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ABSTRACT ======== 

( 

A finite element model was developed to study the 

behavior of masonry walls externally post-tensioned by vertical 

steel bars under lateral loading in the plane of the wall. 

Material non-linearity of mortar and non-linearity due to 

failure of mortar joints and splitting of bricks are taken 

into consideration. Both the cracking pattern Bnd post-crack-

ing beh~vior can be studied. Comparison witb analysis of un-

~~;~f~rced m~~onry wall was done. Itis concluded that the 

model gives realistic prediction about tbe behavior of walls 

since analysis results conform to tbe expected bebavior, in 

that, with post-tensioning the cracking strength, stiffness 

and post-cracking load capacity increased, and under service 

loads tensile stresses d~cQeasead signif~cantly. 
( 

(iii) 



o Z E T 
-=-==0........, 

olnaayan o~yran1!'p He tu)Ualarln ve tn1!;ll1-harlJ birle!'fme yiizeylerinin 

klrll!ll~Rlnrl~n ~o~an lin~er olmayan davraDl~ ~ijz Hnijne allnml~tlr. 

''Modelle gerek c;atlouHI. ~eki.lleri.t gerek c;atlak 50nra~n riaVrl.Ull~ 

incelenebilmektedir. 

An~liz sonuc;larl'~eklenilen davranl§ ile uyu~ i~inde ol-~ 

dugundan, modelin dUYarlarlll davrauHp hakklnda ger~cl<¥i. tahllliuler 

YApAbilrligi SOllucun. Y·U·\il"lqtlr. ~oyle kit ijngerilme dnvarlarln 

t;atlll.ma IIIUkllvt"h:~"'';Id.. djitligini ve ~atlak SonraSl yiik kapasitesini. 

011; ii d~ :jO 1. a 1 tin a k i a al r • 
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~. INTRODUCTION 
====::::z===========:r 

GENERAL 

In b,oth developed arud developi.ng COl11ntries;mosonrY' ele-

m'ent_s are largely in \l'se especi.nlly- as pa'rti.tion elements,.ret-

,;,IJ. i-':f)lls, and culVerts. In' countries \.;here reinforced con'cre1 

ind~strY' is not very advanced,the use of masonry rDn~es f~om 

20'~70%~3nd someti.me~ gnes up to 90%in some rural ares~ Desi.gn 

8n~ construct~on in these areas depend largely upon experience 

inherited vs well as gpined,rather than theory or code. In 

fact~it has been found out that most c~tAstrophic fail~res 

1. n e 8 r t (1 \J D k e s h ;] v e bee nor ::~ 'J C 11 IJ nrc i n for c e d m <3 son r y b IJ i 1 c1 i n e s. 

On the other hDnd.i.f l:l:l:;:,)!\1'y "'ere properly reinEol'ced an.d con-

fined,.quite large deformDtions·c~n be Dccommoc1Ated with some 

l' b ' 'h 11 (7') crac~~ng ut w~t out co Dpse. 

Prestressed brick walls are highly recommended in 

arcos of bir,h seismi.c [1cti.on in place of unrein forced Halls._ 

-1-
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AltbOI.lgh; the mechanicDl pl'operties of mate-rials improve ,'lith 

increasing rate of application of lond,o member may fail be-

cause of fatigue at n stress smaller than the yield point of 

1 ". 1 d .. f 1 d" (8), t .1 e mat 1. l' 1. 2 I) n e r man y rep e t 1. t 1. 0 n S 0 0 a 1. n IS . h crock f 0 rlTB 

at e point of high stress concentration. ~s stress is repeated 

the crack slowly spreads,~ntil the member ruptures without 
, 

rncaGIJrable yield. f'atigue stren.gth of D material may be im;;;r,yvw' 

stresses. 

Bricks os well es mo~tvr are basicly compressive mat-

eri8le with low and unreliable tensile strengths •. Prestressing 

:~.llcs [1 precompreskion to the ,.;all Or member h'hich redlJccs 

or clcmtnatcs undc~{rable tensile stresses that would other-

wise be present. Moreover,cracking.can be minimized if not 

avoided under service loads .. Deflections"Ds \oIell,m<:lY' be limited 

to an acceptable vnlue. However,in order to specify seismic 

forces properly,the behavior of prestressed walls under loterci 

loa d s in 'J S t b (2 S t 'J die ,; , e s pee i n 11 y the r 0 s t c r '; C kin g b e h -, v 1. 0 r • 

The beb~vi.or of ~~ch w~lls is complicst0d by the presence of 

o f b r 1. c k sin c ens 1. on , til en') n 1 1. neB r pro pert i e s of b ric k s D nct 

mort3r,and tile 1.nfl'Jcncc of creep 3no ,ohrink<J,'?,c. 

Considerable rese~rch h~s been do;o to investigate 

8 n d ve rt i c ;-> 1 1 f)" din g s { 5 , 6 , 15 }. !II eli (7") h 2 s 1. ri v est 1. g 8 ted un rei. n· 

forced,reinforced ond precomprcssect masonry walls under stati 

and dynAmic loadings experimentnlly. Pnge(lO}has formulated ~ 

fi.ni.te element procedure bosed on D joint clement adopted fro 
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Gaoximan and :raylor (3). He ha s as-sU1rled that fa il\J~e can occur 

only through the weaker joints. He has not accounted for any 

rupt~re or cracking occurrin~ in brick elements. This is gene~ 

ally true for unreinforced masonry walls. While it was shown 

experementally that when precompressive for~es arc hi~h or 

when brick elements ore relatively wer~,crack lines pass thro~g 

b r 1. c!< e 1 em e n t s ( 4 , 7 ). 

1. 2 O~JECT :\N D sen PE 

In this st1Jdy,takin~ some experimental res lllts(4)into 

con s i ct -<? 1·;t t 1. 0 n , a fin i tee 1 em e n t mod eli s d 8 vel 0 p e d for t I) e a n a -

1 Y sis 0 f m (' son r'·· t·J;) 11 s p 0 fl t - ten s ion e d bye x t ern aI, ve r t i. c a 1 s tEd. 

bars under lateral lands in the plane of the wall. The compli-

cations menti.oned above,exce~t creep 3nd sbrin~a~c,are taken 

into C, n ~-.. ~: '2 rot i 0 T1 • The i n f 1 tJ e n r. e of creep and shrinkage l-10 U 1 d 

r e q 'J i. r e (J r:l 0 r e c 13 b 0 r El t e :3 11 .:! 1 v s i ~ t.: her e the tim e f ~ c tor 1. s 

taken into consi.deration. The .model developed here accounts 

for the f a i. 1 \J reo f b r i. c k c:; by s p 1 1. t tin f? :3 8 h' e 11 8 S the f ail u r e 

of joi.nts~ 

The model predicts the cr8c~in~ 3nd post-crncking 

q IJ IJ n vi 0 r , D n d the d c· for j~l (l t ion D 1 and s t r e 8 c c h ;:; r e c t e r i s t i. c s 0 f 

m <.' son r .V l':· 11 S • n e c .'3 lJ set h e Ii I) n - 1 1. n e:3 r be 11;:1 V 1. 0 r 0 f m [l so a r y i s 

1 0 f3 '\ I) D t h n e pen den t , ani. ncr e In e n t (J 1 so 1lj t ion h' a S f! d 0 pte d • \ "t 

c3ch increment,;ln i~(~rflt\.v-c- ~"\r()cedlJre is folloloJcd to check fa 

bot 11 c r () c kin ,0.. :l t1 d c r;1 c k pro p a~ ~ fl t { n. T b r e e t y pes 0 f fin i t e 
c 

elements nrc used in the model. Fnr bricks," r0ctang~lar loi 

s t r e 8 8 e 1 em e n t \ .. ,,;. the i .P. h t de' ~ r e e 8 0 f f r e e d 0 In i S Ij s cd. The j a 1. 

e 1 em e n tad 0 pte ! ~ i n t :1 0 111 t) del 1. s n 1 1. nee 1 em e n t fir 8 t d eve lop 
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by ~go d (' d 1)' (9) a n ,,-, cor e _ 1. S [or the analysi.s of rei.nforced concrete. 

It (~)(.l l' k d adopted by Goodman and Taylor Lor mode 1.ng roc nn 

later by Page(lO)for the analysis of masonry wnl1~ . For Rteel 

n b:1 reI C:-,lO n t wi. t h t~.,1"") d C: J5 r e e S 0 f f r e e d om i sus e d • 

In t h i. sst 'J d y- , the e f fee t 0 f po s t - ten s 1. 0 n 1. n g i s i. n v e s t-

g ,ated by comparing the behavior of an unreinforced and a po'st- ·~ 

tensioned masonry wall of the same dimensions . Result~ of non-

linear and lineRr analyses arc also comD~red. 

The mo d e l ~ro~osed bere can be used for f~ture - research 

to identify and analayze the effect of different parameters on 

the C;::l pac 1. t Y a f ~ 0 s t - ten s 1. 0 ned '.J a 11 s • S om e 0 f t 11 e s e P D ram etc r s 

t hat - i n f IIJ e n c e the b e h 8 V i 0 r' of In n son r y '-' rep 0 s t - ten s ion i. n 55 s t r e 

are a 0 f s tee 1 t 0 n don ~ , s r a c i n 2. and n U In b e r 0 f ten don S , and the 

dimensions of wall panels . 



2. PROPERTIBS AND BEHAVIOR OF 
~-=========--==--~--~=-====== 

The behavior and general properties of masonry have been 

(1\ ,... 7 ln l' 1 - ) 
dis C 1.1 ~ sed i n de t (J 1. 1 pre v t 01.1 sly '-1' , ~ 7 7 J, -, 'J • So mer e 1 e van t 

properties will be mentioned here to P~rnfsh a background for 

the mathematical model . 

