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1. Micro modelling
2. Macro modelling
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1. Curved shell element
2. Total strain crack model
3. Fixed smeared crack concept
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1. Coulomb friction criterion



AR YE-YY c(0Fee 5l) ) oylods ) wler o § bumo g (] pos (owidigeo 49 s [ (o .z w0 g R

» ryas 4 blsgel I ola s )3 Bl pae anl

o jlwosle (S0 @ ol oo 1y ' iSlos Coaglio 5 ey oy
3 o PRslesl slaaigas s 8 SlS L3 55 5 Joe o
@l ol 53 Gl ) G o5 peblen ols s Suglie I
0978 (e il —gym Jl3ge pogdle (Joo (i Como
L85 LB azgisyee s Slple Lo LSS LS
s 0 (AEalejT diged 5 e )3 (59,555 5 (655 annlie
a5 5 o o ol ke caslin o,Shoc il (A)
@iy Jowe [, o Bl s @ cnlply el Jlosl
el 1 i 0 5l Slallan ol o AlE LT i

als

Cxy g i g yelsly andllas -F
S35 0 93k o929 —1-F

S35 o 8953k oezs b ok SB sladae (i (al 5o
28,5 )18 Sl 9,50 g olml calie slal b QB ke L o
2o Oype 4 Q) S8 Bl bl olal jelaie cnl slp
o) ekie boe j3 g 0l el Bk BL sl
30 A e a5 o (] 4o axlllas 050 sl oo Slasie
Comd A el )y i Jgaz 5o ol ool &)l (V) Jgo
o iy yx (V) bl &y 45 (OB mhas 4y 9050 ol

]

A==2 QD)

il SBele B o Ap g 535k corlas Ao T o a5

aH | H=1635

—

al

<« L=2415——

(Foskeo 4 0lul) GBGLw 53 635 0 G9b3b awain -4 JS&
L S e R P L=
Al 3 950 Ol s ¢ dnlie (5l iz (el odl (V)
b lg2s amio 5l )5 Qe psd 25T ply po QBoLe o

el 00l sy, (VY) S5 50

_]_u

i

\ \

[ | I |
e iy R BB w0 |
] - e pus e
[ I R
| | ' . 1. F r 1 ¥ |
[
L1 3 3 1T T 1 1
I e I
| N R |
R S N e
I 28—
‘ | | | I | | ‘
2Eiolejl digas

Joe
CrTTrTTT=r "
[ N e = i e
I N O e BN ol
I T L. A
11 [ 1 1
[ T T 1 [ 1T 1
| ‘ | : | | “ | “ |
Il I ¥ T T T 1T T 1T 1T 01
[ i N
Iy I I T T 1T T T T Il
’7 F I T T T T T I T T 1§ _‘
PEalejl aiges
Saige b o dumnlio 9 Lo 1o S5 &9 595 092 —A JSC
2o losl

1. Post peak region



FE-YY (0F+e ) ) o losd DY Al (o § bt 9 3l pos owviiden 4 yid | ool .z . o g NigsT . vy

TSIF) 355l 90 aiges 51 CIFO 6b L slaJus) 5350 slyls
sl sl 2 1alS 4 (ygin |y o Uelo &5 ol iy
Ol onlpl 0l S 583l (e Bk 4 o 55
hls slojlses (b3 5,8 Jlail o)) ey 985 plSm )0 i
el olsim g ales JolS Sidg b OBl 4 Cud 9250
o laibiwl) ol plal s aelimml jo 4953 aslg ) .l oS LSS
Szl 2 Fie ol e amlxe Gl (VAT YA
I oorzee ablis Alis ed e 8 ghilend
b0 Blgee (1)) 5 OV 0) Sl o 50 ouls oy (slologai
sl slodoe 4 cod 555 ol b sl Gl slaoe
Wl (i Ao | ) adyl (e SZS 550k
i glabai L0, 50 e dlols ud oS Gl |, of e
Il oo b sl amio 3 g5 oS jaris ,iSTas (glls
S aigad b alie ;o 935k Gl glaaigas o QB 4 bl

