slagboll 5l wlide (ol 55 358 o0 o3L 5 4255 las
e L8, ilede lp oules slaglll 5 ol slaasly
(bdio ol o s (oYL s [LS o [YA] o4 e solatl
ghi! (@Yb (6 geels ©jad @ golil Wl yo (YL olass foay
(Hly oo )0 @l slrojle ile o lp &S (J 500 (ool
a3p 9w dilinadly e o los f 930 ulide ) oo
e 4 4 b ileange ol [P )l oYL Gl
g IS wojlal gilwdige aiws aw 4 LS b o ok
S Gl il [T00 V] 05d o0 pondi (55505098
e 538 o ol Buas a5 Cal (g3luaiag elsil 50,8
Gload @ azg b Ban a1 S (iloaie jolaieds olge (oo
Sl Sileante sln M lagss; [YY] el (b
3,5 e oole la iy, 45 tCinldiBl drwe yddze Jawg
F LSS g ksl g5lwais 5 [YYT(SIMP) " o las b asl>
2 ESO i, [¥8 as Wil Gugoss s 3 [YY] (ESO)
WS oo Jos 03l SO 5l (55950 8 Slge (2 0T B> o] ol
o S Ty JolSS iy Sl ooty il Sl a5 o b
ol Patgzgd JolSG o isle ile aige o] Al aswy
B o5l S5 5l ael 56 slge b amo 0 05l a5 [Y7] (BESO)
,5bas BESO g, .aigis a8lol ylejon jgbas aal IS slge g 2gu

¥. Evolutionary Structural Optimisation
°, Bidirectional Evolutionary Structural Optimisation

Sl dzxs ,U g doado o)

o iy gloo3l o5 wihools i s gl slaoluys,
W)l0 63Vl 55 g Gl Dl el pwiige gloojls plo &
ool b b slbojl ity aSiyl &y azgi b b,k 3¢, Y]
5 el gl il by, il wileatazsle ol wllas |
I7] s o5 oronl 435 o o cmaits Il csslopli
5l osliial b gyl o,Slee o5 % 5 5o¥sd (glaojle N,
Syl oy JB sz g Julod Sla gy 5 Jelly s
eal il 5 sl (a8 g piie iz oy slaojle
Loy s ol )y 42538 o [F18] wims o LSt
Yhanje JloardS (o855 o0 &)90 )18, (siluancd sloiales]
Olsieas byl (sdansi g (soae slahs) «obs)y (nl 0o R0l 9
oolawls jao rojls (pl 380 L8, Slulis o sl |Sal, SO
Olglyd0 )8 ao; ol )0 a5 (goae sl by, 5l (F 285 1,8
Slsle (e slats,y 7] Tagamae 2l g, plgiee o)l
dgazea 32l gy 0 ol 1) [A] TS 1) g, 5 [V] conss
Sl Goyiws )0 (Soludy a5 el (D9 (0 39,5 5 9 (5 50
b aides wlas 5 550 s cov | ale glaosle Wi o0
peded zolaw )0 w0l Ll sl gy (p osan 185 e o
L, olo sleojlo oo Gbsy ool po [] a8 Julos a5
95k 5 530 w9, whide aw o Lis;se @bl CEoay axg
L Oy ol @l puizes e, V] 05 s g g5l
) St g el sbeosle (b sileant Glx Ol
50 dgazme Lyl slaJaw [VV] o Seolatul 04290 olo slao;jles
2ilg o emlin (Slawlone aijo 5 (Solu o) e 5,5 ol
DV ool ol Glaojlo slo islo 5, 3, os5a
sy Do ol axly (S LS, 5l (glasgecme wlide (5o
Ao ojle (S s, laeay oo oy g e G S
» glas Sleogas (Ll g, (silwosle (gl 5 990 50428 5

', Finite Element Method
*. Discrete Element Method
*. Solid Isotropic Material with Penalization



by el 950 el 50 (ol o5l

B9 ey -

15 ool i 60 bl L aS (Gl V) USE ol o

ooleito 5o jlars lanl sl ouds ools gy ey 4 > sl
8, sl 5,518 el o 55,5 5 5,5
sal Ghe (IS0 (V) s illae aolsl jo 00K Jaw
4 05 o predi S8 bl (b, b el iz 4 (Sl
1,5 S el o pl5 3 la ol fyas 45 53
bty Judow cos ba Jow a8 2 j0 .0l lges (gl oaiass
B esle @i Cadgase g (S dinde Bao b Sielns
ol pl5 52 50 (13,5 5 A8 gl ge slaplall 5 35y5 o0
o0 0,235 (lell o (15,575 (25 s e e Sl po sl o
P )0 S oo L8 oolaul 990 wmy 5 50 (699,5 (lsreas
Jolos 51 (B0 adsl 559 A5 Il sgase slil Joe csan
S 3 5 05 3 s sl o) stlise L5
o sl 55, b (535057 63l s SIS 2550 (0
Py ol 405 e ) e vz L) Sl e
79> 50 Wl 3,55 (rizmes g il 03 )93 S 5 S S paS
Ol st e 0,04, BTG allas cpl )0 ogdnad canlicn i oS!
S5 5 S e gl 4y Wsiee plll (S
% 9 liite 5 ile Joe sl GLad) Fabs o5 b (GaS)
P 855 5 i Jlesl Lcond ailll gy jo gdie 435 e
loled g ol 2ol (25,5 5 (5559l cs395 Olye & S
by anld ol egie bl (b )50 4 Gl (A
Jleel Ansys Apdl sgases 151 aslsp jo 5,15 Jawgs (639,9 oS
Silwdings mi sl lawgs ool glulils >lei aelsl [0 ogice
o3l Jo 50 ) sl Atine (g 5 00l 0258 gme & j50
oo S50 (e cnl Saledys (97 JS8) s e SO ol
Siludoe 95k ulde ;o (g plo g 950 el )0 Allax
G azg L) JS8) s oo JSS 1) cddaigy Jow g oo