In the folloh'lng secti.ons , fi.rst the p;p-ncr'1 1 be~13vior of 

meso nr 
i c d i. s C IJ sse d , and t 11 e nth 8 cor res f1 on d 1. n g ;) r 0 ') crt 1. e s 0 f 

brick 1nrt mortar 8re bri.efly stated . 

2.1 ~rASONH ,t , ... -
Masonry i.s a nonhOP10,QcnC01JS tHO ph.'lse materi.al of rel-

ati.vcly el: 'e tic bric~s li.nk:cd together Hith an inelastic mater 

miltri.:x" \t h-lgh strcsse R masonry start 
to beh8ve nonlinearly 

as n rest.llt of the nonlinear force - deformation characteri.sti.cs 

-5-
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oft he j 0 in t s 1J n de r she a ran d com pre s s~i 0 n , the 10 cal fa 1.1 tJ r e 811~d 

slip that occurs in the joints,and the splitting fail~re of 

bricks. At the same time;redistribution of stress occurs which 

leRds to a loss of bond between mortar and bricks;thus locali~ed 

failure occur~ which ~ropagates to other clements as the load 

is increased. 

FaillJre of post:--;tensioned -or prestressed m:'lsonry pan-els 

~sually occurs either in joints,in bricks,or 8 combination of 

both. Failure in joints occurs when 8 tensile or shear bond 

strength criterion is violated. Failure in bricks,ho~ever,occurs 

by sDlitting when the tensile stres~ of bricks in one of the 

princl~al directions exceeds the tensile strenBth of brick. 

7his is cD~sed by the differential lateral deform~tion of the 

stiffer ~rick and the relati.vely more flexible mortar matrix. 

In addition to the effect of prestressinn,the perfQr

monee and durability of masonry depend upon other factors such 

as the nuality of mntcrials,that ie,oE bricks,mortar and post

tensioninR steel. Ttiey also depend on the dcsipn,work~anshtp 

f'lnd metllods fnllOHcd in l11al1 IJr?ct IJr1.on nnd conFtr 1Jction. In 

:1 ddt t ion , t t1 e ~ t r e n f!. tho f n In ('1 son r y p nne 1 d " ,) e n 11 s 1 A r gel von t 

rat 1. 0 0 f com [) res ~~ i v c t 0 S ~l e (] r f -: ::' '': 0 s. I t i ~ f 0 IJ 11 d t h n t 1"; i t i) 

hi~her compressive stresscf-' the c();lacity \)f \-Jslls t o c'rry 

1 ate r [l 1 1 0 D d [l f t ere r i1 c I- i n r.. 1.. net' e a s c ~~ ,~i t 11 inc r e 8 sin g the 

number of prestrcssin~ tendons(4). The increase 1.n cracktn~ ~ 

loact due to prccompression has been found to be BPproximately 

4 () ~{, 0 f the tot a 1 ve r tic ~ I 1 () D d a p p 1 t e r1. II 0 .'] eve r , a 1 tho lJ g h pre -

com [) res Rio non tile H 0 11 c a lJ s e san inc reD s e ins t r e n 8 t (1, r a ~' 
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high vertical ~resses,bebavior tends to change to a brittle 

shear failure(7). It has elsa been fo~nd out that the strength 

and dcforffivtion characteristics of masonry depend highly on 

the orientation 'o f stress, that is, r/~ ratio, defining D 

friction coefficient independent of the type of ( 5 6 7) 
mortar " • 

Its h 0 IJ 1 d ben 0 ted a 1 sot hat for --I a 11 S h' i t h low pre com pre s s ion 

or lOl-.i vcrticDl reinforcement,. f~il'Jre is ·govern.cd by yi.eldin~ 

of reinforcement which is similar to an underreinforced con-

crete 

S ome of the properties of th~ ~omponent materials 

~ ·.?t affect the behavior of masonry ar0 ~iscussed briefly in 

the foIl 0 Hi n P. t 1-3 0 sec t ion s .. 

BR1C(S , 

The properties of bricks produced in different local-

i tie S Va rye v en for b ric k s from t 11 e sam e bat c b, de pen d i. n g 

TJ po n ..... ') r k r.1 () n s hi. P .3 n d the cIa y san d s hal e s tJ s e ri in m.3 n 'J f F~ c-

'. l.! I' 1. nQ,.. T h 1. s C.3 J S e ~ 3 seD t t e r 0 f r e ~ IJ 1 t S 0 E the m e c han 1. cal 

pro per t 1. e sob t () i ned . ~3 ric k s h D V e bee n E 0 'J n (j toe x h 1. b 1. tel a s t 1. 

I 

bri.ttle behavi.or. They are not necessBl'lLY tlOl1logeneo tJs or is 

.. (1)) E r t r 0 :) -I. c • The pro;J e r tie sob r i ~ I.; t., \.J h i. c h a'? e c t t!) e p e r-

forrnance oe l~olls ar'e the cnI11:'q'CSSlVe Clnd tensile strengths, 

and ~.J (l t c r (l b ~ () r ;:- t ion (J n d sot 'J r D t 1. 0 nco e f f 1.. c i <? n t s • Pro per tie s 

t h v t ;) f fcc t t fi C bon d bet \.J e en m 0 r t [l r (J n d b r 1. c Tr are the rat e 

of absorpti.on when lai.d p nd the surface texture of bri.cks(ll) 
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MORTAR 

The strength of mortar is usually less than that of 

bricks. Its stress-strain relationships for compression and 

she a r are n 0 n-1 i n ear \.J 11 i chi. s res P 0 n sib 1 e for t t1 e n 0 n"'i i n ear 

behavi.or of masonry before cracki.ng. T;o rtar 1188 A lol~ tensile 

b 1J t h i g iJ COin pre s 6 i v G .:J n d she ArC' t r e n ~ t h s ' 1.1 i C h are f 11 net i 011 S 

of tlC bond stren~th between mortar and brick, bnd the s~per-

im~osed cONpressive force. 

The bond strengt~ is ~s~ally the crit1.cal factor for 

preconpressed or post-tensioned nlnsonrv. Tcst res'Jlts of 

ill R son r y b I:) n d s ~ 1. v e a 11 1. d e r 8 n g c: 0 f res 1..1 1 t S !.J !l i. c 1.1 [' red lJ e t 0 

t bel a r g e nil m b e r S 0 f va ria b 1 e s , s om e 0 f hi hi c h are h D r d to 

d e t e c tor con t r 01, s tJ c h 3 S flo h' 0 fino r tar, e 1 a p sed tim e be t-

nad1.nR mortar and pInc1.np brick 1.n contact with it, 

pre S 5 1J rc tap;;> i n ~ 8 ') P 1 i. edt 0 j 0 1. "1 t d '1 r i 11 f!. for p.~i n g , t ext u'r e 

o f b r 1. c Ie s l.l r . ~, and other factors which have not been 

. . f . (11 l.dentl ted. ' nd strength is f~~nd to i.ncrease with the 

flo t.J i. ncr cas coT h 'J , '058 of ~ater from nortar d~e to evap-

oration after mi.x1.n~ G ~ e a s est 11 e f 1 OH "J hi chi n t 1.1 rn red u c e <' 

the tensile bond strenEth •. J 0 r 1( r:i <:l • S 11 1. p e x e r t E <1 1 8 r f]. e 1. n f-

1 lJ e n ceo nth is. T his e f '.) (' C t : Q 0 nco f the r (; D S 0 11 S t hat e x p e -

r i. :1 (' n t ~} t res 1.1 1 t sob t D 1. ned are :=; 0 m Ij c h sea t t ere d . 



3. FINITE ELBMENT MODEL 
_=====.=~=m=_====== ___ ~ 

The masonry wall is assumed to be a continuous non-

elastic medium. The stresses and strains are continuous all 

through the wall except for the cracked parts of the system. 

10 order to be able to r.epresent tbe equations of equilibrium 

of the ~~tem in the form of linear simultaneous equations, 

this conti~uou~ medium is idealized into a m8~nematical mode1 

consisting of ~ finite number of elements interconnected by 

8 finite number ot nod~l points. Finite elements are introduc 

8S a means of a matheml) h·C.o. 1 model to convert 8 continuous 

. 
physical system iuto a disco~~;nuous discrete system such tb 

the total potential energy of both th~ original continuum an 

the mathematical model are the same. 

3.1 FORMULATION AND SOLUTION OF FINITE ELEMENT . 
EQUATIONS - GENERAL PROCEDURE 

Finite element method is bssicly minimizing the tots 

potential energy of the system with respect to nodal defor-

- 9 -
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mations in an affort to find the configuration satisfying 

equilibrium conditions. In mathematical notation, the poten-

tisl energy h of an e1ement can be expressed a8 

where, 

11 1:11 U + (-w ) e e 

U = internal strain energy of the element e 

W = work done by external fo~ces e 

(3.1) 

The potential energy of the system is assumed to be 

equal to the sum of potential energies of the elements, that 

is, 

w her e , 11 :: to t 81 po t en t 1. ale n e r g y 0 f the s Y's t e In 0 f 

n f 1. n it e elemen t s 

n x pre s s i n g t he d·il. s P 1 Cl ~ em en t sa t n y p oi. n t l"I 1. t h i n th e 

c 1 e 1"1 e i, t a s f IJ n c t i 011 S 0 f t he nod 81 d 1. s p 1 a ce In e n t s , and In 1. n 1. In 1. z i n 

t he to t c 1 pot e n t 1. ale n err; ~ 7 i. S 1. m 1J 1 t CJ n e 0 IJ seq 1 J a t 1. 0 n s a r c 

obt.l i.. ned 

o .i. = i., 2 , ••• , ?if ( 3 . 3 ) 

'T ' n 1. S the nu~bor of independent nodAl defo r ma tion 

i.n tbe J210bal system . 