edls sl il 35 50 55 T g oS (ol e

2L glao (gL cnglito 3l Y- ¥
o DBple ol dlas 65Lad Cuglio 25U aalllas sl
Fa ¥ D Joli il (5,Li8 slacaslio b Sglize Jos
HEOT) US55 ol gl o8 wb obnl gy ahos 2 sl
b wogd so aimdle (1Y) USS 5 4 aisS ylas ol ool
Sl Seglie ancin s oly dlae )lad cuglie 2l
Gl b Pl (2 g B Gl 4GBl axio
@y Fahs 2 e F AT 1o ¥4 V0 5l g lad ceglis
I¥e g IFF e 4 OBl amino 5l 2,5 Cuslie iSTas
o> blie glals (al3l bl odle ol axals Lal58l
$)Lad Caoglie lPI L 5 pole Sl A JSS (ol
i D9 ga 0dlive (rizen b0 Sga 2l loan
agl e Sz b e pllae g)lad Cuglis

S ol axas | 7>

80
70 |
60 | - -4
50 |
40 | /4

30 |

20

Out-of-plane load (kN)

wodg ] e fe=1.5

0 lIO 2‘0 3‘0 4‘0 50
Maximum out of plane displacement (mm)
SB sl sy (B pati — gy (Soxio duan o - VY S
b las iz (5L Cuoglio b le

2. Solid Infilled Frame

S 7 833k I yobe ©B o wlaskin -V Jouz
(ocsken) 325 ol

A (%) : Jue ol
) Jsb
e e e SIF
W OAY AV IFO (13%)
Yo MA WWeA IFO (25%)
£y Vg V050 IFO (42%)
4 AR V79 IFO (49%)
5 \YEY VAY- IFO (60%)
A VESY Y- IFO (80%)
45
ot mm = -
Z 35 — ==
< ~ -
- 30
3 SIF(0%)
@ % — — IFO(13%)
I 20 — - - IFO(25%)
< 15k —x— IFO(42%)
< --0-=- IFO(49%)
o 10 IFO(60%)
5 - - - IFO(80%)
o

0 5 10 15 20 25 30
Maximum out of plane displacement (mm)

GB b Juo (63 )0yt — g o ( Somin dung Lo -V e IO

&35 0 ¢k Gyl mole

16

R R 2 U PR

12

10

Out-of-plane load (kN/m2)

5 —SIF(0%) — — IFO(13%)
. — .- IFO(25%) —x— IFO(42%)
--0--- IFO(49%) IFO(60%)
2 | —a— IFO(80%)
ol . . . . .
0 5 10 15 20 25 30

Maximum out of plane displacement (mm)

s il 50 QB mhuwasly g ol i YY) S
axfllao 0 90 B (gl azxiuo 5l C)B ol

S8 e (sd5h colus JuS L jlass coluw) GBLe S50
93k ol Lil38l b ass so ol o povise dnlie ol 428 S
dop T BT sya g s 5y 4 555 s (3 5
SBle axis 2 cuglie iy (Bl b colus
Slas malS b gl adaw Gialidl o1 5 e ol o (233
I jo a5 jeblen .l olyan il azis 5l 75 Cuglae
S o aas jl )5 Cuwglin diiing cenl sdnline LB (VY)

1. Infilled Frame with Opening



vy FE-TY (1Fe ;L) ) ojlods B ol cCanns ) bumo g oyl s (oo 49 3l | (o .z g R

120

100 |

80

60

40

Out-of-plane load (kKN)

20

0 20 40 60 80
Maximum out of plane displacement (mm)

Gl oS (6l (0 pd — gy (e A il VPSS

3264800008
4 54470000
-966567¢.000
-1 443696002
-1exBle.002
241583%.002
-2899050.002
330170002
3865296002
-4:348416.002
-483153.002
5314880002
5 797770.002
6260890002
L% 764016002
S T 24700002
7730050.002

[DATA] Structural Nonlinear , Layer 1-Principal Total Strain E3 Nodes , Load Step 40(0.297726)

P15 53 il B 53 o olosyl sliol 5,5 1 JSei
NREERENN

[UNIT] N, mm

b bl axas l z > Cwglie ainy ;953 b Jow jo
L sloliples sl w4 isaisleS 1 YIA 5 TS 5D
ol L s Ole 4 cenl e Zile V5 A D culrs
g YIF sl )| o gl V2 g A O 51 GBLee il colses
<51L"’ 6[.@)‘5.3.& Ao )‘ C)l> wgl.a.n Ao O 6)'3|ﬁ #IY
.)}wksa PRV R