¥. Drucker-Prager

GIRIESO 3, b anslie jol) > al 2 plel s BB
axly ool S bl 5 ST (G59lgei (g ilwding 00 o
o) 31 eoliul S yo (glappiames b agzlye ;3 o Canliiil dangs
Silwainge sly [TV, AL ol 005 5530l o 50 9,505,
Vgare wilods 1St Salite asle 50 3 45 olaojle islenss
L i e b ojl ol gblie gl 1, Vb olesd], L olse
i oS agie it slocan (sl 1§ A 5T g 5 YU Copslis
C Gl 5t i 3555 s bl 5 ol |y 5
w95 Gkl sl 297l Wlaslys SIMP g olgs b 09,5
L Lol s o] (losle aizslaglisle 1o (sslongd il Ay
bkl 59) » asdlle lizen godge ol Sz @ a2y
[Y9- ol dalsl sloole dox (slo L3l 1o (g5le gy o 565!
ool b b wiogs (3 ;o pubime a8 gla Lo b o XY
Gz e Sug) wgae izl 4l 2 SHdns ludite
Lewly oo 5o [TF] aims al)f laojle 4y >1b 4,0
5B GlaceaS n Jolad bl b b wilogy (2 50 (ladre
s 38 DR (59,5 axeeS ailiiews Ggllae (b 4 Canglie
Ol sl ookl Lol eewl anpos el 50 3,18 5 sl )o51 51 (S
03k 58 S (i 35,13, b sla Sl o pgat a9 S0,
5 G il [T8, TT] smo o wil)l 1) (b cow
285 05,0 Jleda (b iluangy oo o, 5l K (S
Cudgazme b &5 plajlisle o« 25)5 (655 (55luaineS sl
L wlie L;).cu Slaoes a5 090 oo ooliwl aiiis axlge S5
[T, 7] s e ) 25 55t 555
Slwbre anje al5 Glp woxr By, o dlie Gl o
19000 Ll ghe Golide jo by sleojle soue il
SnplS 5 ST ST 51,5 8, L il Loiged 45 ot
PP 9 WS 0 B Sidng ileane Sl cov Jlge
ol Ao Jaw G jo aslsl jo . aigd so plolid ol asins
o] 5 el Jlazl a5 3blie plo 5 w530 wliko o 3blie

'. Von Mises



Josll (S5 (5305

sl

Sl Pl o lobed sl g3l sl b o 5o ogo .Y b

@

i ol b Jlosl i+ Joe olon!

windg Jlond plaxil g (59959 plyie 4 [
sleted o5le B
[T 55 liio 43 (go0e (sjlu Juto
1 a0l i (gl e
" Ansys apdl
1 2 ky _ i
|F(Uc,Uc U= WULW, 20 l
l il iy Jolo 5 Joro ol
Ligi o asida gl ol o psd Sidns
4G5 Gile dty Juloni l
R I T
l (559 i) gl o ppd
ipls
Sl 2P goas sile Jae
wolado 30 Jud Al o 3l ool Caway l
550 (ulido p3 o2yl plu g ghe oy pasedee B el 0 s
| iRy il e Jlod by
<>

ovbdio 53 by ol Judodd' (Flawlomoe aiy 3 bl )yl gld ¥ Sl
SiPny ©ilwainge il ooliiwl b 930
5 a8bals ghe e slao S g baplall sl cadaige
@ Slabxe ane 1V emoés;l.o slepldl @ 1) 095 s>
Ol )lasls (1) Sl 0 S (oo oy 20l (0258 Sl
Sogod gre e o ol gleojle Jil Sleslre ayje
Lewloaisesls u..oLo.: P S

Sl Yol ¥
ol bawgi (Sl (e allie Gl jo oald Al b, 5o

Joe 50 geads olulid 9,5k ulido )0 59l e (g3lwaing
95k wlidie jo (g plo g 950 wlidie ;o (g3 (pl eodaiy

e Jow 5l it s ol Ol 0 30 wlidie sl Jow o 4l

Joe ol 5 S

S @il Aty Julxd Jol o (o

1=

G3Pn il Aty i pge o5 (0

A

950 oo 30 Jlr2 o= lgi (g jluda (o
955k ooldia 53 (> lg b s

sl A 9590 5l 550 Ll o (M1
930 olilo 5o Jloxd

Ay

SiPny Gile ddae el pgo 65 (7

lD

T g 4 Sl (g 2lalid (g
&l A ol oracxi

950 oladto 30 Ly ojlw Judod (T lawlxe 4y 30 dlS wigy ) S
G399 Gilwaints bwgd



U, =aminimumz,
subjectto0 <7, <1 (i=12,3,...,N) )
V<V, -V"

Ll Joe o Vo glell o (gslodinge o po 11(Y) 4l 5o

el 5 B>l 45 (glosle e V¥ 5 as] aoes Vg cogasme
S5 azr b S bl sl See S sileaie
2 5 (K) 5lisyse gomw jlade Gulul ol ol 6l35,0
dle pj abal) Gl S5y cere Jlesl b )56 oSS

D9 s
2 K k i
FULUZ..UH =D WULW >0 )
2 GRS,L S5 e Siy cupe Hlaie Wi o) akaly o

205.(::‘59 ML?LA

\Y =Zi77ivi

[E]=[E(m]{ei} =[El{z]

e 4yl 4y az g bl ol 1 olodl o Vi (F) alagly 5

™

sl eslaindly Ol ja 50l a4y eI Jode 55l
D aalys alaly 16,5 9 S el a4 iVl Jode
Shylo alis S 50 5L 90 slaplall 08 5 ais s oo cnl e
ol 0 S GhreS Ol 5 05 aaalgigii S g S i
slodse pab SR Sagisnl 4 arg bl iy Sy
G Sz (Sly (ol g Sle (i 58 (2l slaojle goue
CHlpSe Spe Sl (sled )3 9 S9d ced Sguoe 155 L
2 Jsere Ojsar $39ngi Gile ane piyeNl WS oo s
=) lg, o "W’F’ Coogass b (Sl soew Ao Sl
9 oS 50 Bl L) b e (98 wilen canlid Zglans 5l (Y
Hlad g pnS yeeole L8, aSlile; (plpln 0w colaiwl Lisd
lin 283 GLls 3905 (siluaine o eNl wdloes (LSS
St S S5 ekt gl 1 lia (al 55 5, ol Bl
O dieS &l (o U ol colaiul sguze sl o Juw Jud=s

SiIns Silwaine GemYge b Il (Ao (ol 50 digdi o Jos
S 510 ks e ;005 das olge lis, analsl jo g 00l Lo
gy 000l 71 930 wbide ;o by soejle g3l Jow g

S5y Gilw gy VY

5 3l et @598 005 My Sbe d g9 (l (Shel Baa
b ooads ol (ohb alsy G jo olge 5l oals aseie o>
odd pastie (godgazme Sy 50 ojlu Sy Sl b oS Iy
it OBL Sidns sleaige Sas gdly o TA]ew
oS58 (Few) Saa b o ileding jshateds olge ledax
s sog0s p 3 Canl (HLL load gy az i b (5 (b
el 32j Syge 4 Sidny il de
OBJ = a minimum/maximum z;