T 11 e r e ~ IJ 1 t 1. n g g 0 vc r n 1. n g c q IJ 3 t i O! r , of mot 1. 0 n 1. n m () t r 1. x 

n o t 8 t 1. 0 n t-i 1. 11 b e 0 f t 11 c fo l io l-j.1. n g fo r m 

('3~4) 

,,,, h e r e ,.. [K1== system s t1. ffness ma tri.x 

~ d f = nodal d1.splaceme nt v ec t o r 
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[c)= c -on"si sten t dampinlJ. matrix 

{d}= nodal velocity vector 

[M)= consistent mass matrix 

l<i}:::: D'OdDl acceleration vee tor 

{FexJF nodnl external force vector 

I(rl= initial load vectors including initial strain 

initial stress, temperature loads, body forces, 

and/or edge loads 

For the s 0 Ilj t i ) n of s t [) tics problems the e C! IJ a t ion s 

takes the form 

(3.4a) 

Toe soilltion procedll're is initiated by defining the 

deformations ~t coch point within a certain element as 8 

f~nction of the nodal deformations of that element, that is, 

where {~,= element generic displacement vector 

[7f)= sha?e fljnctions m2trix 

{ct\= element nodal displacement vector 

The strains inside the element are found as 

( 3. 5 ) 

( 3. 6 ) 

l...Jhere lEl == element strain vector 

[~1 = operator matrix relat1.n "~ the strains to deformatto 

hJ1.thi..n Dn element 

Substitutin R equDt~on (3.5) ~n cnuation (3.6) one 

gets 

De fin in g (G 1 ::: [Al[N J , the s t r ~d. n s arc e x I? res sed a s 

where {G)= strain matrix relating strains to nodal deformat 
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of the element. 

Defi.ning tbe material matri.x, \.D1, to relate the stree.eSJ 

to strains wi.thin the element, stres3eS 3re obtained as 

( 3. 8 ) 

where t<r\ = stress vector. 
I 

Substi.tlJti.n~ the valu-e of [t\from efJ'.lati.on (~,,,7) into 

C0'.lation (3 .. 8) , and def i. ninG tl'Je stre~~s matrix lsl == ~D)(G'l, 

st re sses within an element are obtaineri by 

Strain encr.~y 

ener.2Y ;)ecomes 

U 
e 

sto re d i.n 

( 3 . 9 ) 

is defined 8S 

(3.10) 

U e == 15 v {d' T l G 1 T lD 1 l-; 1 {d 1 d V ( 3 • 11 ) 

Defi ning (kl == S lc ,T(D)lGJ dV, the stored potenti.al energy is 
v 

,expressed as 
T 

U =~ td\(k1{d\ e ~ 

("3 .. 12) 

tk1 == e 1 em e n t s t 1. f f II e f! 6 In a t r 1. x . 

F (} \1 S t D t 1. c s ? rob 1 ems, the e '': t ern (J .l 1-10 r k can be r en e r-

(3.13) 

t P b' = vee t n r r. f b () cl v f I"' t' C e s n r (1 -1. s t l~ 1. 1) 1.1 ted for c e s 

2nd, i F 1 ::::: v(-)ctor of discrete e.'tcrn[11 :1odal forces. 
l ex t I 

Followi.ng 3 simi.llar proc-durc to the one cte~cribed 

above for the strai.n eneroy, externCJ1 'ork cner -V CAll be 

01 t Bin e d. C lJ b 8 t 1. t '.1 tin) t 11 ere S \.11 t ~ i. n e q tj a t i. 0 n s (3. 1 ) , (3 .. 2 ) , 
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and eq'Jation (3 . 3), equation (3 . 43) _ i obtained . 

fore detaile r discl.lssion of the eorm'Jlati.on of the 

F . . ""1 . (!. 1 1 . ( 12 , 14 
1. n 1. t e Jj e men t seq u a t 1. 0 n S C B n bee 0 IJ n cJ 1. n t] e 1. t era t 1.) r e • 

A list of the basic equati.ons of the Finite Element method 

is prcsenten in Appen~ix I. 

The non - homogeneous nature of the st r ~cture presents 

no problem for the finite element met)od , a~ each element can 

have 0 different material property . The st i ffness matric e s of 

e8ch component materiel can be calculate1 seperately . The 

global stiffn e s 9 matrix of the whole structu r e can be ~ene-

rated using the code number h . (13) -' tec n1.que • US1.ng the same 

tee h n 1. q ,.) e, t \) e ?, lob 81 for c eve c tor 0 f the s y s t e m con be 

senerated . Now , t·)e globel nodal deformat i. ons C<'ln be solved 

for 

(3 . 14) 

03CI' ~IJbsri ·~Jti.ng 1.n e(lIJati.ons (;) . 7) and (3 . 3) o r (3 . 

stra i ns CllQ stresses h'i.thi.l1 each element can be obtained . 

3 .2 

For anD 1 ~ r Z 1. n ~ i~l D ~ 0 n r V \.J <l 11 S , () pIa n est res s pro b 1 e 111 

iss 1. m I.) 1 (l t e c1 . The t.J 8 11 P (1 n e 1 i...: d i v ide din t 0 dis c ret e f 1. n 1. t e 

e 1 em e n t :3 ~ 5 'J h d { v t B i. () n 0 f t II e 1~ C' II i s pre sen ted 1. nAp pen d 1. x I I . 

A tYI")"lc[11 element division 1.~ S\)0hln 1.n Fig .. -l •. The 

joint elements nrc l1.nked to the neif5hborin i!; bri.ck elements 

at the nodes . Since the jo1.nt elements are thi.n , same coor-

d1.nates are asqigned for pairs of node~ . For example, nodes 

1 [3 n d 4 h El vet ') e ~ [t m e coo r din ate s, {"I n d n o d e s ~) [3 n d 3 s h are 
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y 

4 3 

L 

.Joint Element Brick-mortar Connect£ 

Pig . - l Typical element division 

the s ? fit e coo r d 1. n 3 t e s • .~ h c j 0 1. n t t h 1. c 1< n e sst 1. S 1J sed o'h 1 y in 

C 31 C IJ 1 2. tin g t b e j !) 1. n tel em en t pro per t 1. e c::. • T I) e d 1. men 81. () n C\ Q f 

the b r 1. c k s h 0 IJ 1 d bee () r r e c ted by t 11 C (3 P ? r 0 p r 1. ate pro p 0 r t ion 

of joi.nt th1.ckness . 

In the experiments done y 118c 1. m(4) , post-tension1.ng 

\-1 8 s- pro vir e by tens1.()n1.n~ e;-'ternal verticDI s'.cAl l:enc.ons . 

Vet' tic a 1 10 (J d son the 1" CJ 11 D r ~ 1 1. e c1 by the ten non S '1..1 ere dis t r 1. 

b '1 ted tot 11 e IJ") per e ci P, c: "r the h' .1 11 t.J 1. t 1) the h c 1') 0 f El oJ 00 den 

plank (F1. ',1 . • -2) . To si.mlJIDtc tlle expcrllilcnt:11 problem, relat i ve 
} 

s t 1. f (! i,' 00 d c 1 C "1 e tl t s () reI 1. n < c (1 t r) t:1 e :, [' 11 (; ttl} C top . In 

G1.g . -3
t 

nndr: 1 of the h!o()d elemen~ :lor) no de 2 o f th e s t e el 

the thO 0 0 d C G D r c 8:::' IJ In e (] to S 11 .:; ret h c s a ;~l c '1 e for mat 1. 0 n s 1. n 

:: hex J n d y - d 1. r e c t 1. 0 n s . : ~ 'J t 1 \~ h 1. 1 e ~ en era tin · the g lob t) 1 

s t i ff n e, s m [) t r 1. x, t 11 e y nrc ass 1..1 m edt () h () v e 0 p ,) 0 S 1. ted c f 0 r-

mat 1. 0 n 8 1. n t 11 c Y - d 1. r e c t 1. 0 n . Til 1..1 S 1 ate n s i 1 e for C C D P P 1 1. e d · 



Steel cap & nut 

Fig.-2 Typical Post
tensioned \.1a1l 

Uooden plank 

Tendons 

-d (steel) y 

'£.1ood 
elemen t 

Steel. element 

Fig.-3 Steel-~ood connecti 

to the steel element will, at the same, time constitute a 

compressive force on the wood element, and tbus, a compressiv 

force on the wall. 

3. 3 MATERIAL PROPERTIES AND THE CORRESPONDING .. 
STIFFNESS MATRICES 

.fJ~ICKS --""'-

T~e bricks are consi~ered isotropic and elastic mate-

rial. The variability of brick properties ~nd 4~iBotropy is 

2 
neglegted in the analysis. Average values ot 68460 kg/em 

for roung's modulus, B, and 0.167 for Poisson's ratio,~ , are 
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used(lO). Rectangular plane stress elemen~ ith isotropic 

elastic properties is used. The rectangulB~ element suits the 

rectangular shape of the bricks. A typical rectangular element 

is shown in Fig.-4. 

y 

d d 

LL L: d_:i ~dl 
1 :5 11 

2b x 

d 8 d
6 

~ 
L d4 2~ , 2 

28 1 
Fig.-4 Typical rectangular finite element 

Fig . ", ty~ical rectFn~Diar Finite element 

Defini.n.o the c" r8 ti. 0 ~=~-, the 
, 

Qhiffness mDtri.x for an 

ment of thicknespt, 
. , (14) 

b e 0 b t 8 1 ned Ci S f 11 0 i.J S , 

kll 

k' Z1 
! -
." ~ . 1 

k31 k41 k 
~Y,\i (ET (Ie 11 

l~ 

k ")1 l: 

[k) rec 
41 ~1 11 Et 

k k71 k61 
r " k 1211; 

51 81 55 

J.c- l b kSl kSl 71 k G-
~ 

kc.: 
.) :) 

k71 I.e 1(81 k k75 l' kSS 51 61 85 

k81 k G.1 k71 k-l k.85 k'75 1<:65 
J-

::-, "'5 
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where,. kll 
:::: 4 ,e +2 (1- fA) //.1 

k21 =- 2 f3 -':'2 (l-~}/jJ 

k31 ==-4 ft +2 (1-)4) /~ 

k
41

' =-2 f3 - (1-~) 1ft 

1<.51 =3(1+f} /2 

k61 = 3 (1- 3)-4) /2 

k 7'1 
=: .... 3 «(1- 3)4 ) /2 

k81 ~- 3 (I + 3)1) /2 

k ..... 
5 o. ~ ~-=+2 J( l-~) 

k65 
4 

{l-ji ) =- _ .+ 
fi 

k75 
2 

(l~) =---
t1 

arnd k85 
2. 

