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ABSTRACT

An incremental non-linear finite element program taking
into consideration the nonlinesar behaviour and failure of mor~
tar joints in masonry is developed and applied to the analysis
of teinforqed concrete frames with masaonry filler walls.Tension
eracks in reinforced concrete frame and brick elements are takan
into consideration also.A failure criterion is adopted for mor-
tar joint elements to simulate their failure.Several failure
criteria,materiel proparties of mortar and loading types are
uvsed to study theitr effects.Resulting crack patterns and load-

deflecction zurvee ares presented.



fzeT

TuBla duverlarda ki harglarin dodgrusal olmayan davrani-
sxn1 ve gatlamalarini dikkate alan dofrusal olmayan bir sonlu
mlemanlar programi gelistirilmis ve betonarme ¢ergeve iginde
ki tutila dolgu duvarlara uynganmlsfir.Betonarma gergevede ki
ve tufflslarda ki gerilme gatlaklary da dikkate alinmistair.Harg
alemanlarinin kirilmalarini simile etmek Uzere bir kirilma kri-
teri kullanilmistir.Dedisik etkileri incelemek amaciyla gegite
1i kairilma kriterlari,harg malzeme Bzellikleri ve yUkleme tip-
leri uygqulanmistir.Sonug olarak eldes edilen gatlama gekilleri

ve yUk-sehim sfrileri nosterilmistir.
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~ INTRODUCTION

GENERAL

In structures walls and partitions are created by infill-
ﬁiﬁg framés with constryction materials such as bricks or concre-
{éarbiocks.Although it is comﬁon practise Ebat these masonry in-=

fills ars not included in design calculations of framed struc-
tures,they cbviously have some effect on the overall behaviour
~ of thes structure.Unless they are separated from the frame,their
interaction with the structure has to be into account in design
‘calculations,Overall stiffness,enerqgy absorbtion capacity and
iéf;g£§r4éistributiun throughout the structure may then be predic-
ted more realistically. s”ﬁ
At low stress leyels masonry can be considered as an as-=

g 3

“‘semblegs of brick and morter joints with isotropic and linear
clastic behaviour.At higher stress levels,how@ver,behaviour of
mortar joints are nonlinear.Due to this fact and also due to the

— cracking of soms mortar joints and bricks at certain areas stress
rsdistributions occur,which can not be neglected.Msthods such as
using equivalent struts to represent the action of the infill
panel may be useful in an approximate analysis at low stress le-

vels,but at higher stress levels,especially near failure of the

infill,a more sophisticated method accounting for the nonlineari-



tiss and cracke in masonry should be used.

1.2 FORMER STUDIES ON MASONRY INFILL bANELS AND THEIR
INTERACTION WITH FRAMES

Bshaviour of masonry itself and its interaction with
frames has been a subject of interest for a long time.Ben jamin
and Williams(a) per formed a set of tests on one-storey rsinfor-
ced concrete frames with brick masonry infills under lateral ‘
loading.Main variables in these tests wers wall dimensions,mcr-
tar properties and scale of the structurs.Rasults were exprBSBBd
in load-deflection cyrves for various types of walls.Smith and

(15

Carter ) examined ths behaviour of multistorsy infilled frames
under the effect of lateral loading.Lateral strength was examin-
sd and empirical formulas and design graphs were given to predict
the cracking and crushing strength of concrete and brickwork.
Yokel and Fattal(l ) made various studies about the load capaci-
ties of clay masonry walls sub jected to a diagonal compressive
load combined with a compressive edge load acting in ths plane
of the wall and normal to the direction of mortar bed JOlnt;A
failure hypethesis was also developed accounting for the obser-

R

ved faiiure modes.Tests were made by Meli ) on full scale ma-
sanry panels qub;ected to lateral loads.lalls encased in concre-
ts frames,walls with concrets tis columns and interiorly rein-
forced walls were included in this study.Strength,stlffness,mo—
des of failure and pnostcracking hehaviour. of the walls were dis™-
cussed.Unemura et al.(7) perfo;med a series of tests on plain

brick walls of one quarter size model with cement mortar and

lime mortar,with and without frames.The purpose of these tests
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were to ‘observe the behaviour of plain brick walls under the ac-

tion of a 'combination of lateral and vertical forUgs.An ﬂﬁalyti;;

cal approach to the bshaviour of masonry as deep beams was made'f

(3)

by Page “’.In his study Page used the finite element method toli s

predict the cracking patterns of mortar joints in brick masonry‘
deep beams,where he considered the nonlinear mortar joint defor—}
mation characteristics also.He made use of a failure criterion
for joint elements,which he developed as a result of fasts per—vg
formed on masonry panels.Stress-strain curves of mortar joints,
sgain resulting from tests,were presented alsc.Effects of infill
panels on overall seismic response of struyctures were investiga-

, o
<?O) Mayes et al.(bl

ted by Dowrick presanted i- their study a
summary of works on the evaluation of the seismic design section
of the 1972,1973,1974 and 1976 'Uniform Building Codes',and the

recommended 'Comprehensive Seismic Design Provisions for Buil-

. dings' prepared by the Applied Technology Council.