0<7, <1 (=1, 2,3, ..., N) o)
st —
CON, <CON, <CON; (=1,2,3, ... N)

Saa al (0,5 i b aneS Jlis & 3glns il
sl ausly (CON) 00l ptd loCudguzme 4y a5 sl (OBJ)
@l Jledl j2 4 g s (b slayiie (1) (V) Ak, 4o
slawi N g o o0l plais! 59lags alins ;o (i) 900
CON; b o> CON; (>lb slaad o M oLl
ol | Al o )b 0 0 aplie ke CON| o YL as

]

(S diaiins Gl 3 (5999195 (G lwainys VLY
x> Cadgde b (Sl

Ao b R (50,5 4 (5909085 (gl o ysSl 5o
ol 32 5,0l ediee G Loy slaclsz 4 e ¢
Slr Brae oole ladie (S b (g5 aniin b, 5l s
G ghows &Sl 4 ax g bl oolaal Sl sble oLl
OgYg0,8 a0l (65,3 (Al aeS” Jolas (St ainien
Sl Gl e A Gle » Sidns Gileane S
L7773 ogdioe ol 2 &0t Gl bl

' Isotropic



oolel 5 () ahal, JSowa, H glacsls «(A) adal, J> L
gl so iy yx5 (iS5 (gl Coaglie

fr—f 261,
a:—' =
B+ 1) B+ 1)

syl Glei oo 1) 5 (V) Laulgy ols j1,8 plp b coles o
09.«;0.:)_-.: ;«.u.q.us jd)uw3l.o.owtu‘f(\‘)

4 Sin_1[3<fm'—ft)} o= fnf3=sin(9)

Q)

= \e.
3f,+ 1, 3cos(g)(f) + T,) e

el alSnlagl ol 51 o £ byl (Vo) alad, o
2 dS Ceoglie Hlade a5 Jhge j0 392y (pl b tgd e
Y] oS eolaad (VV) abasly 5l g5 oo QLo (pmyws

0.03f < f, <0.09f/ )
930 lido 0 (2 ly sbojlw gilwJuw F.Y

Gl AT (g 530 ledie yo ol bvosle (55le o yo
axg BB el 4 yomie 0,50, ol 0,08 8,5 (MFT) ® glass
9SG gaigie Sloghy, b amlie ;o (Gleslre anzag ol
bl g @B g 8l lajye (b vy (hg,y cnll yo wedoe
Pl U e Xigd oo Joe 930 Oyp0t (@le slaasly G (ouled
Cawlodisosls lis (F) JSo ,0 glass (g5l aus

Y al> 0

@b:q @b.; GO G)Lud..\.o 39 ‘5|455 ‘S}Lw FUIWI 3 &g,y .F JS.SB
950 wldo 5O

0095 QLS ) 055 e L8 (55l dige o 5Nl 5o (23S (655
S Gy d gl adyS Sl o wllas (g lad g (2T Caglie
@ el (5 GRS g o el o5 Wiz 4y ledinge 2l
O gl Sl ol o g Blod s a8 50 (53959 lyie
(&M ) gl (25,5 9l 5 0t Lol (F) alady o 25,5
DSgde blod (15,5 25 jemdl 5o (0) alaly gsllas

initial T

g = +e +g ©)
i

ij ij
STa=5515 el jlro 30 8,5 dow Slgo ,l8, .Y

L8, (s e Sl il ool o5 aas LS, 4 4z g L

Silwde o Sl ST el Lo 51 olgi oo ool cpl (S

VAOY Jlo yolxe ool [V 7] 0ges solinl Sk wlide goae
A dge b (7) alal,y 3illae [F1]

F(0')=aJ](0')+,fJ2(O')—H ¢)

B2l 25 55l 090 9 Jol slacali Iy d, (7)) 4kl o

2 & e Slh-Slhe lae glocbon H s s

by s ) bl i o it wlas clasie ol

JSoa (C) Sz 5 (9) L SBhaol agly sl el
[N A o5 le (V) ala

_ 6Ccos(@)

~\BG-sin(g)

2sin(g)

_ h v
“T BGsing) “

by col (Sae i ln jaiie 5 G wle Slge I Sy
Ol o sed iy e (f) caiS Cuaglie o () (g lid Cuoglin
Sopehs hel Glin Carsy IS L
() al, jo(0, =1, 0,=0,=0) 4(0,=0,=0,0, =—1)
[YA] o5 0 Jool> (A) alal,
—af’+if'—H=0
m \/g m

aft+if -H=0

\/g t

)

' Mesh fragmentation technique



. ={_‘” =0 (0¥)
0 ifo>0
(—) +(—- ”) (10)

IC GIIC

5 sy gl e i pe 5,7 00 BY) Ly,
il s les gl itz ol 8,6, o oles lall otiS
5 Baile Gl sl (ch g Jloys polie 67,67 sBn g Jbo s
aaibge @l bl o plralr Lhp s Jly i 6,8
» S G5A @by £5 wdSia G Gy ((10) akly yo
S5l e i GGy (nSs (Sejiz) Ghp oy S
Oiled a3l D coledys 9 0 s Jboy bl o cadoids

SV e s g lade aS Cl

oo b Juo ¥

ooty (B 100 Wiged SG il enddill 0509, a0l sl
Wgad du Egdge (3D Sy, olaieds dslsl j5 g (i Ll
8518 (s 3590 B llas 5 5500 Ll L gl Sl
" ondainge "y " spe " laomlia bl 53 5 s Jo ales
dlis pa b Slalre anje g @l cdo Jl 5l g 5ledas
5% 0dd dsoJie Sl Wiy (1) JSCB Ol gl 4y azgi L i
53 o (siloding: el L Jsl al> 50 )0 .0l ploxil dl e g9
B S ilway So5 S1n - ST JB8, 5 5 5L ulide
g5k o sy jo Sl o>le mlulid 51 Gy aslsl o 0as 8
e ise ol adeolainl S15- 518 (Lo 5l 50 codaige Jow
Sl 3l 9re e g0 Gladie rired g odddingy o 930
L8, ol vF M s CZM Jos g b= gl oDl s yito
sl 56, slo Joe (V) Jguz jo ol oolaiwl oo
Cewloaiosly Hlad sabdigy Joo j0 d> e 2 4l colaiuls ) ge
3,90 08 sl Joo SYolee slaws Sl aije anslas o