( 1-;U) = ~ ... - ............. . -
~ 

DUG tu t e Dcn-linean behavio r of mortar, its force-

derurnut:1.0n ehnract.erist:.ies in shear Dnd in c omp r ession sboo'\lld 

be determined experirnent.Dlly on mason ry ,,;aIls oftcr the average 

pr<)pe r ties vr briel's are 'nown .. Tho j0in - mode..!. is expressed 

(3 S C) f IJ 11 C t i. 0 n ~) f t .W 0 par 1:1 e t e r s dc' i n 1. n g t 11 c be h ;) v 1. f) r 0 f t 1 C 

::~")i'~[j~' i.n t~)e di.rect1. 'n.;; tJcr~)e!1dic'Jl(1 r (normal) tu 

res IJ 1 t ~ 0 t t a 1. n c: d L Y 
(10) Page 'fur the Oe:'18Vi.)[' or l'11ort[l1" in 

c 0 i~ ~) r G S s 1. \) nan d s i1 Cur r" s Dec t. i ve l y • 

r l1 e 1. d C (J 0 f IJ sin g j 0 i U 1: ~ 1 e )1\ l.! n t < \ ' <.1 S f 1. r s tin t rod 'J C C 

into 
:1 c E i nit eel e Jil en t 11\ e t t1 0 d ' by 1 ~ go [J n cJ ~ c .. il' U C 11 is ( 9) for 

the a n CJ 1 Y s 1. s 0 ire t n r 0 reo del ncr c t e me m b e r s ., r. 3 t e r S (J e c \. 01 1:1; n 

'" L :1 eel C 11 en 1: S 1.J ere de vel 0 p e dan d IJ S (; <.: t 1 t ll' D n D Y S 1. co r j 0 1. n t 

3) (..10) 
rocks ,. "'nd nl8S01 ry: • 
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2 4 6 8 10 12 14 16 

strain xlO- 3 

Fig.-5 Stress-strain curve 
for mortar tn eomp
ressioll 

~ 
e 
u 

....... 
ao 
.!if 
I 

CD 
(0 

G> 
~ 
~ 
to 

14 

12 

10 

8 

6 

4 

2 

4 8 12 16 20 24 26 

strain xlO- 3 

Pig.-6 Stress-strain curve 
tor mortar io sh~ur 

The joi~t element is a line element of a length Land 

thickness t. The potential energy stored per unit length i~ 

expressed 88 the appli€d force per unit length multiplied 

by tbe deformatlong. For 8 joint of length L, the strain 

energy U is obtained as, 
e 

+L/2 

U e =t J 1 w { i PI d" 

-L12 

where, {w1- relative displacement vector 

iP1- vector of force per unit length 

(3.15) 

The joint element ts assumed to deform only in the 
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she~r and normol directions (x and y in the loc a l coo rd in a t es 

Therefore, 

top bottom w -\~ 
S S 

top bottom 
w -~~ 

n n 

.'-'1 n ct 

The subcripts nand s refer to the nornal and shea r 

di r ~ction8 1 respectively . ~ss~~ing the defor~ati6ns at any 

point x i.n the ,~ lr::ment 3rr:: linearly 9rfJportionul t ' l tile nodal 

deformAtions, by line~r interpolation , 

to') '. /1 2X\d 1.{1 ~x) t.~ == I" f ...L + - - I ,.., + -,,- - -- d s \ L' ,) ~ L 4 

bottOn1_ A.(l 2x) 1 J'-{l 2X) d 
Ws - '1 - ""1:'- ul+ '~ +-r 2 

:lefining 
2x 2x 

. '\ = (1 - r) and :3 =:: (1 + --r- ) , then 

d
l 

top bottom 
\..J == 1,..,) - h' 

S S S 
t [- ,> - 13 :3 :\1 

d
2 

d
3 

d
4 

dr-
J 

t 0 :J bot t 0 f;1 
tJ == \'] , - \.J 

n n n 
:\' [-~ -13 11 \] 

de 

d
7 

as 

n ) 0 0 
::-)cfininr~ [~ ] 

o o 0 - A - B B 

the vector' of relati.ve displncement can be e.'prest·;ed DS 

(3 . 1G ) 

Hbcre {d } == v e ctor of nodal defotmation~ . 
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The vee tor 0 E E 0 r c e per tJ n 1. tIe n !; i i.s relate~ to the 

relative deformatins by, 

(3.17) 

w her e lD tJ is: call edt 11 e tJ nit j 0 i n t {3 t iff n ~ S G mat r i. x. The m a t-

rix of material properties can be wri.tten as 

where Df and Dt are JOoint stiffnesses per unit lenRth in the 
s n -

tangential ~nd norr: t31 direction .. , respectively .. 

To 1..1 il (. e r s tan d the mea n i n ~ 0 f Ij '1 i. t j 0 1. il t s t 1. f r n e s s , 

consider a joint of length Land uni.t width. Apply a normal 

forca F and Eet t h e normal relative deformotion T If~.y is 
no n n 

plotted ngainst the ppp_lied force per un1.t length F IL, the 
~ - n 

slr)~p nf the ctlrvc Hi.ll give 'Joit normal stiffnesp for the 

J 0 L n t.. S I} mi I Cf ,.1 y, 1. n a d ire c t she ~ r t est , if the r e 1 a t 1. ve 

she a r d e for m a ·h 0 n H 1. s plot ted D 1 a ins t t :1 e D P 0) 1 1. e d she D r 
s 

force per'lni.t the s10')e oft ;1 C c 1J r T C l..J i 11 g i v e 

lJ t 1 1. t she a r s t 1. f f n e s.s ~ 0 r t II e j 0 1. n t • 

I not her \oJ () r d S J 

l~ IL 
n 

D'H 
n n 

If a normal 

and Fs IL D f h' 
S ~ 

stress er
n 

1. t;; ; P l' 1 1. c d 

(;'i.18) 

t 0 a hI D 11 0 f t 11 i c 1( -

nes ~ T Dnd len~tl) L,tbc total tl 0 rl.l D 1 r () 1" C 0 T~ i. s ;:;;- pre sse d a s 
l\ 

F == (r'TL 
n n 

;:J n d t 1 C for c c p er IJ n i. t 1 eng t ~l [l S 

F IL::::: 0- T (:1 . 19) 
n' n 

From IIonkels lot·] 

~ =EE (:) . 19) 
n n 

".,Jh ere E-= Yo~n~'s modulus 
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and E = n0rma1 strain. 
n 

Th e norm a 1 s t r a i n ~ can be 0 b t a 1. n I: ,-, by . n 

€" ;;::w It 
n n 

Hhere t = thicknesR of mortar. 

~ubstituting (3.18) and ( 3 . 20 ) 

T"T 
F It = E- w 

n t n' 

Comparing equations (3.18) and (3.22), 

D':::E.. 
n t 

Sirrlilarly, ot can be de~ermined DS 
s 

wbere 

D':: GT 
s t 

G ==shear modulus of elasticity . 

in (3.19) t 

Dt can be 
n 

(3.21) 

one gets 

(3.22) 

written as 

(3.23a) 

( 3. ~ 3b) 

For non-line r stres~-~train relation of ~ortar~D' n 

and Df will become RS follows 
s 

and 

wberp E '= instantaneo~s normal ela~ti c modulus 

instantaneous shear elastic modulus. 

(3.248) 

(3.24b) 

sub :s1t101;i.n ~ equations (3.16) [lnd (:-;.17) in e uation 

( ~ • 1;) }, the s tore d s t r!'\ i n en c r i2J bee orne r. 

( ;) • :~ 5 ) 

the triple 
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0 

2 D t A' D I . 13 -1}~'.i\B -D~ . 0 0 0 s s s 

DtA n Df'B2 _ D "B2 
:"D' n s s S 8 0 0 0 0 

t) 

D'n2 2 -D t \B -D t Be.. D t r t) 0 0 0 s s s S 

_T)' ,\2 - ') 1 \ n D t \ B D' 
2 

0 () o ,If 
c, S S s 

[HJ ~ 
f) ') 

() 0 0 ;) ' :\" D' ,A n -D I ~',n -D t l\' 
n n n n 

') () () 0 D' g D' 3
2 

_D'n
2 

-D' An n n 1'1 n 

0 0 0 -DtAB -D' B2 D'B
2 

D f't\B n n n n 

i') 
DtA2 f) 0 0 n -D'A- -D 'AB D'AB n n n n 

'ryi n 15 out the necessary integrations, the -terms in 

the mRtrix I'!;., f)btDined: 
r 1 r;. ~ I~ 

S 2 2x 2 4 
/\ dx~ (1- --r) dx= yL 

-L/'2 J_ L 

L /2 IL / 2 ') 4;(-- 2 ( \'ldX~ (1-7)dX~T 
j _ L I:~ -L 10 

Tn est r (l 1. n e ncr .~ V C n n, nOh' bee x f1 res sed (l S 

Hhere 
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d 71 e 
- = 0 a d. 