Cos pole OB den jo ded e yglol Ll o
=0k BL o 0ad sll ol (13,5 wman 5l 2l (6,105 L
5o eadosls lis peal Oyge 4 Jdow SLL ol jo B
= ok 5o o dbul D bghas T ulul el (10) JSi
sanlive B ol UL o5 5 Bl CnSs g 5 U8
G5l (G Cans i O jgo 50 33,5 o Sk ]
W9 et heFiws Wlgi oo 595 S

S5 Az —0
Flac 0aisS  slo g azmian 5l z 1> jLd, caslllas oyl 5o

Rl Glp cd S 3 ol 09 e 0 GlaclE o Lo

b glas (2l o pe lrinl p0 sl iy 4 Y
osade ol 4y g loiid (5,lad Cuaglie 1L Conl sals 5,
Sial3dl a4 Ceul oud sanlice (o y25 Slalllas o 558 sunlive
28 dalsS 5 at ¥l ot Gl poie (55183 Ceaglie
- (i Gl llan atmt¥l Jgdo 5 il ol 1
ls walys olyes 4y 5 |y nokee U gl

2o pllan iidS cuglio y3TG -Y-F
s eoBBplos by pllas 288 Cuaglie ,5b aalllas (ol
u‘?*c‘\‘é’f“)ﬂu‘l""f'dﬁ"" > N 9 ASPEYA )Lx_'d.n
OF) IS 0 of bt a5 as ad 5 L o aaS Coglis
Gl b ws S Lateie da o gl Gelal 5 aceul ool

ol S e Gz e ke ool Ayl e 9 OB
Flas Jlgo axio jl 2,5 Jhe 5w o cul &5 Jb o
| 53 s bl oo 33 0l (S Suaglie Sal331 b ol
s a5 glabais b Slatses Tawe 3 Joly baso )b oo olgs oo
8,5 518 s alralr gy Jloged 59 2 aiBloe BliST Aiged

Y+\Y ASCE 41-17)

40
= —_—

35 /"/_,\--"" =
é 30 f ///
A Y
2 I’
o 20} W
c l
<
o 15 |
“CI,— o — — ft=05
< 10 }
= 1 ft=0.2
(o]

5 —ft=0.1

0 N N N N N

0 5 10 15 20 25 30

Maximum out of plane displacement (mm)

S Gl oo gl (e juadi — gy (S A Lo Y S
o bs @lae lizen (il cunglio by yluo

Bl cuolis il -F-F

5 amho 5,9 5158, 1 e Jolse 1 SlBles B b
= Joe pte Jole !l il adllae (ol sl GB L dsan gy
2ol s aS ws Jldss g olml wglite Jib cwls b sla
O3l 05 o 0030 45 4igS e el oael (VF) S loge
Canglie g S Ll )0 (et b olple Culis
Tl (5w a5 (5 b 40 )ls anlllas 090 i dxdo (g5
@ eiile V7 5 A Bl culs b ke ool axis )
ol e gile & JL culrs



FE-TY ((1Fer 5le) ) oyloid D) o o j bt 9 ol jo moiditen 49 pid | ol .z .o s ig5T .3 ve

of Minho, Campus of Azurém, Guimaraes, Portugal,
2016.

Al-Chaar GK, Mehrabi A, “Constitutive models for
nonlinear finite element analysis of masonry
prisms and infill walls”, US. Army Engineer
Research and Development Center, Washington DC,
Us, 2008.

American Society of Civil Engineers (ASCE), “Seismic
evaluation and retrofit of existing buildings”,
ASCE/SEI 41-13, Reston VA, US, 2017.

Bashandy T, Rubiano N, Klingner R, “Evaluation and
analytical verification of infilled frames test data”,
Army  Construction Engineering Research
Laboratories, Champaign IL, US, 1995.

Calvi GM, Bolognini D, “Seismic response of reinforced
concrete frames infilled with weakly reinforced
masonry panels”, Journal of Earthquake
Engineering, 2001, 5 (2), 153-185.

Dawe ]L, Seah CK, “Out-of-plane resistance of concrete
masonry infilled panels”, Canadian Journal of Civil
Engineering, 1989, 16 (6), 854-864.