1.3 O0B3ECT AND SCOPE

This study deals with masonry panels encased in reinforced
gconcrete frames sub jected to lateral loading or a combination oF‘
lateral and vertical loading.The main object of the study is to
develop an analytical model which predicts the type and deqgres
of cracking of the masonry panel at various load levels and to
study the effect of masonry infills on the “ havigur of the rein-
‘forced concrete frames.

An incremental finite element program modeling

a)Nonlinear behaviour of mortar joints

b)Tensile splitting in bricks






2.  FINITE ELEMENT FORMULATION =
2.1 INTRODUCTION

With the advances in digital computers,the finite element
~=thod became a very popular technique in handling complicated
engineering problems,.,By this method,a continuum is discretized
and problems can generally be solved readily sven for very com-
plicated boundry conditions.In this chapter,after a general for-
mulation of the finite elsment method,element details.usad in the

structural model are presented.
e vz GENERAL FINITE ELEMENT FORMULATION

The stress analysis of a continuous system can be parformed
by discretizing the system into 2 gridwork of finite sized, two
dimensional elements interconnected at their corners.To avoid
conceptual difficulties the problem is illustrated with a very

simple example of plane strass analysis of a thin slicse,shown

in fig. 1.

Discretization of a Plane Stress Region

purs

iFige s Finite Elemen
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—+A typical finite element,e,is defined by its nodes i,j,m and ~ .

‘straight line boundaries.Let the dispiacamanti U'!tfany‘pointgi#é*

[Hare,{d} represents the nodal displacements for a particular sle-

ment;[N] is the vector of shape functions and has to be so chosen
28 to give appropriate nodal displacements,when the coordinates
of the appropriate nodes are inserted in equation (2.1).

yith displacesments known at all points within the slement,

strains at any point can be determined by ths relation:

{ep=[alle]

where Dﬁ]is a suitable linear operator.Using equation (2.1);the

_above sguation can be expressed as:

b o e

{¢}=[c]{e} | (2.2)

6j=i{a][n] is called the strain matrix

For a plain stress case,strains are defined in terms of

displacements by well-known ralations(l) which define EA]z

- I~ -

'au/ax 3/3x 0
{F_}:« av/3y }:: 0 A/Jy
8u/3y+av/8x a/ay 8/3x

-’ - - -

e . L

In general,the material within {ha alement boundariss may
' be sub jected to initial strains due to temperature changes,shrin
kage etc..If such strains are denoted by {EU},thsn strasses will

" be caused by the difference between the actual and initial strain



cn ;   J

in addltion it is convanisnt to assume that at the beginning of : r”
the analysis the body is stressed with initial stresses {6 } Thulrr
assuming gensral linear slastic behaviour,the relationship bet—"

ween stressas and strains will be of the form:

{el=poldey-{ehdsgl o

whera 1 J 0 3 :
[o] = Yoo s dir i
i- 92 0 1=%
ina 4 g

1)

is the ela=t1c1ty matrlx( «

{6)-(0] ([c] {o]- {&} >+{6 of | |
(s] {d}-[o]{80}+{60} (2.4)
i which [S] [ ][G] is called the stress matrix.

Recause the displacement models are separately assumed for
for each slement of the continuum with interelement compag;bllity
maintg?ned to the necessary degree,total potential energy of tﬁe
continuumJT,can be thought to be equal to the sum of the potenti-
»al enerniss of individual slamants: . ;4

T=2.T, |

The potential energy Functional‘” of an element is:

T =3 j{g} {6}av- [[{U}T{De}dv’*J o} {p fas+{a} {DN}

wheres s strain ensrgy
W: work done by external loads .
{pﬂ}z body force vector
{ps}z distributed force vector (éurface tractions)

fs) }: nodal force vector

Using equations {2.2) and (2.3) ﬂ; is obtained as:



i -—_“J{d o] [s}{efov- J{d}T [o] {¢, Javs A
+ —= j{d}T {6 }av- j{d}T }dv J{d}T {p e
EF )

By the principle of minimum potential energy,of all ths
displacement configurations satisfying kinematic and geometric
boundary conditions,the confiquration which makes the potential
energy minimum satisfies the egquilibrium conditions.For the po-
tential energy to be minimum,its first variation must vanish.