1. 

fo r i:;:1,2, ••• ,8, 

for the element are obtained 

[1<1 jot (dl-tFl::: 0 

or [k) j n t i d 1 :: IF 1 

as 

the equilibrium equations 

(3.27) 

lIere (k] , is the joint stiffness matrix. It sholJld be noted 
In t 

t hat the element stiffness matrix for the mortar is a lin e 

e 1 em e n t d e r i v e din the 1 ') c D 1 coo r din [l t e 8 y s t em . l~ h i. 1 e t 11 e 

local and global coordinates coi.nci.de' for horizontDl joi.nt 

elements 1 tbe stiffness matrix for vertical joints should be 

transforrne G to the ploba l d00rd inat e syste~ u s i n~ a spec ial 

trDnsformation matrix before assembli ng the system st~ffness 

matrix . 

Let [ T ) be the transformati.on m"'trix t hat relates the 

d i splace~ents and forces in tbe ~lobal co n rd1.n~te system x-Y 

to the displacements and forces in the locnl system x-y.Then, 

{d1 xy = [TJ{d} XT (3.28) 

ond, j F 1 = ( T](d t n:' 
l J xy l ) , .L (3.29) 

S IJ b s t 1. t IJ t 1. n B e q IJ a t ion s (3. ~ 8) and (3 . 2 9) in e (] \J a t ion (3 • ~ 7 ) 

and sol v 1. n ~ f 0 t~ t F 1: yon egA t ~ 

Therefore, 

[ J ::: r Tl-1 [k 1 fT] k. ry l J'nt xv l 
JOt. ._ v 

n 1J t sin ee l T J i san 0 r tho r; 0 n aIm a, t r 1. x 

[TJ-1= [T1T 

Thus, l k j n J '\Y = [ T 1 T ~'j n tJ xy [ T ] 
( 3 . 30 ) 

F i ~ IJ r e 8 ( p) s h 0 \-J R D V e r tic DIe 1 em e n t 1. n t I) e 1 0 C [l 1 
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COO r din ate s, w h i 1 e f i P, tJ r e 8 (b) Rho I-J sit i r. ,: ~lob81 coor-

dinate • _Compnr1.."ng the t' ~o nl.·olJre· d' ,.... 1. '" ~ , 3 n 1. ; 

be wri tten a 5 follows ~ . 

0 -1 

-- ~ 0 0 
;be rc [T11~ 

0 ... 0 0 

0 r) --I 0 

"'8 

.....-;-L~d &...-----..;... __ -_L 
3 4 

~~ _____ -+-----x 

i. ) Vertical joint element 
in local coordinates 

x 
I 
I 
I 

y ___ .-l 

d 8 Y d., 

~:.&.-+--_Lc13 
4 

1 

x 

(.b) Vertical join t elemen t 
in global coordinates 

Fig.- 8 Vertical joint elemeut 
t~an8formation 

Therefore, for vertical joint elcmnts, the sti.ffness 

matrix is generated in the local coordinates, and using 

equation (3.30) is transformed to global coordinate c
• nqu~tioDS 
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(3.28) ond (3. ~ 9) are used in a similar manner. The stiffness 

m GI t r i x 0 f (3 v e r tic R 1 e 1 em e n t 1. n g lob ale 0 0 r d 1. nat e sis f 0 IJ n d 

in Appendix III •. 

The qtress€s ond strAins at any point x within the 

element can be found in the usual manner. But it should be 

not e d her e t h D t the s t r fl in mat r i x [G) 1.1 sed i 11 the form IJ 1 a t i. 0 n 

of the joint stiffness relates relative displacements to 

nodal displacements~ ThDs the strain vector for a mortar of 

thiIC.:knes s t ie 

C 3. 3l ) 

Equation (3.17) relptes force per unit length to 

reI 8 t i. ve dis p 13 C em en t s • Tb '.1 s , for a l.J 811 0 f t h i c k n e ~ ~ T the 

the stresses can be calculated as 

(3.3?) 

Detailed form of stresses and strains at any point x within 

the joint element is found in Appendix IV. 

3.-3.3 

A 

Since the steel bar ' can d 1 / 2 
1------- I ,. 

d 2 1-

1 1 
L 

o n 1 y t ? Ie e loa d ~ D Ion ~ i. t s a x 1. s , 

Cl b 2 reI e m C 11 t l,ri. t :1 t i·J 0 n 0 c1 c: san d 

thlO dc~reer: o f f r0E'doli\ i.s IJsed 

(Fi~.-9). F 1. g • - 9 Ty P 1. c () 1 s tee 1 e 1 e In c nt. 

F 011 0 \ ' in ,: the IJ S \] :l 1 t!i [1 f) n e r , the c 1 e men t s t 1. f f n e s ~ 

m [' t r 1. x for s tee 1 1. 8 f 0 'J n d D. S 

:::: [1 _lJ 
-1 1 

E\ 
-r-



where, E = Yo IJ n g "s mod IJ 1 u s for s tee 1 

A= Cross sectional 8rea of th e bar 

L~ Lenath of the bar. 

3 . :5 .. 4 1.]00D TI L EUENT['" 

For the \\1 00 rj e n pIa n k , r e c tan g III a r p 1 a ins t res s G 1 em e nts 

similar to the ones discussed in 8ec~ion 3.4.1 for brick 

elements are used, but with pppropriate mechanical properties 

f I)~' \,' 00 d • S i In 1.1 R r to t 11 e b ric k san i 80 t r 0 pya n d non -1 i n e a r1. t y 

l .... ere neg 1 e c t e d. 
? 

Average values of 125830 kg/cm end 0.3 were 

used for You ~g 's ~od~lus anrt Poisson's ratio, respectively. 



4. SOLUTYON PROCHDURB 
-------~=.---~--~--.. 

A realistic analysis for internal stress distribu~ion 

bfn<l p05t-erackin~ behavior of rna sonry l.;r(lll s sho'.lld incl 11de 

~ever~l <:.omplexities S'leo as 

( ;:)) Non - h om 0 ~ e n i e t y 0 f the c () n s t r'l c t i ou 

( b) r\l ~ l\ -1 i n ear 1. t yin the b e h () v 1. 0 r 0 f rn 0 r ;: a r 

creRstf\j lO:1d 

( n) T :1 e e f f p- c f 0 f bon d bot \-: (; e n 111 0 r t [) ran d b r 1. c k s 

(0) The c fEe c t () f '0 s t - ten G ion i n r) , 

'. n i. n (' r" . ~i P. n t ? 1 fin i. t C {~1 (' ill (' n t f) r 0 '"'. r (1 In i. s 1 J S (~ rl 1. 0 

the ~n3l~sis to nccount for th e prorressive crackin~ behavio 

teach 11ad level, en iterative solution is used to Account 

for the nnn-linenr hehav:lor of I1lntorials. t each iteration 

bot h In 0 r t 8 r n n n h ric k e 1 C III e n t s are c h e c I, e ci f () r t 11 e v i 0 1 8 t ion 

- ~S-
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of their respec~ive failure criteriA. For the case of mortar 

joint failure, residual stiffnes8 properties are obtained and 

the stiffness matrix is urdated. F for bricks, nOdal psuedo-

load. are applied at the nodes of the cracked brick element 

t 0 a C c 0 '.l 11. t .. for t I) est res s est a I) ere s t r a inc d bee a 1] s e 0 f. the 

era c k. The seD red i s c IJ S <. e d i 1') in 0 r e net ail i n t l) e f 011 0 hi i n g 

secti.ons. 

-
De?ending on the relative mApnitudes of normal and 

shear str0s r es, mortar fails ei.ther by tensi.le bond failure 

or shear bond failure. In tensile bonn fai.lure, due to high 

tensi.le stresses and low she~r stresses, t~e failure occurs 

by s e per a t ion 0 f j 01. n t s, w h i 1 e ins h ear bon d f a 1. 1 t.l r e, f ail '.l r e 

occurs under ~ combination of shear and comnressive stresres. 

i\ j 0 i n t f D 1. 1 'J r e en vel 0 p e bas e don e x per i. rn e n tal r P S 'J 1 t S ,-I a s 

(10 ) 
Pa Qe --:1 • This failure enve10~e is shown i.n 

~ 

+J 20 
cc 
E ~ 

·rl co 
.., (l} Region 3 
,-1.a 
~ (D 

I 

2' 
I 

Ten8io~----~1~O~~~+-----~~----~7rL---~--------~ 

kg/em 

F 1. .f! • - 1 () l, 0 r tar f ~ 1. 1 '.I l~ cell v p lop e 

ompresaion 

Page hos oroduced the Eollo\.}i.n '~ eq'J El ti.ons for eacb 

regi.on in the C'!1velope: 

1 e~i.on 1: L =0.660- +~ . :11 
'J n '.l 



where 

o n d 

~r) _ 

0 . 87 0'" . +2 .31 
t1 \J 

Re ai on 3 : 't = O . 11 rr +20.08 
'? 1) nll 

IJl time te 

2 
shear stress i n k~/cm 

') 

norm~l stress in kg/em' 

In epch iter?tion, each joint i s checked for failure 

d . d . f . . (10) 1 . 1 . an aprr0pr~ate rna ~-~cat~an to t1e mater~a propert~es 

is appl1.e~, and the problem is solved another time . Forexample 

i f the frliure criterion of re~ion 1 is violated, tensile 

bond fnilure is a8~ume~ . The joint can no more carry any she8r 

or norm81 ~tre~~es . If the fail~re criterion of reBions 2 or 

3 i s v1.01?teri shea~ bond failure is RS8\jme~ . The jOint , in 

t ~l i sea s e , C D n ~ TJ S t c i n 1. t s nor mal s t r e n p t h , b IJ tit los e s 

some of its strenpth in 8he~r depend1.n o on the m8pnitude of 

the normal stress . The sheer strenJrsth , i.n th1.e case, is due 

to the fr1.ctional resistance of the goint . For instance, in 

region 2 t end dependi.nr; on the normal stress ; the sheDr mod -

IJ 1 \j S H 1. 11 t e G == 1 () • 8 6 8 tr-
n 1] 

In regi.on 3 1 a constClnt valiJe of 

') 

G = ~54 .1 k~/cm'~ 1.s asslJJTIed . Tbe above mentioned modes of 

r ::: { 1. 'j t' C (1 n d r es 1. d lj C 1 P ['0 ;J e r tie S Dr e S 'J mm 1J r 1. z e cl in Tn b 1 e 1 . 