Egoe (3283 dnlio sl ol S8 4y p3Y Wlad 318w lis

ab Jao 5l do 2T o o e 8, (285 Ll s sl

I S5 oS Joe Qe.‘ b oslizwl [FY] (CZM)' Soren
S8 Sl 9 W8S (silude iz - (A8 (9l Sl 2
Fody Sl 0gdi e 42T a0 o a5 ey S lyie 4
aogi b allio ] 4 el ol [FY-F¥] a0 0 CZM Jaw
G e (gl a9 L8, 51 CZM Jaw jo (0) S8 @
522 000Y Lalgy) [FO] as eolanl gy ldl opo (cip 9 Jloys
L Lol ogioe a8 5 L o (s &0 aplid o L3, (Joe )
)5, s 3 Shae Sl 5 s sly depam 45 & 4y
e acgazma JLd; WSes e | 930 elide )3 (ol jsie
3>y ekt Jlore Bllas jL2d 50 sCZMGH G 5 (225 50 ol

r .
- i
_ o™ ; —
+ T, — _ '
W . Gl -
: s ' '
k Gm.\ y: 5
Vi el N 4 G
| ; a |5 , 5 a 4
s/
Gt e 3 oeled g by ey sge (o RS lo o elad s L, (gl 2ge (A1

ol g 3Lwdo 0 CZM Jao pg3 9 Jgl 990 pgmai b S5
sl gbasly

%@, if 5, <8°
l_
o= 5?_535, if 57 <6, <o (OY)
0, if 5, > 5!
o, ,_ .
5—B(r+ff), if |6 <&
t
51
|z| = 5 t(z'+z') if & <|6,| <o} (")
T, if |6]> 6

', Cohesive zone model



2l Gb Jlgpe obuls gSlas el 4 axgi Lol s
S8, b les Jgl a8 50wl sdl s @ e ¥ alKis o]
P ez a4 Cesly glinly o yianle (VD lade &y ST5- ST
3285 pll il e Jebow plojen D90 4 5 0B o3l
bug sad gluls Jlew sl ldl (Jol o8 anld sle!
@ azg bas plodl o (25,85 A e 5 cgiluding pi 05!
59 5l38 cpge a8 1o a0 33 Wlew] Gy 51— S1hs e
5 ol 0ol yhe yiendes /YO lie 4 duze alflas Jow S
4 9nl8 £9yd 50 adsl )5 S plgie & gl 5 S s
A pll (gl digy Julow sasme g ol ool plaisl b Ll
Sytan el sny 15 3 15 oIS 1 ol 255 5 5 095 )y
S 5y a0 45 bl loli U (il it b
aild plasl 5l ey aslol jo ol ails 58 1) Wgdee el
@ St el 50 oad olulid Jlou Ay (silodite
(V) IS 0 0l able oaddigy Joo 5 0,033 rezd D90
30 51990 Ly Cewloadonls isled cadaigey Juw cole aig,
oudaigy Joo b ol @l 5 ad oo 5 siledue g3o el
930 Joe (59,955 5 6N (A) JSh )0 .85 13 aglie 350

95 )loged g

AY pow o5

2

o 4ty Jito

Ay J! 5

A¥F ek P8

e 5lgd Jlo yo subdiage goue Joo cSlu wigy ¥ JSC&

930 Jowe b oadaigs Jow 5 sileaige bl Sloslrs anje

ool MLQ.Q

oudidiuts s o syl g )Ld; Glasin ) Jgoo

ollles Gy Joe e wlhibe  al> e
SOLID 78 Sy She  gs US55k ol
‘ .
SOLID#d  Sly-Sle (£ sl
) CoodleS
PLANE)AY ﬁ)'{ij_d)x-‘-ﬁ J"T £9°
CONTA)NYY R 9
Target) 79 €z e

i slel Jlio ¥

593L (5% 2 51920 digad Loy 00l &Ll &g (o) 2 Jlo 0l 50

s Vermeltvoort L 123Y Jls jo g caloads il ls
5 el 4 ot ialoj] Sl ad &gy [FF] il Kan
sove gladoe 5 alo laojle addllae gy (i 1 (5 ke
Veoremm e MM s algs ool [YV][FA] cé 5 18
gty ol Loy )0 s0il Sy oS w3ls (o0 A0 MM 5 elis |
@Yb ,o /Y MPa jlade 5 Culi )by S g 00l anad Ll
o (0,555 5 558l g 50 lulpd (IS 5o 0l 8 o

Cewlodlosls Gl jlgso

+¥ (N/mm?)

JTTTTITTTTTT ] A
] | -

HOHHHYE L

%

Slasl) (b g9 5190 Joo (0,95 35 (56Kl 9 (550 bl £ S
(oo o 5

o s o b Jus Alas Slasie (V) Jsoo o

@‘).79 u‘>‘5" U’_,L.al.....) &l casloaisosls led LSL@‘ &= d,Ja
olgzds a8 w4y Jleus ST (g lAS )L ol &Sl o )6l Lavgs



sanlie aBislej] wigei g 930 Joo b awglio ,0 oodaige
odbdingy Joo ;9 9y ST g sl (S (09 e 09h o
el 3,5 el Sy 558y StV 5, 5] A
Ayl (G Bl i goas Jow 0 9,5l ol jlade
&9 598 9 (50,555 5 6o () JSKb j0 09wl i
Ol g3 Joo b dmlie )0 oddaigy Joo Juase (9 (A

Cawloadesls

[N

e

%

Ty

=~ T

1. —ad aigg Je
—— A L wigai
\ Al Y
(mm) o lxl>

Aigos b dumolio y0 o0 sLaduo pladilyr gy Hlogei A S5
950 Joo (59,955 5 (59l ol yoy (A Lo
ulm.) ‘Sb‘j.uulﬁ)] CJL\J Ls d.w.:l.u 90 (GO 6LmJ¢c @b-:bb
Joe JL8; el Bl (A) UK 45 a5 b cewloaiiionls

3 3lgs Jlo pdlas wlasin ¥ Jous

f! f, G, G, ¢ C E B
(MPa) (MPa) (N/mm) (N/mm) (°) (Mpa) (Gpa) o
Veld eIV - . Y YO NY A by et