SE:S U=-8 W=0

87,0 e} [ [ B1PJ aJon o) ¢ | BTam o] fghs
¢ —( J [6]av)fs, } - J[N]T{ps}d\l— J[N]T{pa}ds-{DN}]

Since the variations of the nodal displacements {Sd} are
arbitrary,the expression in the brackets must vanish.This gives

the equilibrium equations for the element:

el byl o))

L TR
() =% [F)Ton blfe}
[r)e.= 4 [ETen{ey)
(), = [0 o
ek, = J117F oo

Here [k] is called the stiffness matrix of the elsmant.
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The next step is to form the system stiffness matrix [K]
and system load vector {p}.An efficient way of doing this is the
(10)

code number technigquse «Thus equilibrium equations for the

system takes the form:

[fe),.. {7} f el

is vector of system nodal displacaménts.

where {d}sya
After solving equation (2.6) for {d}sys ,displacements for
each element can be obtained from {d}sys sand stresses in each

element can be calculated using equation (2.4).
2.3 STRUCTURAL MODEL

The system under consideration is a brick masonry pansl
encased in a reinforced concrete frame.The inplane behaviour of
masonry is modeled using an elastic continuum of plane stress
brick elements with superimposed linkage elements simulating -the
mortar joints.fFor reinforced concrete frame,again plane stress
elements are used taking into consideration the nonhomogeniuty<

caused by the reinforcing stesl bars.
2.4 ELEMENT DETAILS

241 JDINT ELEMENTS

In modeling the mortar joint elements betwsen brick ele-
ments,a one dimensional slement capable of undergoing relative
displacements is used.This element type was developed by Goodman

et al.(z)in their study of rock- joints,but it has been adopted
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to masonry 3150(3).Element gedmetry in local coordinate aystBMf
d4 o
is shown below: 4 y FE : »
Y ~d'5 e d y
10& R d— 5
3 =T R A
d2 ®;dl . @ 8j7
B 1% e Tadye *
x

Fig.2. Joint Element (After Page(3))

Since the joint elements are extremely thin,pairs of nqqggw?
(1,2) and (3,4) in Fig.2 are specified by the same coordinates.
Thus as far as geometry is concerned the thickness of the alemenf
is zero.Howsver,a thickness tm is used in computing joint element
properties.,

ir: 18 éssumed that normél and shear displacements alaong the
element vary linearly,and that the one diménsional element has
zaro thickness,as mentioned above.Since the joint element can de-
form only in normal and shear directions,the relative displace-
ment vector {w} at any point along the joint is given by:

top bottom.
u w

s )
{w}zl top bottom (2.7) ‘
W W : )
n n % -

Subscripts s and n denote shear and normal (x and y),respective-
ly.If the vector of forces per unit length of joint element is
“kepn as
£
S o
} F
n

.t can be expressed in terms of the element relative displacements

{F}=[k Jfw}
where [ku] is a diagonal material property matrix expressing

joint stiffness per unit length in shear and normal directionsg:



: “?ESM’Csents wall thicknasa) inte _fha v?a;«gy a

jgfillﬂar‘iy, for the normal direction mlthsi

k_ is determined as vF Y100

- )

£t
kn-t

Cagryi sl the m.

r‘," i
‘v‘strass—strain‘ curves for mortar. e >
St s

Thn atram enargy of tha joint alemg;g; is r

m—-—J{w} {r}dx=-— J{m}T[k ]{m}dx» S’
The relative displacements } can be axpressad in ‘l‘.!!’il't-

: -
'ha:!al dxsplacaments {d} through linear displacamant Fm ]

ety
l.A.;l

» ,}.h
bottom 5 P 23 s e i
‘B "("'5 R i )d1+( 2 C )d7
1 s : ! e
™ ottt TR kTS AT ¥ s : Sl R
EaEs A n Om-’(_'f oE _{")92"’ (’7 + ’r}dajw' .’w(‘ lfv#; o
(AR Begopios e fuges or1loteasain B "
Mg =(— - s (5 + T
top, (1ot . X e B Pog. 5
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Substituting into equation (2.7)

top

[} ¢
W, OD—

n

ywhere

2%
A=l- T

This equation can be yritten as

bottom

- 1Y
5 ot 3
bottom 7
n
" 2
T Bal¢ fi

fu} = (6] {e}

with

ARG R T © by |
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Substituting (2.9) into equation (2.8)

%
et J{d}T[G]T[kUJ[G]{d}dx
Lé_ :
Carrying out the triple matrix multiplication yields

{c}ﬁkuﬁt]=

In equation (2.11) the only terms varying along the x-direction

are A2,82

X
and A8, that is,(l—t—)z’,(l+ %5)2 and (1~ %5)(1*

N R
0 -whs0AT:0 B 8
(2.9) .
D2%=B D
R
(2.10)

a2y A% 0 —aBk 0  ABk of |
s 8 s S v
0 A2k -A2k 0 -ABk 0 ABk
n n n n
SRR (NG ABK 0 -ABk 0 ?
2°s s 8 s &
2 2 .
B ARy O ATKS ABk 0 =Bk | g0
JAB. 0 ABk. 0 (Bt ke '
8 8 8 S
Ry e 82K 0 -82Kk
n n n n
BBl a0 wABK. Sl e g 8% 0
5 S 8 8
0. ABK . O - —ABk 0 -B%k 0 B% .
L n g n n (2.11)

.