Failure Cr-1. teria and Residual PrepertieG of Mortar 

Fuilure Mode of li!od'ified M:a te rial Prop. -
I.<eg:i:on: Criteria - ----

F~tl \.lre " 2 
E (kg/em ' ) G €kg / em ) -

-

1 r =0. 66tr +2,31 
u nu 

Tensile bOlld 0 0 

--. . --

2 r =0. 87 q-
Ul nu +2. 31 Shear bond No change lO.868V-

nu 
--.- -- ' ----'--

3 ft laO. 11 (j +20.1 Shear bond No change 254.1 
u n tJ 
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BRICK FAILURE 

Cracking in bricks is assumed to occur wben one of the 

principal stresses of the element exceeds the tensil~ strengtb 

of the brick. Thus, ~n the ana~zsis, the stresses are calc~~ 

1 ate d from nod 31 dis P 1 ~:i c em en t G for a 11 b ric!c c 1 em en t s ~n:c 

then from tbese str8sses tht principal 6t~e$6eS are determined; 

If the principal stress in any direction for a certain brick 

eleme~t exceeds the ultimate tenstl& strength, the element 

-onsidered to have cracked normal to t~at direction. As 

b ric ~(, .. El r e .. ;J S sum e din cap a b 1 e of sus t a i n 't I'l. g ten s ion ra 0 r e th a 0 

the te'1si:~ strength, tie e~ceS 8 tension is removed.! These 

excess tensile stresses ar: convorted into nod31 pS0udol~ads. 

During the next ~ycle. t~2se restrain~n8 nodal for~es are 

applic~ to the structurt bO as to distrib~te the excess tcn-

s i 1 est res S e s to. the D d j ace n t e 1 c r:1 e n t s • Tb e me tho d to 8 P ply 

pse~doloads at th0 nodes was first developed by Colville and 

Abbasi(l)to be used in the analysis of reineorced concrete. 

i ~1 ~ • '/ Ij th.o dis 8 <fa pte <l her e t 0 a c c 0 u n t for c r a c k i 11 gin b ric k 

elements. 

The b r { c k c 1 em e n tin e q IJ i 1 i. h r i u m 1. s ass tj m e del a s t t c 

only in the uncracked part. The potential energy of an element 

is discribed 8S 

Hherc 

(4.1) 

U
b 

= strain energy of uncracked b~icK element 

U = strain energy of the crac~cd part of the brick 
be 

element 

W = external work 
e 
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If the strains are eunction~ of nodal deformations, 

Ub,U
bC 

and ~e cah be written 8S follQws: 

Ub :: t[ d'lT',Sv [G1T[n1 b [Gl dV) {d i 
b 

1J' be ~ t { d 1 T (S v bIG J T [D J b l G J dV) { d } 

i.J e == l d 1 T l F 1 

~.J here {d'1 = noda 1 d i spl ac er.tcn t vec tor 

[a] == strain matrix relating strains to nodal defor-

mations 

[n1 b== materi.al property mntrix for t.lncrcckod brick. 

[n1, = symbolic matrix for the crocked part Hh:Lcb need 
DC 

not to be: e::'pl ici tly defi;'led 

{F1 = e~ternal nodal force vector 

v = vol J ;;H:: 0 f I,] ncr a eke d b r i. c ': e 1 e r.le II t 
c 

v == volt.l~e of the cracked part of the brick elc~cnt uc 

stiffneE8 matrix for 

1.L'1Crackeu bric!-, elemeDt 

crocked po r~~icn . 

Then ;tho po~cr.:" 1. energy' :'J~lCt' ':;G3l c...:n ~e ~'ri.tt en <.),~ 

Mil imiztng ~ to obtairu ~q~tli~~ium configuration by diffe
e 

rentiating witb respect to nodal deformations 

ana 
~ = 0 for i~1.2, ••• ,8, the governing equilibrium 
o i ' 

e qua t i on s ~o r the· c r 1I eke d b ric k bee 0 m e 6 

(4. ::5) 

Now, nO~81 pseudoload vector, due to cracking, {F\p. 

can be defined 8S 
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that is 

fF}p - cfybJG)T(DJ bC [G]dVl {dl (4.4) 

Recalling that the stress vector in equation (3.9) 

is defined 8S 

the pseudoload vector becomes 

{p~ = f [G1 T 
ti\b dV P V bc c 

(4.5) 

where f~lbc- stress vector of the cracked portion of the 

brick element. 

!n the analysis, each brick element is subdivided 

into nine subregions 8S shown in ~ig.-ll. Each subdivision 

is a~6umed to bave a constant 

~t re8S distribution. In the 

( ' l)th i.' . 1- terat100 stresses 1n 

each subregion are computed by 

Using Mohr's Circle, 

I ~ 
3 6 9 

2 5 8 

1 4 7 

28 
k 

1 

Fig.-ll Subdi.vision of 
brick element 

the princ\pal stresses are computed. The principal stress 

vector will have the form 

p p 
where ~max and ~min are maximum and minimum principal stresses 

respectively. 

The principal etresS85 are then compared with the 

tensile strength tt of the brick. Three possibilities exist: 



(i) CI~ax<ft' that is no cracking. In this case, the 

principal stress vector for the cracked part will 

be 

1 
p . 

i cr be 

( -ii) P 'f b t P < 4 I h' ~ cr max ? t U ~ (}min l.t- n t 1.8 case, crackin~ · :iin: 

a drirection perpendicul.ar. 11.0 v-:p . is assumed and 
max 

:. !":L.:i;i) O--~ax~ f t and 0- ~in ~ f t 

In this case, cracking in bota directions is 

assumed, and 

p 
O""max 

p 
o-min 

o 

The stresses in glob~l ~oordinate6 are determined by 

wher-e [T 1 i.s a transformation matrix defined as , oj 
2 

cos ~ 
2 

stn Q: -2sinQcosQ 

[Tol 
I) 2 

= sin-Q cos 0 1 2sinQc('))sQ 

sinO cosO -sinOcosO 
2 , 20 cos 0- Slon 

and 0 is the angle that maximum principal stress makes with 

tbe global X-axis. 

Pseudoloads can now be calculated by substituting 

10ittc in e qua t i on ( 4. 5 ) • 

At each load level, the iteration process is started 
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by setting i~bC = 0 for all brick elements other thaD those 

already had cracked at previous load levels. Pseudoloads nre 

calculated as men!toned above, Bnd the system is solved 

aoother time unti1 convergence is obtained. 

CONVERGENCE CRITERIA 

After the stiffness properties of mortar elements 

h b d A i. h (k_1)th i . d f b Bve een up ateu n t e terat~on, an a ter t e 

pseudoloads have been calculated and applied at the nodes, 

fn~ system is analyzed again. New deformations are obtained 

and compared witb (k_l)tb deformations. If the change in 

deformations is smaller than a preset value, the iteration 

~roce8S is terminated. Absolute Deviation Test(2) is used 

i.n this study to check convergence at the kth iteration. That 

ie, tor n unknown deformations, the system is assumed to have 

converged if 

n 
d~ k-l 

1 

~l 
- d't i 

~ ~ - £ ' ., 
n 

d i 

where ~ is 8 small positive presssigned number. Two values 

of ( were used in the study, 0.0001 aod 0.01. Using a value 

of f= 0.01 is found to &~ m~~~ practical because the number 

of iterations are decreased with no significant effect on 

accuracy. 

Moreever, if the number of iterations exceeds a cer-

~ain preassigned number, the analysi.s ia assumed to diverge 

and the system is considered to reach its ultimate load. The 
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maximum n~mber of iteratioDs used in thie ~;udy wa 8 20. 

~ COMPUTBR PROGRAM 

The method of analysis is divided into two major partee 

The first part is an incremental process to allow for cracking 

to occur in each load level. The , second is an iterative pro-

cedure that allows for redistribution of stresses and propo-

gation of cracke 8t the saMe load level. 

Two methods were used 'in modifying the material 

characteristics of mortar elements. The first was to use the 

inet8ntaneoU8 tangent to the stress-strain diagrams to deter-

mine D' and D' defined in equations (3.248) and (3.24b). This 
n 6 

: shown in pig.-12. 

Stress 

, or Gt 

f, Strain 

Pig.-l2 Instantaneous 
tangent modulus 

Stress 

Strain 

Fig.-13 rnstantaneous 
secant modulus 

At a certain stress level u- the actual stress 0'1 and 

the actual strain ~ are determined from the corre8~onding 

stress-strain diagrame:; of Pig.-5 and Pig.-6. ' The slope of th 

stress-strain diagram 8t the actual stress and strain is 
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taken . 88 the modulus to be used for f~ · ;ber approximations. 

In the second method the slope of the 6ecant (Fig.-13) at the 

actual strain and strain was uBed tor turther approximations. 

In both cases, the initial elastic mudulii were used. rt was 

f'ound out that although both met,bods reached almost the Bame 

results, using the tangent modulii cODverg&d in a time of 

5-10% less than that when the secant modulii were used. Thus, 

the instantaneous tangent moduli! were used in later stages 

of the study. 