- - YD A - — 4 “NF O VIAY e

- - - - = - AT IR T\ oy

olaws Slewlows aiyje 5l jslate bey] o sl 00,5 oy rals
€ a4y b aS w5 oo 18 Olawlbors 0590 a5 cnl (SYolas
i e ol g Ll g5 cdlas wojle (6500 Lylpt (Julou
slaws o ol o (slee 5 slaws O o b SYsleo olaws ol ke
olasi g0 Jow ,o e (pl j00gd oo dles ol ool3] Sl
odlidings Juw ;0 B,k 5128 5 )18 ailrs 590 aloles VFOA-
ol VAFY goomo,o (giluaige a5 Hlo> sl g ddolas ROV
obie Sl o> sao,0 YIY als oS ol aubxe

223 o gli) 550 ol 4y e oAty

SO 6l.bJL’?.o AR

Slyp e il s b ol e dged aw 15w cpl yo

90 9 90 S wldie ;o (g3 &jgoa calallyl by, ygp S0
Oieles (Vo) U5 50 aylges (6500 Ll pd ol () p odbaing
55k b S by ojle Ko 5lazs Ko sl e cesloadionls

(MP2) juuno (199 i

\ \IA Y v v

950 ooleio( Al

oud diuge 930 while(o

Joho 30 juwno (498 (i HelS 9 (F9,95 S 5 (59N A Sl
930 Joo g ol
Sl 5o (ol Billad sadiaigy g gh0 Joe (1) KL 50
8 Syt den oS AT el @i 5 (S8 S
Joe )0 585l Caend aly 9 YL po 5 3550 5 (5k8 sloS S
02,58 o 0 S5 Sbles a5 sl dgpin (o95as odbaing
%o Oygod odddingy Jow ;0 (Slalxe 4 jp Culoads a3l )|

', Elastic perfectly plastic



g g pBibejl & jgoa [0V] il Kea 5 Drougkas
Gad b coli e Sl ol gl 288 L5 adlass g
g olul () 0) S5 0 canloass a3 5 Ll s +/\Y N/mm?
pow Jle gl cemloaiosls Jioles pgo Jlne g0 (550 dayl,ls
345 Calond 48 5 L s aibgs by ojle SOl axy O
Oysods [O7] lKes 5 Gagliardo laws Y-YY  Jls
SV MM Cales b lgs ol 0l oy 0 s00s 5 2ol
5 e YEO: MM Jgl i a8 soalonds LSas lime idy 99

Cawloads anns ] Jawg ;o g3 ST g 04l ely,l YY- - mm

[F9] 2,50 5 Paquette Lwgs YeofF Jlo jo a5 ol o
SYVYE MM £ 4 Jlars ol s dalllas _alKitylo] & gt
MM 45 el oyl ol o5l S 5l azg o F+3) MM e
15 0T 6L o SPY NIMM? s b o35 L 5 ol caaliess 1A
Oiled s jee Jlass (g3 daln (@HYe) UG s ol
el 5 Olgs | s ol oS5 Sledlbl enlosbools
MM Caoles & oy 5led S pgs Jia [0, V] 5,5 snnli
g3l &G a5 (el YRR MM Sye g YoV MM glas ) o) - -

Sebaieds Jlase bl az8 3 plas o QT 30 plaiel & yguods

il 95,0 £l | YN0 MM 5 (5,e YO+ - MM L ags i Loy YeYe Jlo ,0 S5 Gl slolys gl 56
./ (N/ mm?) Y ( #/vY (N/ mm?)
I N T T 11111111111111,,,1,1,1.1’1,1
TITTIITITITTLIL] |« = T ey
-I¥ (N/ mm?) : "‘wl:lw'. = [
a 5l i 0 T 5 i 1 i -é : )
-lIIIlIIlllII[l:‘ll‘lll{[l‘.lllill
: 2 5 0 ) 6 [ ) ) ) D L [ O .
< ) T I 0 VO 1 0 5 T 500 0 D 61 1 - -
5 N 5 I O O 3
| o T AR B |1 E o
| D [TTTTI 2
':_ IIIIIIIII]l -
o] o a o
Flefie] = b3
« | ==kl sl lasiang .
a llIIlIIIIHIIIIIIIIIIIlI -
T T ) S
YA Bee AYD  Bee Bee Bee Ber Bee AV- YA VEY. AAY 5\ Ve S5 AvA
po JUo (2 p9s Jlo (@ Jol Jte (1
(osso w2 3lul) (goas (s JLo (550 bl pb g Slasl N+ Sl
Goue sl wlas Glascin ¥ Jous
fn: ft GII GI ¢ C E o L~°
. sne 1l
(MPa) (MPa) (N/mm) (N/mm) () (Mpa) Gpa) O e
VY. VA - - YY VA Y NA gl et
- - e ey - XY B <o Jsl Js
- - - - - - “NA Y- S
WY A - - YT\ S| SRS 71 SR IR T
- - Y ey - - Y VD <o pyo o
- - - - - A o
VY Y - - 0F VY DA YIES Gl jsdie
- - /¥ o8 - - oY <o pys Jlio

Y AT L oy




p9s Jlo (&

Py Jlia ( ol et

ol o5

3

>
>
1
=
Q

4
2
§
l

—
i,

*

gt

6,
}]
x

SR
=TT
Egi fi  *

Wt s Jde colu g STl er (s 3lwainne Jelowi sbapls W) S
S ity el (oroa gl buwgi (goue sl

Jie i35 bl Giolas Jdsas oasoccnl >ly o
JUES! 50 03l (50,935 53] > S bl &5 >0 395 oo
5,55 1 1) G0 i o el 30,5 82 5,
Sond (Ghgy o Sy 4 G sy Jdoay S oo Jie
5% 958 JEl g 00l (59,955 5 )lard o Caen 50 lpes (Sl
Gy Caoms 58 sl Cond a8 >0 silons ciBgie 4l )]
5 p9d sladle )3 0adily @l was o Gialed 1) 25 55 53
(V) la JSaa 4z g5 b &5 (5504 095 o0 0aalive 13 pouw
3 e 092 G5 @8 9 50975 5 il @il (g Y) 5
B9 oo oddline oyl caliaigy Joo 5 950 Jo