2

e

There are thus three types of integrals to be evaluated:

%

fi

%

2N 2 2
1- t*) dx =

e

4 4
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%
(1+ —%5)2 dx=—% L

L3

(1- 2214 2 ax=-2

Substituting the resulting integrals intoeguation (2.10) and téé
king respective derivatives of U with respect to di,joint element

stiffness matrix [k] is obtained:

st a —2ks 0 —ks 0 kB 0
0 2k 0 -2k 0 -k 0 K
n n n
-2k ] 2k 0 k 0 -k 0
8 8
[k}= 0 —2kn 0 2kn 0 kn 0 -kn g
-k 0 K 0 2k 0 -2k 0 5
8 8 8 S
0 -k 0 k 0 2k 0 -2k
n n
k 8] -k 0 -2k 0 2k 0
S s
O k 0 -k 0 =2k 0 2k
o n n n T

For horizontal joint elements local coordinates (x,y) and
global coordinates (X,Y) coincide.However,to obtain the stiffness
matrix of vertical joint elements in global coordinates a trans-
formation from local to global coordinates is necessary.The tran:

formation watrix [TJ is generated as follows:

{t)=
and for 8=90"

gl

cos 8 siﬁ}

-sin@ cos

L

where B] is a matrix of direction cosines.
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This process is illustrated ig Figs3.

Y} . 8
- . - - x5 ¢
6 £ dy]- { 92xy] 2
d d -d e
2 2 1 XN desl
X d d d XY e
j d3 d3 —d4 :
p S35 5 d,[;& a[T]q da} ﬂ dBXYL .
y d 1 5 5 6XY s £
d 6 d d -d )
B g ab il A e kS
P Y g ) J97xy
1 d, 3 1 : < Xy =Xy

Fig.3. Coordinate Transformation For Joint Element

The element displacements are then used to calculaté the
stresses in the joint elements.Stresses are calculated at the

middle of the joint elsments,i.e. at x=0,as follows:

2=k, sl==k JEH ), (2.12)

Since A=B=l1 at the middle of the element:

di
d
¢35
T f_;jks 0 el 0l 1900 1 Dt 424¥
Bk of g TR R dg
L n d
27
%8

SR REINFORCED CONCRETE ELEMENTS

(5)

A rectanqular element developed by Colville and Abbasi

is used for modeling reinforced concrete.Linear edge displace-
ments are assumed and non-dimensional coordinates are used in thi
derivation of element properties,This type of an element is showi

below:
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4 4 i
: -
i 3 1t
b A gh
| = . 0
L 4 4 G;&

e

- 3

Fig.4. Reinforced Concrete Element (After Colville
and Abbsaliitd

Since the stresses are not constant over the element areh,’
the element is divided into 9 subregions and stresses are compu-
ted at the at the centroids of thesas subregions.

Stiffness matrix of tha reinforced concrete alamant,[kc s]
" ? ]

must be computed as the sum of stiffnesses of steel and concrete
components.Considering concrete as a linearly elastic,isotropic

and homogenious material,

fe] = [T Bo)clov=r [T lo,] e o

Expiicit FOrmvgf D<c] is given in Appendix 1.

{kc,s]“[kc}+§;l[ksl] (2. 4210

whare

with Vs

m: number of reinforcing steel bars in thes element

D : elasticity matrix of steel
s ;

D : elasticity matrix of concrete
o

Thus [k ] is obtained by taking the line integral over the
8

volume of steel contained in the element:
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Each itam of &S]is in the form VS(QQQQg'),and the sxpres-=

sions for q,v'and v'ara given in Appendix 2.

1

Repeating the procedure for evaluating [ks] for each rein-=

o

RRreing bar in the Eleme”t;[kc s] is obtained using esguation (Zflg
b T

i
TRy
<

-

2e8.3 BRICK ELEMENTS

Bricks are modeled using conventional eight-parameter rec-
tangular plane stress elements with isotropic and elastic proper-

tims shown in Fiqg.5.

The strain matrix [G] and the stiffness matrix [k] are gi-

varn in explicit form in Appendix 1.