DIANA Release 9.6, TNO Diana B.V, Delft, the
Netherlands, 2014.

Drysdale RG, Essawy AS, “Out-of-plane bending of
concrete block walls”, Journal of Structural
Engineering, 1988, 114 (1), 121-133.

Furtado A, Rodrigues H, Aréde A, Varum H,
“Experimental evaluation of out-of-plane capacity
of masonry infill walls”, Engineering Structures,
2016,111, 48-63.

Hashemi A, Mosalam KM, “Seismic evaluation of
reinforced concrete buildings including effects of
masonry infill walls”, Pacific Earthquake
Engineering Research Center, Berkeley, US, 2007.

Hashemi SJ], Razzaghi ], Moghadam AS, Louren¢o PB,
“Cyclic testing of steel frames infilled with concrete
sandwich panels”, Archives of Civil and Mechanical
Engineering, 2018, 18 (2), 557-572.

Kadysiewski S, Mosalam KM, “Modeling of unreinforced
masonry infill walls considering in-plane and out-
of-plane  interaction”,  Pacific = Earthquake
Engineering Research Center, Berkeley, US, 2009.

090 3 b ol S diges 9o alSts Lol ledlbl layl ¢yl
e S e a8 WLl amio Sl )5 (IS )L S 9050
(Y1) DIANA 9.6 153l 5 oS 4y s e sg0me (513>
adlas (g5l Jow Como (o lael 5l Al oold drgs
(S e sl ol el Ldlse 5 ) sl sl
2 2Bl Culs 1 g olo glas (L2857 (5)Lid Cuglie
S & (S gl b plnil p ol Slacld axio (s L8,
2,5 A 1) Sygo w4 Glgi e | ol

iz sl b GBole 53 985k 9929 Sl oy 5o O
S 955k e Goeey 5 3k slal Rl L wl ekl
SBrle Sb colus doye £ B Y sgu> gy phw
51 m hiiss il Sls amio jl gyl Cosglie aiiti
axio | )l Cuwglie pSla> alS L o5k s (2l 31 ]
Sl ol o b

S 503k G Bl py2 (ol 4 azgi L (Y
amio ) )5 Cuoglie oy ilas oS it b SBle
g 3ol w4 g ol (g dised 3l 55k syl sl Joe
G098 Jeil 03 ) irme £989 plian ;0 &S Cenlins ploy i
Wlas b5 g b Slilo 45 o 5330 gl)s gl lgno
shls slaJos ol lis uzee b fdod bl sl 5o
PSSz sk bl sladoe 4 e 555 sl b 5250
i (6 ey ado | @) adsl (S sl

IS g oMl il wlas (g )Lad Cueglite (2al331 (Y
565 1 bl amio 5l gl Casslie anci aliplos sy
a3 oo Al (ot F B Glie

b ol dlas glajlps axio 5l g)5 55 (Sow (F
oo Sgatp oo (RS Zeaglie o3l

axio (g p Seaglie g (o (DBl s a3l O

DSy oo Sgute (A F B Gl )

Sloyud -#

Fose YEVY oless iwgh z,b JB jo Guds ()
s el o oRiils Ggas (VWY i,k as) YYAL/Y/A

Q‘ )‘ QP )S‘MJ 3 fm u”‘)“ LJ?‘ bdéﬁ RO IR r;[;,_,]
Dl e 5lpl 055, (o Colom gz 4y colSiil

-V
=k ‘“UO:J" (8 3l i g Yo ey Slas 3 e
0 Lo s JYA- - o lastiwly Ay ol jo baylezslo

ATAY ol Lialps FYOY- 5

Akhoundi F, “Strategies for seismic strengthening of
masonry infilled RC frames”, PhD thesis, University



%5
Q Journal of Civil and Environmental Engineering
Volume 51 (2021), Issue 1 (Spring), 27-34

University of Tabriz

EXTENDED ABSTRACT

Parametric Analysis of Out-of-Plane Behavior of Masonry Infilled RC
Frames

Farhad Akhoundi ", Seyed Jafar Hashemi ®

2 Architecture and Urbanism Department, Tabriz Islamic Art University, Tabriz, Iran
b Department of Civil Engineering, Faculty of Engineering, Arak University, Arak, Iran

Received: 12 June 2018; Accepted: 25 April 2019

Keywords:
Masonry infill, Non-linear finite element method, Out-of-plane behavior, RC frame.