o8 L lees cnl 5o o)l 18 gl Cond & jslome o s 9350
Coond 93, Vb 8 CBleSs O jgmar Y NIMM? Sus b
po Jle 30 Lulpt g ol (21 ) U520 Saslons Jlosl
5 0053 gipe Lulyd b o Jlie soled canlonitosls il
Dol g5le e 9,5l wliae yo lal (V) Jgoo pdlas Olasis
28,5518 S50 sileante Julos od Jlge o5 ez )0
oSl bg oad lolis ol gl eolizud L aslsl o
sl e b oyl zls g o axslo sy slo Jow «(sjluaig
Sy ploled wg) (V) S8 58 28,5 )18 aslie 3550 50
ol e ol jsieadaig, Joo oSl 5 Sl
098 Ui ,eulS g (59,05 5 oI (VY) JSs o canloaiionls
ok gove sladle o g Jde g odddigy oo s
D9l o odplive odddi g sl Jow 0 aS job len . Casloaionls
g Wloads glwbid v )8l by 093 cowl datun >y
ol Ao 5 Jle aw o 0 oly Glasly o Gl
o F2,55 5 slaglll oo Bl ol b 954
5 B 5o b Glgiee 4 Casl pl Kl g0 Jra g oadiaige
Lmls )b o (ols slaojle il Jow o sadaigs Joo B,o
Jol Jle lg20 50 00 050 58 (Slowlme (b e 51 VL <o
s @Yl asss o ol lasly islas (YY) S Gillas
S 5 55 )les ol )0 (rioren renl Sgpdie o954 903 90
Higligo oaalds 934y LS



(SLaJlio 53 Junso (399 Gyl 3 (59,955 5 gAY Y5
GO

P 9y BB (934 i e g pgd Jlha 50 Sunl SO @ Y
sanScolan slaoldl o i 35,05 g odudcaw] slagledl
9 loges (OF) JS& 50 el Sgpde (934 9w Ol
Gollay JSCo (pl o casloadonls iulad (soue sla Jlo oloasl>
odnlice g0 sl Jow g oadaigs slo Jow slologed o owlio
Ayl 9y Aty 9 (S o9 S Sel SO @ oY 09 oo
S99 5l AL 9 sladae & Cund oadaing sladue o

sl T Siadly 9358 5y SVl i3, 5 5o sl i

=

(MP2) juse 598 5 /5 /A ) NY Y ¥ F &

m

o At Joko 930 Ju
Jal Jle (A1

Y Y F s eIA

(MP2) juuso oy93 A Voe Y

(MP2) juo 393 i +[F +/FO +/& «/A V VF Y Y8

paw Jlia(z
oo s Jlo (Fluwlro 4 32 :F Jgur
(12)0) Glosle anze als jhie  (giluarg anld oadaig whie SYolee  gi0 b SY¥oles
\o/f OFYY YAAVA £ FFA Jsl Jls
Y7 AAYF VWA VY¥FaA P s
OAIF 4y - Y- A3A VEE. . Py Jlo

VY




d,5 18 dules jge aobie YT - slaws pow Jlie 930 Jo
YA oadidigy Jow g dolee 1Y (gilodige a0l olp
S 20,0 OMF lie 4y Glwlors 4ty 3o 9 0l dloes aloles
Jol e S¥oles olaws (F) Jooz j0 0,5 oy jualS g3 Lwlide 4
oled Jle o j0 Slwle ayje ials wo s jlade § calies

Cawloaosls

S S a0

SiPng ilwaite oS 5 jleslitul b (gaaz (g Allis cnl 5o
i Slolos oz 2005 (sl ST STy ol s 5
heol olesinn gy 5o o &bl 950 ulidie jo (ol slaojle
@398 Sygody 1= 5150 518, L )5l ulidie )0 (go0s slo S
Gilwaige Juloo couw Jlsie o5 aim jo aslol jo g 0dds Juw
8,5 18 oole & 598 Cudgasme 9 (St diien Bua b (5590988
Olyeds g ond 0SS lagledl (16,5 5 25 s o5 y2 slel o
odd Sal 3 Sug, cpl i8S 3 osliuls g0 wn oS 55 (6999
@lols lly age (Shb (e giloancinn anlp o oS
Asbaraly 5 1) ileasseam] Sy 25,5 1 oS bl
O Hgods (6 lwdigy 02,08 lawg ouls oluld e cdalsl o
ouds olwlils 2l coadaigy Jow JuSis b coles o el o
55 ol ;3 (>l plo 950 wliite )3 (g5l o555l 5
sy ke laylodl slasd sobaigs Jow o ok gile Jow
Ao 1A wisly 5 Sl slagledl @ilyiags s> 5 céb ials
gy bl oo )S Iy el e BB lade 4 (Slewbre
9 b Wit g5ye Ll bigose o Jlz vy ealall)]
] il P S yods o ;63 aS ol sdalive W oy
A5l el Bl aie ol Sla o g 03903 (olulid |
930 oliie ;5 Sladiged b alio 10 (50,55 5 58l 5 518,
o Sl a3 ool adllhe slaJow jo ims o lis
VY e jliel Jow j0 a8 Jhg0a 05 law oS 555
pgd Jlo eoae Juw wo,0 V08 Jol Jlie (goae Jow wio o
anie uals ws,s OAFP paw Jle goae Juw g do 0 FYIF

A oaalive 930 wbide sloJow b anglie ;o Slasle

Yoo
A
15
z
= ¥
— g e
v — e g e
\ ¥ ¥ ¥
(mm) gl
Jsl Jle (1
Y8
Y.
XY
z
<
— 9o e
@ oads dige Jue
\ ¥ v ¥ Iy
(mm) ol
pee JUe (o
Fo
'
-
%
P
z
=
- — spe e
" — b g Jas
oy ) Vo Y Yisooov
(mm) olxl>
P JUs (2

2 o sl glrale—gpm sb)loged duslio IV S
oubdint? 9 950 sla o
Ao b dcule 0550 OYole olawy 0l S a5 e ylen
oA olows sl Jls 930 Joo 50 0400 puiiinss dlayly Slawlxe
Eyoeyd Silwdingr wlp lp 85 18 anulxes g dsles
a5 ol dwbre dolee YAAYA ocoliaigy Jow g doleo OFYY
A Camd oabdinge (whie Sl g goo,0 VOIF oS
e o pgs Jle slpams aplis Jle cnl )3 1) 950 el
Jowe g dloles AAYF g5ludige ol 3 coles YYPAA 550 uliis
Iy 6o, PYID rals aS tals dwloee dlolas VYV VA saliaige

50 Caleiye g oo solis gie Joe 4y Connd sddiaigy Jow 0



behaviour of rubbercrete. Computers and
Structures, 242.
https://doi.org/10.1016/j.compstruc.2020.106393