4" yoe
A dg
@ ©)
€=i [‘-é
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Fige5. Brick Elemsnt
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3. ESSENTIAL ASPECTS OF SOLUTION PROCEDURE
3.1 INTRODUCTION

Nonlinearities in material behaviour and local failures
necessitate a nonlinear amnazlysis procedure.Therefore an incremen:
tal step-iteration method and.Failure criteria for joint,brick
anc reinforced concrete slements ars adoptad.Thése features ars
presented in this chapter.The finite element model of the struc-

ture is illustrated also.
B FAELURE GRELERLA
b fAILURE CRITERION FOR JDINT ELEMENTS ‘ {

Fajlure criterion simulating joint failure characteristics
undsr various types of strmsss combinations has been derived by
Paqc(B).This type of criterion is given in Fig.6.It has been ob-
t;ined by plotting the test results in terms of ultimate shear
and ultimate normal stresses.Two linear best fit curves have D;Q
usad for simplicity in the Comﬁrassiva stress reqgion.The chahga

in slope corresponds to a change in the failure modes from pure

bond failure to a combined joint-brick failure.
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shear shtregs-psi

ults

segion 2 l Region 3 5

Region
e
tension4 compression 334 ult. normal stress-psi

(3),

Figs6. Failure Criterion for Joint Elements(After Page

The relations adopted for the criterion are:

fiegion 1 1 T =-0.666_ -29
u ny .

Region 2 : T =-0.876 -29
u nu

Reglion 3 1 T =Bl 1 B e R
u nu

Whan used in the analytical model,this criterion allows progres-
sive joint failure to occur.If the failure criterion is violated
for a joint element,element prooerties are modified and the prob
lem solved anain.The residual properties allocated depend upon
the stress state present.If the criterion of Region 1 is violate
tensjle haond failure is assumed to occuryand no ;esidual capacit
is assigned to that element (E=G=0).If failure occurs under a éo
hination of compressive and shear stress (Regions 2 and 3) a
shear bond failure is simulated.The stiffness of the joint esleme
in the normal direction is assumed to remain unchanged,and redu-
ced shear stiffness is allocated depending upon the magnitudes of
compressive stress present.!hen the normal stress is high,some.
frictional shear capacity remains in the joint after failure,
which will diminish as the compressive stress on the joint decre

ses.lConsequently for low E//ﬁjratios (Region 3),a2 constant re-

sidyal value for shear modulus G of 3630 psi is allocated.Ffor



hfgh I /5' ratios (’Raqlan‘“i}}sa:

3630 psi: uhen 5 *33&,@31 to zu*
MY e uea?a

';‘:243.5.’:2 FATLURE CRITERION FQR»NEN-

g - £ty

" In.order to consider the éi

I

- used by Zienkiewicz<6)regarding;r“a’ck_éi’; :

'fnan be employed for'concrate.alaa,bgaggﬂ

the value of the principal stress ax__pﬁé
strength, 6, ,of concrete, Procedure Piﬁg'{sgf
| i 5,
L ‘{5 [ [G {d)}
e | Az:x oo -
nginéipal stress veétor {Scp} is, cumgutgd gsg g

L 8ok F TR
: , v x” ey
it P ! ),"Czy :

' 6, (max)

{Scp}= €2 {min)
L

8,angle defining the plane of\tﬁe maximum 6§'m {

'is given by:
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plane deafined by 8,8 is substituted into the equation

S - 6.6
b = x2 Y “ x2 ! cos28 + T s8in28
Xy

If 5:61 ,than Gl acts on the plane defined by B8,but

(e

if g;gz ,then 61 acts on the plane definad by 8+90°
After finding 8,61 and 62 are compared with allowable tensile
stress Gtc:
1f €é<gl<€tc no tension crack (case 1)

62<6tc<Gl cracking in one direction (case 2)
€ tc<6y <8 cracking in both directions (case 3)
In case that any crack occurs (case 2 or 3) a pseudoload vector
4um to this crack has to be evaluated and added to the original
iord vector of the system. |

Case 2: Element subdivision cracks only due to 61 and it is as-

sumed that no stress is taken anymore in that direction.So vec-

6
1 :
tor {Sccp} has the form {Sccp}%g ’{Sccp} representing the re-

leased stresses.

Fand. 34 F Lament. subdivision cracks. dus. £esboth 6, and €, and it

Fe.

ig assumed that no stresses are taken in both principaé direc-
1
i h = A
tions anymore.So vector {Scco} takes the form {Sccé} gz

In the next step {Sccp} is transformed into global coordinates:

{SﬂCXT [ cosza sin28 —2sin800581
is b S = sin28 c0528 2sinBcosH {S }
cel™ ccy ccp
5 sinBcosB -sinBcosB cosze-sinze ) .
CCXVY]

These stresses are treated as a case of initial stresses at the
next iteration.Thus from equation (2.5) the unbalanced forces at

nodes ad jacent to that element (pssudoloads) due to cracking are

calculated as:
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whers ' -
g cbars 4 mtﬂu«ae