The algorithm of analysis used in the study can be 

summarized in tbe following steps: 

1- Read in general mech~nical properties, geometrical 

properties, external and prestressing loads. 

2- Generate code numbers for each element. 

3- Apply load vector • 

.. :- tt'\crement load vector. 

5- C~ : tate element stiffness matrices[k i 1· 
6- Genera!.· .. . ()bal stiffness matrix [Ie] using code 

numbers. 

7- Solve for nodal a~eormations tdti. 

I! f b .th 8- Check for convergence OL de ormations at t e ~ 

iteration. If yes go to ste~ 10, otherwise go to step 9. 

9- Check if number of iterations exceeded the pre-

8 S s i g ned m a x i m \J m n u m b e r • I f yes, the 8 n 81 y s 1. sis t e rmi n a te:,d , : • 

otherwise update mortar stiffness matrix and go to step 6. 

10- Check for failure. 

(a) It failure criterie for brick element is vio-

lated,apply pseudoloade. 
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l~) If failure criteria for mortar element is vio

l8ted~ residual stiffness properties are allo

cated and element stiffness matrix is updated. 

rr any failure has beero detected, mode and position 

of failure is printed and the - problem is solved again by going 

to step 6; othre~ise the analysis procedes to the next step. 

(11) If the external load level has not reached the 

preassigned maximum load, tbe load is incremented and steps 

5 thro~gh 10 are repeated; otherwise, the final stress dis

tribution is printed out and the analysis is terminated. 

A general flow cbart of the algorithm described above 

is shown in Fig.- 14. 



FIGURE 1~: GENERAL 
READ DATA FLOW CHART 

CODE NUMBERS 

LOAD=LOAD+) NCR· "--------------------~ 

GENERATE[KJ 

SOLVE FOR di 

NO 

PSEUDOLOADS 



5. APPLICATION AND RESULTS _._~ _______ u ___ ._=_= ___ ~ __ 

Two wal~ ~ere analyzed. The first ODe was aD ~nrein-

forced masonry wa~ ~bile the second was of the same dimen-

SiODS but post-tensi~ ~ by external steel tendons. The resul 

of the two analyses are ~mpared. At the sametime, a compa-

rison is done with elastic lution of botb, where no crack 

or failure was acco~nted for. 

5.1 DESCRIPTION OF THE WALLS ANALYZED 

'The walls analyzed were 60cm in height, 80cm in len~ 

and 9cm in thickness. They were assumed to be fully fixed at 

the lower edge. The bricks were assumed to be 9xl9xScm snd 

the mortar to be lcm thick. Sketches of the two walls are 

shown in Pigs.-15 and 16. P08t~tenstoning of Wall 2 W8S asau 

- 40 -
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80 em 

u 1 
P/3~1~----__ ------__ ----~----~ 
F /'3.-... t---r----&---r-----'--_---1------J 

F/~~--~--~--~--~~--~---L--~ 

Pig.-15 Unreinforced ' ~all 1 

F/~~~----~----~~----~----~~ 

F/~r--.'--+---r--~--~~~~~~ 

F / 'J ..... t---'--+----L...--r---L----+--L-.~ 

Wood 

Steel 

Fi.g.-16 Post-tensioned Wall 2 

60 em 

to be done by four external l4mm diameter bars. A lateral 

load of magni.tlJde P was applied on the tHO Halls as shown 

in the fi.gures Fig.-15 and Ftg.-16. Pinite element discreti-

zati.on is presented in Appendix II. 

2 was ~ost-tensioned by 8 load of 600 kg. The 
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lateral load applied to WeIll was of '~ .. k.& :iincrem.ente Uip to a 

maximum load of 2000 kg. A maximum load oE 4000 kgJ;~ i.n incre-

mente of 500 kg was applied to Wall 2. 

5.2 RESULTS AND nrSCUSSIONS 

Anyl~is revealed that the unreinforced Wall 1 started 

to crack at a lateral load level of 800 kg, whereas ~all 2 

started to crack at a load of 1500 kg. The final cracking 

pattern predicted by the finite element aualysis is shown in 

figures Fig.-17 and Fig.-18 for walls I and 2, respectively. 

Tn tbe post-tensioned 1-1all 2, cracking i ·s predicted 

to 8t&rt at the point where the lateral load was applied, 

Bnd progress downward diagonally. After stresses were redist-

ributed, cracks occured at other points of the wall panel. 

F I 'J --... ,.-....-----w::--------.::------.,-..-----, 

F ! ~ --lo- >---_-~ ....;...'l~-----''--~....__------r-__4 

F / 3 --.lo- ~-'"'---_n___-a.~__r---..J'"--_.___-..1--""""'" 

F 1 =1600kg u t 

Tensile 
bond fail. 

Shear bon 
failure 

[Zl Brick ' 
flailure 

Fig.- 17 Cracking pattern tor 1-1811 I 
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-- Tensile bond 
failure 

.--_________ --........ __......-----.-'-l..---ti---...L..---+ - - - She arb on d 
failure 

1 ';r,~A Bri c k fail u re 

Fig.- 18 Cracking pattern for ~all 2 

rt sbould be noted here that Wall 1 ceased to converge 

.~l a \nad of 1600 kg. This can be easily seen from the 

force-displaC~Ment diagram in Fig.-19. The analysis predicted 

cracking to start .t » load level of 800 kg and c Dntinue until 

the system diverges at load level 1600 kg. It is noted that 

Load kg 
elastic aolution with 

1600 properties 
1500 

k non-lin 

I ~8r solution 

I 
100 0 I -

800 I 
I 

S-00 

. 1 I 

I 
I 
I 
l19.99 

2 4 8 14 16 18 20 

Displacement xlO-
4 

Pig.-19 Load-displacement curve for Wall 1 
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88 tbe system starts to crack at a load level of 800 kg, the 

curve starts to tlaten 8S it approaches the ultimate load. 

In the linear analysis, - average values for the mater-

2 2 
ial were used. For mortar, G- - 1225 kg/em and B ~ 6335 kg/cm 

were used. Whereas for brick, the same values were used as 

tbose used for the non-linear analysis. Comparing the oon-

linear analysis with tbe linear one, we can see that the dis-

placement at failure is more than twice of that predicted by 

the elastic solution. 

The effect of post-tensioning can be easily seen from 

Fig.-20. Wall 2 behaves more or less linearly. But still the 

displacement predicted by 

the elastic solution is far 

less than that determined 

by the non-linear analysis. 

The non-linear prediction 

LS 1.58 times more tban 

t hat 0 -r - t Ii e.: 01 a s t !i.c so 1-

Moreover, the dis-

Load-

500 

400 J+------f-.----=---r 

300 

200 
. non-lin 

/'Cr---+------:. 

soluti.o 

-5 Displacement x10 

Pig.-20 Load-displacement 
curve for Wall 2 

placements at a certain lond level is less for ~al1 2 than 

that of ~al1 1. Forexample, under a load of 800 kg. ~all 1 

-4 undergoes a displacement of 2.3l6xlO em, whereas, under the 

-5 sam2 load level Wall 2 undergoes a displacement of O.64x10 c 

Even at a load of 4000 kg, the displacement of Wall 2 was 

much sMaller than that of Wall I at smaller loads. 

Furthermore, it tA noticed from the results of the 

non-linear analysis of Wall 2 thsu even tbough cracking star 
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at 8 load level or 1500 kg, it can still carry increments of 

load up to 4000 kg without collapse. 

To eee the effect of poet-teneioning on the dtetrib-

ution of strese, principal tensile stresses at 8 certain 

section A-A (in Fig.-15 and Fig.-16) are calculated for both 

walls at a load level of 200 kg. The result is shown in 

distance rrom edge-em 

(a) ~all 1 

distance from edge
em 

(b) Wall 2 

Fig.-21 Stress di6tributi~ ~~ t~e ~~~~- Q-A at a latera 
10ad ot 200 kg 

Fig.~21 8 and b. Comparing the two graphs, one sees that the 

prihClpal tensile stresses in Wall 2 under 8 load of 200 kg 

0-4 2 ' . i. h are of the order of 1 k~/cm. ~{th post-teoston ng, t e 

tensile stresses of ~811 1 become almost zero. The 200 kg 

in this case is analogous to service loads in real structures 

Thus, the model predicts that, as expectected, prestressing 

masonry elements will decrease i.f:' not elimina'te tensi.le 

stresses. 

As for the model, it gives a realistic analysis of 

the behavior of post-tensioned wallS, since it takes crackin 
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of bricks into consideration. In particular, it gives a good 

picture of the post-cracking behavior of masonry. 

But still tbe model bas its own shortcomings and limtas. 

One is due to the fact that there are to~ many calculations 

to be carried by the computer which introduces the possibility' 

of l~rge round-off errore depending on the number of elements 

and on the number of digits carried by the computer. Usage 

oE first order elements is another source of error. Thus, 

using bigher order finite elements and using double precision 

arithmetic could decrease the error. 

Although the results obtained are approximate, depen

ding on the assumptions and idealizations made in formulating 

the model, nevertheless, it can still "be used as a tool to 

describe and explain the physical behavior of masonry. Tbe 

model can be used iu future research to identify the diffe

rent parameters that influence the behavior and capacity of 

post-tensioned masonry walls. 

It should be noticed that tbe results obtained in this 

st~dy B~e purely mathematical Bnd should be verified experi

meota1ly. An attempt was done to co~pare the results of this 

study with some experimental results obtained by another 

research done at Bogaztci Univer8ity~4} •. Similar qualitative 

results were obtained 8S for the cracking pattern and load

def~ection relationship or post-t~nsioned masonry. A quanti

tntive comparison could not be, done because tll"e material 

characteristics used in this study especially Eor mortar 

could not be obtained for local mortar. 