1. Introduction

Masonry Infills are assumed as non-structural elements and are not considered in the design process of the
infilled frames while their presence can affect the local or global behavior of infilled frames. In the present
study, the out-of-plane behavior of masonry infilled frames was studied numerically in the finite element
software of DIANA. To have an accurate numerical model, an experimental test was performed and the
numerical model was validated based on the experimental results. The influence of different parameters such
as the presence of central opening and Infill's mechanical and geometrical properties were thoroughly
investigated. The results showed that the presence of a central opening can have a major influence on the out-
of-plane response of the infilled frames. It is also concluded that infills with higher compressive strength and
larger thickness present better out-of-plane response in terms of strength and stiffness. Finally, it is obtained
that using infills with higher tensile strength does not increase their out-of-plane strength.

2. Methodology
2.1. Experimental tests

Numerical and parametric analysis are based on the experimental results obtained in (Akhoundi, 2016). In
the experimental campaign six reduced scale specimens were tested under uniform out-of-plane loading
applied by an airbag. The geometry of the specimens is shown in Fig. 1.

The test setup designed for out-of-plane tests is shown in Fig. 2. As it is clear from the figures, two vertical
jacks were placed at top of the columns to apply a vertical load of 160 kN, corresponding to 40% of the column’s
axial force capacity. The out-of-plane loading was applied by means of an airbag installed between the masonry
infill and a stiff wooden sandwich panel that was attached to a L-shaped reaction steel structure composed of
HEB360 steel profiles.
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Fig. 1. Test specimen: a) Geometry of the specimen, b) Cross-section of RC frame

Hydraulic Jack

PL 160*16020

Rod @16

UNP 140

(a)
HEB 240
F 1
e ]
o I
e |
mun/alsg o
‘ H \W Section A-A

(b)

Fig. 2. Test setup for out-of-plane testing: a) Front view, b) Side view

2.2. Numerical Modeling

The numerical modeling of the specimens was carried out in DIANA software (2014) by using four-node
shell elements for RC frame and masonry infill and 2+2 node interface elements for the interface between infill
and RC frame. The non-linear behavior of the concrete and masonry was represented by a Total Strain Crack
Model based on the fixed stress-strain law concept available in DIANA. Exponential and parabolic constitutive
laws were used to describe the tensile and compressive behavior of concrete and masonry infill, respectively.

The Coulomb Friction Law was also used to describe the nonlinear behavior of the interface connecting the
RC frame to masonry infill. The final representation of the numerical model is shown in Fig. 3.
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Fig. 3. Numerical model of the specimen

2.3. Validation of the Numerical Model

The numerical model was validated by considering the force-displacement diagrams of the experimental
tests along with the propagation of the cracks due to out-of-plane loading. In the first step, the non-linear
parameters of the interface were obtained to have a similar response with the experimental test as shown in
Fig. (4-a). Then the validated model was analyzed to investigate how it could predict the out-of-plane response
of the solid infilled frame. In this case, as shown in (4-b), it can satisfactorily predict the out-of-plane response
of the solid infilled frame.

After the numerical model was validated, the parametric analysis was performed to deeply investigate the
influence of parameters such as mechanical properties of the infill, its thickness, and presence of opening on
the out-of-plane response of the specimens.
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Fig. 4. Comparative analysis of the numerical model with experimental tests: a) Specimen with central opening, b) Solid
infilled frame

3. Conclusions

An extensive parametric analysis was carried out on the validated numerical model and the influence of
infill's compressive strength, infill's tensile strength, infill's thickness and presence of central opening on the
out-of-plane response of the infilled frames was studied. The results show that;

1) Infills with opening areas of less than 30% (opening area/infill area) demonstrated higher out-of-plane
strength while by increasing the opening area the out-of-plane strength decreased dramatically.

2) Higher opening areas resulted in higher out-of-plane stiffness.

3) Models with higher compressive strength and larger thickness demonstrated better out-of-plane
response in terms of strength and stiffness.

4) Increasing the tensile strength of the numerical models resulted in higher effective stiffness of the
specimens while their out-of-plane strength remained constant.
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