{gqcc}: psaudeload vector
V : volums of alemant.ﬂpb&iﬁi 
‘ R = e

i eonrlah w81l _thicknses jakcadsl

3.2.3  FAILURE CRITERION FOR BRICK ELER

s % THE NONLINEAR ANALYSIS PRUCEDURE

Element types given in chapter 3.l_ak,f’

an incremental finite slemant program.The

the =quation of the sys?am,

X li{ahs {A?}i

is solved for {d}i,whare [Kli-l

our of mortar joints and probabla ten31on crackSzin

s A Il— r&f? "
concrete and bricks,the system has nat rea%ﬁﬂd an wq‘~“
]t 3 "“’*H hﬁr = LR

under {d}i yet,that is the applied force ﬂAP}i is not

ly squilibrated due to the nonlin-aar'ity,-,%{.l t?uc.\rt"a;') jﬂin
2 A RS > & 5

Fab 7 B

and due to the unbalanced forces in féiﬁfﬁihid con
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elements in case of cracking .

Regarding mortar joints,stresses in each slement are cal-

culated as:

{e={e},_+ [k Jiale ek

according to equation (2.12).Corrected unit joint stiffness mat—j
rix [ku]i corresponding to the stress state is obtained.
The stresses in sach reinforced concrete and brick eslement

subdivision is calculated as:

{6l =[]l (Z {d}j

z.cording to =uuation (2.4)
1f,aftar checking for cracks,any tension cracks are detec-
ted,corresponding pseudoload vector {pqcc} is ecalculated accor-

ding to sqguation (2.14) as:

raca} =| o7 (e e

and this element subdivision is not checked for cracks in the
following iterations of this increment.

The system stiffness matrix is rearranged due to the chan-
ges in (k]i'S of joint elements to obtain [K]i.Tha equilibfated
part of {Ap}i can be represented as: : A

{Ap}ibz[‘(]i{d}i (3ed)

After placing the pseudoload vectors of individual rein-

forced concrete and brick elements to their corresponding loca-
(10) :

tlons in the eystam by means of code number technigue , Bqua-

tion (3.1) can be uwritten as the new equation of the system as

(], {ae},~{ar}, {Ap}ib )

II

follows:
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AL S |
DR GRS .)
where part I represents the unbalanced force vector dus to mathzﬂ
rial nonlinearities in joint'elaments and part II faprasents tga

unbalanced forces due to cracking in reinforced concraste and

brick eslements.

After the necessary arrangment of equation (3.4),it takes

(<) edir fpoofo=for ke foocc)

which means solving equation (3.1) with corrected system stiff-

the form

ness matrix and considering the effects of tension cracks,to

obtain a nesw {d}i.This process continues Until.

“{d}i,n"{d}i,n-l“ g
T e

where 5 is a sufficiently small number and ".H indicates a

suitable norm of vectors. \
At this stage joint elements are chacked for cracks and
Tres idual stiffnesses are allocated as described in chapter 3.2.i
and the procedure upto this point is repeated yntil no more
cracks in joint elements occur.Now the logad on the system can :
ba increased by one more increment.At the beginning of svery
new increment,increassd stresses are calculated in already crack-
ed mlement subdivisions of brick and reinforeed concrete elemants
also,dues to the incremented load on the system.In following itera
tions,however,these eslement subdivisions shall be skipped,as men-
tioned before.By this way the already existing pseudoload vectors

are corrected according to the increased stresses resulting from

807 A7ICi ONIVERSITES] KUTUPHANES!
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the increased load on the system.(For a detailed flowchart of

the solution procedure see Appendix 3.)
3.4 FINTTE ELEMENT MODEL DF FRAME WITH MASONRY INFILL
The system under consideration is brick masonry panel en-

cased in a reinforced concrete frame,finite element subdivision

of which is shown in Fiq.7 and Fig.8.

M
| 4
[ o |

Fige7. Finite Element Model of Frame-Masonry Panel

wlile Lf
a 6&
Sn -

Fig.8. Close-up View of Lower Left Corner of Fig.?
It is assumed that at point A in Fig.8 nodes a,b and c coincide
and so do nodes d,e and f at point B,although they are apart by a

finite distance in reality.Consequantly nodes of joint element AB
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are a-c-e8-d.
B, MATERIAL PROPERTIES

Bricks are assumed isotropic,inherent variability of briek
properties and small degree of anisotropy is neglected.Brick and
reinforced concrete body in equilibrium is elastic only for the
uncracked part of the body,and perfect bond exists between the
steel and concrete,Joints are assumed to behave nonlinearly and
joint deformation characteristics ynder normal and shear forces

are obtained from stress-strain curves derived from tests on ma-

( 4 g .
sonry panels performed by Paqge 32 and which are given in Fig.9%
gng Fig. 10,
}
il 6,05 gy W
9]
Q
1
O]
@
o
10070
(9]
v
<
1000 LN e
Strain 10

Fig.S. % - » Curve of Mortar (in Shear Direction)

800 7

600

stress~psi

400

400 800 1209 1600
Stoainhhaa)

Fig.10.6 - € Curve of Mortar (in Normal Direction)
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4, APPLICATIONS AND RESULTS

4,1 INTRODUCTION

The structure used in the applications is shown in Fig.ll.