Gregori, A., Castoro, C., Mercuri, M., & Angiolilli,
M. (2020). Modeling the Mechanical Response of
Rubberised Concrete. In Advanced Structured
Materials (Vol. 132, pp. 341-352).
https://doi.org/10.1007/978-3-030-50464-9_19

Oukhlef, A., Latrache, N., Champmartin, S., &
Maiss, M. (2023). Identification of the pore size
distribution of a porous medium using oscillating
Newtonian fluids. Physics Letters, Section A:
General, Atomic and Solid State Physics, 460(5),
509. https://doi.org/10.1016/j.physleta.2022.128615

Couto, R., Bento, R., & Gomes, R. C. (2020).
Seismic performance and fragility curves of
historical residential buildings in Lisbon downtown
affected by settlements. Bulletin of Earthquake
Engineering, 18(11), 5281-5307.
https://doi.org/10.1007/s10518-020-00906-2

Prosperi, A., Korswagen, P. A., Korff, M., Schipper,
R., & Rots, J. G. (2023). Empirical fragility and
ROC curves for masonry buildings subjected to
settlements. Journal of Building Engineering,
FA(February), '+ 7+ 1Y,
https://doi.org/10.1016/j.jobe.2023.106094

Korany, Y. (2003). Mechanics and Modeling of
URM Structures. Proceedings of International
Short Course on Architectural and Structural
Design of Masonry, 1-28.

Abdulla, K. F., Cunningham, L. S., & Gillie, M.
(2017). Simulating masonry-wall behaviour using a
simplified micro-model approach. Engineering
Structures, 151, 349-365.
https://doi.org/10.1016lj.engstruct.2017.08.021

Peng, B., Wang, D., Zong, G., & Zhang, Y. (2018).
Homogenization strategy for brick masonry walls
under in=plane loading. Construction and Building
Materials, 163, 656-667.
https://doi.org/10.1016/j.conbuildmat.2017.12.133

Luo, Y., & Kang, Z. (2012). Topology optimization
of continuum structures with Drucker-Prager yield
stress constraints. Computers and Structures, 90—
91(1), 65-75.
https://doi.org/10.1016/j.compstruc.2011.10.008

Tomazevic, M. (1999). Earthquakes and Seismic
Performance of Masonry Buildings (pp. 5—33).
https://doi.org/10.1142/9781848160835_0002

AN

&=l g @b F

Varum, H., Parisi, F., Tarque, N., & Silveira, D.
(2021). Structural Characterization and Seismic
Retrofitting of Adobe Constructions (Vol. 20).
Springer.

Bilgin, H., & Hysenlliu, M. (2020). Comparison of
near and far-fault ground motion effects on low and
mid-rise masonry buildings. Journal of Building
Engineering, 30, 101248.
https://doi.org/10.1016/j.jobe.2020.101248

Latifi, R., & Rouhi, R. (2020). Seismic assessment
and retrofitting of existing RC structures:
Seismostruct and seismobuild implementation. Civil
Engineering and Architecture; 8(2), 84-93.
https://doi.orgli0.13189/cea.2020.080206

Shadlou, M., Ahmadi, E., & Kashani, M. M. (2020).
Micromechanical modelling of mortar joints and
brick-mortar interfaces in masonry Structures: A
review of recent developments. Structures, 23, 837—
844. https://doi.org/10.1016lj.istruc.2019.12.017

Gregori, A., Mercuri, M., Angiolilli, M., &
Pathirage, M. (2022). Simulating defects in brick
masonry panels subjected to compressive loads.
Engineering Structures, 263.
https://doi.org/10.1016/j.engstruct.2022.114333

Weber, M., Thoma, K., & Hofmann, J. (2021).
Finite element analysis of masonry under a plane
stress state. Engineering Structures, 226.
https://doi.org/10.1016/j.engstruct.2020.111214

Lubliner, J., Oliver, J., Oller, S., & Onfate, E.
(1989). A plastic-damage model for concrete.
International Journal of Solids and Structures,
25(3), 299-326. https://doi.org/10.1016/0020-
7683(89)90050-4

Zhao, X., Dong, Q., Chen, X., & Ni, F. (2021).
Meso-cracking characteristics of rubberized
cement-stabilized aggregate by discrete element
method. Journal of Cleaner Production, 376.
https://doi.org/10.1016lj.jclepro.2021.128374

Zeng, B., Li, Y., & Cruz Noguez, C. (2021).
Modeling and parameter importance investigation
for simulating in-plane and out-of-plane behaviors
of un-reinforced masonry walls. Engineering
Structures, 248.
https://doi.org/10.1016lj.engstruct.2021.113233

Gregori, A., Castoro, C., Mercuri, M., & Angiolilli,
M. (2021). Numerical modelling of the mechanical



),

rr,

T,

Iy,

o,

e

ry.

A,

9,

Fe,

https://doi.org/10.1016/j.compstruct.2017.11.088

Li, Y., Yuan, P. F., & Xie, Y. M. (2023). Topology
optimization of structures composed of more than
two materials with different tensile and compressive
properties. Composite Structures.
https://doi.org/10.1016/j.compstruct.2022.116609

Sanders, E. D., Aguil6, M. A., & Paulino, G. H.
(2018). Multi-material continuum topology
optimization with arbitrary volume and mass
constraints. Computer Methods in Applied
Mechanics and Engineering, 340, 798-823.
https://doi.org/10.1016/j.cma.2018.01.032

Sanders, E. D., Pereira, A., & Paulino, G. H.
(2021). Optimal and continuous multilattice
embedding. Science Advances, 7(16).
https://doi.org/10.1126/sciadv.abf4838

Wu, J., Sigmund, O., & Groen, J. P. (2021).
Topology optimization of multi-scale structures: a
review. Structural and Multidisciplinary
Optimization, 63(3), 1455-1480.
https://doi.org/10.1007/s00158-021-02881-8

Li, Q., Steven, G. P., & Xie, Y. M. (1999). On
equivalence between stress criterion and stiffness
criterion in evolutionary structural optimization.
Structural Optimization, 18(1), 67-73.
https://doi.org/10.1007/1BF01210693

McKeown, J. J. (1997). A note on the equivalence
between maximum stiffness and maximum strength
trusses. Engineering Optimization, 29(1—4), 443—
456. https://doi.org/10.1080/03052159708941007

Papadrakakis, M., Tsompanakis, Y., Hinton, E., &
Sienz, J. (1996). Advanced solution methods in
topology optimization and shape sensitivity
analysis. Engineering Computations (Swansea,
Wales), 13(5), 57-90.
https://doi.org/10.1108/02644409610120696

Eschenauer; H./A., & Olhoff, N. (2001). Topology
optimization of continuum structures: A review.
Applied Mechanics Reviews, 54(4), 331-390.
https://doi.org/10.1115/1.1388075

Munk, D. J., Vio, G. A., & Steven, G. P. (2015).
Topology and shape optimization methods using
evolutionary algorithms: a review. Structural and
Multidisciplinary Optimization, 52(3), 613-631.
https://doi.org/10.1007/s00158-015-1261-9

Drucker, D. C., & Prager, W. (1952). Soil
mechanics and plastic analysis or limit design.
Quarterly of Applied Mathematics, 10(2), 157-165.

A4

v,

rr.

.

¥,

ra

re

.

YA,

ra

Christensen, P. W., & Klarbring, A. (2008). An
introduction to structural optimization. Solid
Mechanics and its Applications, 153, 1-220.
https://doi.org/10.1007/978-1-4020-8666-3_1

BENDSOE, M. P., & SIGMUND, O. (2003).
Topology Optimization - Theory, Methods, and
Applications.

Bendsge, M. P. (1989). Optimal shape design as a
material distribution problem. Structural
Optimization, 1(4), 193—-202.
https://doi.org/10.1007IBF 01650949

Bendsge, M. P., & Sigmund, O. (1/999). Material
interpolation schemes in topology optimization.
Archive of Applied Mechanics, 69(9-10), 635-654.
https://doi.org/ 10.10071s004190050248

Querin, O. M., Steven, G. P., & Xie, Y. M. (1998).
Evolutionary structural optimisation (ESO) using a
bidirectional algorithm. Engineering Computations
(Swansea, Wales), 15(8), 1031-1048.
https://doi.org/10.1108/02644409810244129

Martin Philip Bendsoe, & Noboru Kikuchi. (1988).
Generating optimal topologies in structural design
using a homogenization method. Computer Methods
in Applied Mechanics and Engineering (Vol. 71).

Yang, X. Y., Xie, Y. M., Steven, G. P., & Querin, O.
M. (1999). Bidirectional evolutionary method for
stiffness optimization. AIAA Journal, 37, 1483—
1488. https://doi.org/10.2514/3.14346

Gangl, P. (2020). A multi-material topology
optimization algorithm based on the topological
derivative. Computer Methods in Applied
Mechanics and Engineering, 366, 113090.
https://doi.org/10.1016/j.cma.2020.113090

Liu, P., Shi, L., & Kang, Z. (2020). Multi-material
structural topology optimization considering
material interfacial stress constraints. Computer
Methods in Applied Mechanics and Engineering,
363, 112887.
https://doi.org/10.1016/j.cma.2020.112887

Huang, X., & Xie, Y. M. (2009). Bi-directional
evolutionary topology optimization of continuum
structures with one or multiple materials.
Computational Mechanics, 43(3), 393—401.
https://doi.org/10.1007/s00466-008-0312-0

Banh, T. T., & Lee, D. (2018). Multi-material
topology optimization design for continuum
structures with crack patterns. Composite
Structures, 186, 193-209.



ar

ar.

dynamic testing of unreinforced masonry building
with flexible diaphragm and comparison with
existing procedures. Construction and Building
Materials, 20(4), 220-228.
https://doi.org/10.1016/j.conbuildmat.2005.08.025

Drougkas, A., Licciardello, L., Rots, J. G., &
Esposito, R. (2020). In-plane seismic behaviour of
retrofitted masonry walls subjected to subsidence-
induced damage. Engineering Structures,
223(May), 111192.
https://doi.org/10.1016/j.engstruct.2020.111192

Gagliardo, R., Godio, M., Portioli, F. P. A, &
Landolfo, R. (2023). Seismic analysis of failure
mechanisms in adjacent interacting stone masonry
buildings via rigid block modeling. Bulletin of
Earthquake Engineering, (0123456789).
https://doi.org/10.1007/s10518-023-01659-1

VY

£,

Fr,

Fr.

FF

Fo,

FY,

FA,

Fa

).

https://doi.org/ 10.1090/qam/48291

Chen, W. F., & Han, D. J. (1988). Plasticity for
Structural Engineers. Plasticity for Structural
Engineers. J. Ross publishing.
https://doi.org/10.1007/978-1-4612-3864-5

Alfano, G., & Crisfield, M. A. (2001). Finite
element interface models for the delamination
analysis of laminated composites: Mechanical and
computational issues. International Journal for
Numerical Methods in Engineering, 50(7), 1701-
1736. https://doi.org/10.1002/nme.93

Park, K., & Paulino, G. H. (2011). Cohesive zone
models: A critical review of traction-separation
relationships across fracture surfaces. Applied
Mechanics Reviews, 64(6).
https://doi.orgl10.1115/1.4023110

Nguyen, V. P., Lian, H., Rabczuk, T., & Bordas, S.
(2017). Madelling hydraulic fractures in porous
media using flow cohesive interface elements.
Engineering Geology, 225, 68-82.
https://doi.org/10.1016/j.enggeo.2017.04.010

computed tomography images based phase- field
modeling of mesoscopic failure in concrete. (n.d.).

Deformation controlled tests in masonry shear
wallsRaijmakers, TMJ and Vermeltfoort, A. T.
(1992). Deformation controlled tests in masonry
shear walls. holandés), Report B-92-1156, TNO-
Bouw, Delft, Paises Bajos.

Rahbar, E., Permanoon, A., & Akhaveissy, A. H.
(2023). Numerical evaluation of Masonry-Infill
Frames: Analysis of lateral strength and failure
modes on meso scale. Structures.
https://doi.org/10.1016/j.istruc.2023.04.026

Vandoren, B., De Proft, K., Simone, A., & Sluys, L.
J. (2013). Mesoscopic modelling of masonry using
weak and strong discontinuities. Computer Methods
in Applied Mechanics and Engineering, 255, 167—
182. https://doi.org/10.1016/j.cma.2012.11.005

Paquette, J., & Bruneau, M. (2003). Pseudo-
dynamic testing of unreinforced masonry building
with flexible diaphragm. Journal of structural
engineering, 129(6), 708-716.

Akhaveissy, A. H. (2013). Limit state strength of
unreinforced masonry structures. Earthquake
Spectra, 29(1), 1-31.
https://doi.org/10.1193/1.4000097

Paquette, J., & Bruneau, M. (2006). Pseudo-