=7 — = 7 T j}
+—4r-,~- —————— =
g i |

l |
| ! [ i
| | 5.8
e i ] Tl
H—hE—3 1
oo fEIE 0 I -
Ik wid i Sl il
il L 3~4; SSﬂ * 3”~—4-

Section A-A

b A il

1 2 ¥
.8 in reinforcement in frame

1

30 437 Brick
37
Fig.11.General Viesw of Frame Encased Masonry Panel
The values of some material constants used in the analysis
are as follows:
Modulus of elasticity of steel £ 29800 000 ‘psi

Modulus of slasticity of concrete ¢ 3 500 000 psi

Moudulus of elesticity of mortar : 2892800 psi
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Madulus of elasticity of brick 650 000 psi

Shear modulus of mortar 3 128 000 psi
Poisson ratio of concrete : 0.20
Poisson ratio of brick s B, X7
Allowable tensile stress of brick(a’g): 55 psi
Allowable tensile stress of concrats 650 psi
Poisson ratio of steel : 037

The incremental finite element program isapplied to the
structure qiven in; Fig.11.By, doing this,failurce criterion of
Page<3) and two modifications of it were used for mortar joint
elements to cilculate their cracking pattern.Thereafter,using
failure criterion of Page,the structure is analysed for inves-
ﬁiqating the effect of

a) vertical loading

b) an increase of mortar joint elastic and shear moduli

(€E and G)Y by 50% |
Finally the frame is analysed without the infill panel,in order

to investigates the effect of infill panel on the frame.
4.2 ANALYS1S WITH THREE TYPES OF FAILURE CRITERIA
. 7md FAILURE CRITERION TYDE' I (After Page)
The criterion illustrated in Fig.6 is used and the 'structure

is loaded horizontally upto 10000 1lb in ten increments.Resulting

cracking pattern is illustrated in Fig.l2.
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W5 — » Ha 40000 1b

O b e e )

’l“rLl, Tl
B P v

”
—L‘_: [—A [- Ternion crock
i -I L L T - Shear crack
e |

Fig.12.Crack Pattern - According to failure Criterion Typs Il.

45 2.2 FRALURE" CRITERION: TYREr 11

failure criterion illustrated in Fig.l1l3 is used.

Ragion Z - gt

Tersion AL Compression Utimate B -pxt
o113, Failure Croiterion Typs 1T.
The telations adopted for this criterion are:

Aagion s T =-1.086 =47
u nu

N

Reqgion ZU=—O.8366 ~47

u
Region 3: 7 =-0.,116 -277
u nu
Mher used in the analytical model this critericn yields the
crack pattern illustrated in Fiq,lA.The structure is again lo-

aded with 10 000 1b Horizontally in ten increments.
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L H= 40000 b

Tension cfack
«me— Shear crack

|

: Fig.1l4. Crack Patterm Acecording to Failure Criterion Type II.

4e2.3 FAILURE CRITERION TYPE III

Failure criterion illustrated in Fig.l5 is used.

P

Vihmate T -pai

|
l
Reqion 4 o Reqion 2 { %‘-on 3

.

Tenzion 29 Compression 333 Uthwmele &-p

F Y

Figel5, Failure Criterion Type III
The relations adopted for the model are:
Region 1: tb--l.ddﬁhu-42
Region 2: thn—D.BSGBU-42

Region 3: T =-0.116_ -277
U nu

When used in the analytical model this criterion yields the
crack pattern illustrated in Fig.l6.The structure is again

loaded with 10 000 1b horizontally in ten inerements.
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w< H=40000 Ib

— Tenmsion crack
——— Shear crack

Figel6.Crack Pattern According to Failure Criterion Typs III.
4,3 EFFECT OF VERTICAL LNADING

The structure is loaded vertically with 4550 1b in addition
to the horizontal load of 10 000 lb,again at ten increments and
using failure criterion type I.Resulting crack pattern is shown
in Fig.l17 in comparison with crack pattern of only horizontal

loading.
4.4 EFFECT OF AN INCREASE IN ELASTIC AND SHEAR MODWI OF MORTAR ,

In order to find out to which extent a variation in joint
deformation characteristics (E and G) effects the beshaviour of
the masonry infill panel,elastie and shear moduli of mortar joint
elements ars increased by 50%.Resulting crack pattern of the
structure is illustrated in Fig.17 in comparison with crack pat- .
tern of the struct,re with original joint deformation character-

istics.A horizontal load of 10 CO00 1b is applied

4.5 ANALYSIS OF THE FRAME WITHOUT INFILL PANEL



Fig.l?.Ef‘f‘ectvof‘ Variation in Loading Condition and Material Properties of Mortar
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In drder to investigate the effect of‘masonry infill pa-
nel on the behaviour of reinforced concrete frame,ths frame
mithou£ the infill pansl is loaded horizontally at 10 000 1lb as

shown in Fig.l8,with tension cracks in reinforced concrets mar-

ksed also.

H=40000 b

TS
|

e aad
b e
—

i

Fig.1l8. Analysis without the Infill Panel

4.6 LOAD DEFLECTION CURVES

b.ﬂ
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g
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¥
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-
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YRR TR CAUNCUVRL e B e e g TR T g e A e

Fig.19.,lLoad Deflection Curves
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5. DISCUSSION AND CONCLUSIONS

In this study an incremental finite element program was
prepared for analysing reinforced concrete frame encased masonry
panels and this brogram is applied to a one-storey,one-bay frame
under combinations of horizontal and vertical loading.

Fig.1l9 shows that lateral stiffness of reinforced concrete
frames is increased by a great amount,if the effect of the infill
is incorporated into the calculations.Comparing Fig.1l7 and Fig.lE
it can be seen that the extent of tension cracks in reinforced
concrete columns is red,ced,so that in the analysis with the in-
fill considered also,in the frame no more tension cracks appear,
due to the stiffening of the structure.

Enerqy absorbtion capacity is increased also,when the in-
fill is taken into account.As a result of this fact the areas
undear H-3 curves of-frames with infill in Fig.l9 are greater
than that of éha empty frame.

Load deflection curve of the empty frame is linear until
first cracks appear at load level 8 000 lb.After this load level,
nonlinearity of the curve becomes easily visible.Although it is
hardly visible in Fig.19,lo0ad deflection curves of frames with
infill are from the beginning on nonlinear due to the nonlinear
behaviour of mortar joints.This nonlinearity becomes easily vi-

sible as cracking in the mortar joints increase with the increa-
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sing locad on the system,

Presence of verfical loading increases the lateral stiff-
ness of the structure furthermore,as the cracking in mortar
joints are reduced (Fig.17).This reduction in cracks is obvious,
because under vertical compression a horizontal joint alement
cracking increases the lateral stiffness of the structure.

As to be expected,an increase in material properties of
mortar joints cause more joint elements to fail,in both tension
and shear,

The computer program used demands a size of 97 K, for the
problem in chapters 4.2,4.3 and 4.4,which is a fairly large size
and is a conseguence of assigning three joints at each node of
the infill panel.for the same problem the execution time is ap-
proximately 30 minhtes,a long but inevitable execution time due
to the many successive iterations.The size of the problem could
be reduced considerably by making use of symmetry of the struc-

ture,if loading were symmetrical also.(e.g. only vertical load-

ing).But in this case,where loading is antisymmetrical,such an
an&lication would be very complicated if not impossible.
The conclusions which can be derived are as follows:
1. Masonry infills increass overall stiffness of the structure
considerably.
2. Fnergy absorbtion capacity is increased also.
3. Infill panels carry considerable portion of shear force.
4, Application of the computer orogfam to a frame and infill wit!

larger dimensions would not be practical and also not feasible.

5. Results lead to the conclusion that infills should be incor-
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porated in the analysis and design of framed structures,if eco-
nomy is desired.In case that the infill panel happens to fail in
the analysis,this failed panel should be daleted and the ana-

719815 raﬁﬁated;
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APPENDIX 1

RECTANGULAR PLANE STRESS ELEMENT

Explicit forms of strain matrix [G] and stiffness matrix

[k] for an eight parameter plane stress element in dimension-

less coordinates: ‘34 d
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APPENDIX 2
STIFFNESS COEFFICIENT CONTRIBUTIONS FROM REINFORCING BARS

OF R.C. ELEMENTS
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3 LFLOWCHART OF SOLUTION PROCEDURE

ADATRE
Reads in loading

typey,material pro-
perties,structure

geometr

AJBAND
Gesnerates code
numbers

AASTIF
Generates joint
element stiff-
nass coeff.

ABSTIF
Generates brick
mlemant stiff-
ness coeff,

ACSTIF
Generates R.C.
slement stiff-
ness cosff,.

\

ITER=1 |
|

AGENER
Cenerates system
stiffness matrix
and load vectors

|

AGSEL
Gaussian elimi-
nation

DNORM=—

¥
udn—dn-ll

.

/2

Stresses in
joints, corec-

AIONST ’
tiogn of 'Eyb l

ARRIST
Stresses in
bricks,pseu~
doload vectors

ACONST
Stresses in R.C.
pseudoload vec-
tors

e iy

ITER=ITER®1

DNORM <

s

YES

NO




AJCRAC
Crack check,
allocation of
residual pro-
perties

CONTINLUE -

CONTINUE
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