6. CONCLUSIONS 

--==------=--=--

rru this study a frinite element model is developed 

to analyse masonry walls post-tensioned by external steel 

bare. An incremental-iterative procedure is suggested for the 

solution ot the non-linaar problem. This procedure · can tak« 

intto account tbe non-linear behavior of materials as well 86 

non-line~rtty due to cracking and propogation of cracks. 

Two masonry walls were analyzed, one unreinforced 

and the other poet-tensioned. The follow.i.·ng conclusions can 

.' d r a wn f r l) m the res u 1 t 5 0 f the e e a n a lye e 6 : 

1- In spite of its shortcominas and limits, the model 

giv~8 realistic and accurate results about the behavior Bnd 

cracking of post-tensioned masonry walls, evidenced by the 

following expected observations: 

(8) Post-tensioning increased the strength of the 

m~ sOn ry ~o1all. 

(b) It also i.ncreased t .be ca}!)lacity of the wall after 

cracking. 

(c) Tbe stiffness of the wall W8S found tro increase 

with post-tensioning. That is, displacements 

A "'7 
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under ~ certain load decreased significantly. 

Cd) P08t-t~n8ioning decreased tensile stresses in the 

wall under service loads. 

2- Behavior of post-tensioned masonry is relatively 

linear and reliable especially under service loads. 

3- The model can be used in Euture research as a tool 

of analysis to describe and identify the different parameters 

affecting the behavior and capacity of post-tensioned masonry. 
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APPENDIX r 
===:::=-=::::= 

SUMMARY OF FINITE BLEMENT EQUATIONS 
======~ =:~~~~ =~===== =-==~=~=== 

~- GENERIC DISPLACEMENTS 

where fur- generic displacement vector 

[N]= shape functions matrix 

idt= nodal displacement vector 

2- STRAINS 

If 

tE-1·[67i u ) 

l E:1=*[6J[NJ{d~ 

lG 1 Q [.61l N J 
{E.\ ~ [G] {ctt 

where te1~ strain vector 

[~JR operator matrix of derivatives 

[G}= strain matrix 

3- STRESSES 
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(A.I.I) 

(A.l.2) 

(A.l.3) 

(A.l.4) 

(A.l.3a) 

(A.l.5) 



t err - [D ) [cr'] { d 1 
Ie (s1-[D)[G) 

the n , I cr1 ==- [ S] { d J 

where fer, .. stress vector 

[0]- material matrix 

[S] as stress matrix 

4- STIFFNESS MATRIX 

- · 53 -

W~Q~. ~)_ element stiffness matrix 

(a) Initial Strain Loads: 

T 
{e1E- :II -tSV[G)(D} {(ol dV 

o 

where tr1 - initial strain load vector 
Eo 

and {Eo) ~ initial strain vector 

(b) Initial Str es s Loads: 

~ h_~.frJ ~ initial stress load vector 
q-'o 

and f IJ' 0) =r ini.tial strese vectnr 

(c) Temperature Loads: 

where [ElT ~ Temperature load vector 

(A.l.6) 

(A.l.') 

(A.1.B) 

(A.I.9) 

(A.l.lO) 

("A.l.lI) 

( ) 

(A.l.12) 
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cx.. rna terial tempera ture cone t •. : . 

~T - temperature change 

tDT1- temperature elasticity vector 

(d) Body or Distributed Forces: 

(A.1..l3) 

where tf)b = nodal body or distributed load vector 

{Pb) - body or distributed force vector 

(e) Edge Loads: 

(A.l.14) 

where {f sf" nodal load vector due to edge loads 

and {P 81 a edge load vector 

6- EQUILIBRIUM BQUATIONS 

• •• 
[iC 1 \ d J :+ (c 1 { d ~ + [M 11 d 1 -{ F e x t~ - ~ {f \ 

where [K). ~ystem stiffness matrix 

where 

[c]= co ' stent damping matrix derived as, 

C = material unmping constant 
o . 

t d 1- nodal velocity v~ctor 

[M1- coosistant mass mattix dertv~d ae, 

f - material specific density ... 
td\- nodal accelaration vector 

(A.I.l5) 

(A.I.I6) 

(A.I.17) 



APPENDIX II 

F1NlTE ELEMENT DlSCRE1lZATION OF 
THE POST TENSiONED MASONRY 

WALL 

'!' 

! I i 

1 i I l I 
I , • 

-1--- ~ - - -
i 

-- -, 
J 

i I I I 

I i I 

I --,....--~-;; 

~1 

I 
I 

I I 
. 

: .. 

I 
':~ ·~"""""";4 :c:-:-... 

L 1 J ---ll 
I 

I I 1 JI I 

I 

I I 

I 
II I t 

~ 

th ~ -4~ ...;;., -1* ~ ~ ~ ~ 



\.1s11 

Wa11 .1 

\.1811 2 

No. . of 

e1emente 

183 

193 

No. ot 

unknowns 

466 

484 

Lateral applied 

load - ko 9 

2000 

4000 

Poet-tension 

load · - k¥ 

600 



A PPBNDIX III ===11:1::1=_. __ = 

STIFFNESS MATRIX FOR VERTICAL JOINT 
--~-===Q~ ==~~=== === ===~~=== ===== 

BLEMEN,T ======:::= 

20' -2D' -D' D' 0 0 0 0 n n n n 

-20· 2D' Dr _Df 0 0 0 0 
n n n n 

-D' Dt 2Dt -2D' 0 0 0 0 
n .n n n 

D' -D' ... ·.?O f 2Dt 0 0 · 0 0 
L n n n n 

[tc]. ~ 
Jut 6 

0 0 0 0 2D' _20t _Df Df 
S 6 S e 

0 0 0 0 -2D' 2D' D' -D' 
a e s s 

0 0 0 -D' D t, 2D' -2D' 
8 s S s 

0 0 0 ' 0 D' -D' -2D' 2D· 
8 s S 8 
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APPENDIX IV .-....... ..,. 

STRESSES AND STRAINS IN JOINT BLEMENT" 
====~=== m== ===~=== =~ ===== ==~_==~ 

R~lative displacements at any point x withen the 

joint element of un.i.t length is related to the nodal displace-

mente by the tolloeing relation: 

where f"i~{:a, 
n 

and 

where 

w ~ relative shear displQcement 
s 

w - relative normal displacement 
n 

rd1 a nodal displacement vector 

.fA -D ~. fJ A a 0 0 J [G] 
LO 0 0 0 -A -B B 

A-(l- ~) 
L 

and B- (1+ 2x) y. 

(A.4.1) 

Par 8 mortar of thickness t, the strains can be cal-

cUlated 8S E - w It and ~ = wIt. 
s s n n 

(A.4.2) 



where 

£ - shear strain 
8 

~n - normal strain 
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t = thickness of mortar 

Thus, from equations (A.4.1) Bnd (A.4.2) the strain vector 

will be 

(A.4.3) 

In explicit form {~~ is expressed as 

wher.e d{= ith displacement of the joint element. 

Force per ~nit length was related to th~relative dis-

placements {section 3.4.~) by 

(A.4.4) 

Tb~s for a wall of thickness T the stress ~ector becomes 

~ - shear stress 
8 

«n ~ normal stress 

(A.4.5) 

LD'1 =r material matrix defined in section (3.4.2) 

From equations (A.4.l) and (A.4.5) the stress vector 

becomes, 

(A.4.6) 

In explicit form, 
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IN 
********** ************ *~**** ******************* *********** **** 

T HIS P R ( G RAM f\ A L Y Z E S ~ 1\ SON p Y \~ f\ L SUN R r I N F (j R f F n S I L '

~S POST- TE IS ONF PY XT RNAl 5TFEL A RS . 
TH ANALYS S IS nONE BY rIN! E _ EMF ITS 

********** ******** ********************* *** ***** ' ************* 

CALL REAOn T . 
no 60 1=1, E 
LLO=I 

RJ='AD n T/\ 

DO 65 M=l'~ 
PSLD (M ) =0 . ' 
WRITE <20,LL (PSLO(PJ) ,M::, ,A) 
RKS=4Q53.Q 
RKN=15338. 11 3 
WRITE (6,1' 
FORMA T (1 H' I 1/ C)X" FL EMPNT NOOJ:'"S Af',IO CORREC:;PONn tG con JlJwflFP, 11 0 

1 X , 43 ( , = , ,. I I 18 X , , ELEMrNT , , 1 t:: X , , ~ ' onES , , ~ ox, , rOOF Ntl E, 11 " , 1 27 ( , -, ) 2) , ) 

DO 10 1=1, E 
LD=I 
IF (TYPE(I'.F.G.l •• 0R.TYP[(T).E".4.> CA .L FCSTF 
IF (TYPE( I) • . Q.2. > r LL J TSTF 
IF CTYPECY'.EG.3.> C~Ll ST STF 
CALL JBI\~O (I) ~ 
WRITE (10' D) NC,MS, ~SS, (SM(K) 'K=l,MSS), (NrOnE(L), =, ,!VIS) 
WRITE (6,?' J81\ND 
FOR MAT ( i I I C) X , , R 1\ N n \~ TOT H 0 F K I A T R T X:: , , 15 ) 
NHr.P= (N-JR -NO) *JR 1\ r+JfL ND. (JR"Nn+ . ) I? .. 
WRITE (6,6) IHEP 
FORMAT (IIII~X"SIZF OF S-MATRTX =,,16) 
RLOAO=O.O 
00 20 INCR=l, RR 
IT::Q 
KONTR=l 
NOFAIL=O 



( 

ERATE coof;. NU~AER5 FOR E CH ELEME IT /\t ID r, , FR 1\ Tf 
SYSTEM ST rFN~ss MATnIX 

CALL GENFR 

SOLIE FOR UNKJO"N NO L OFFOR AT 0 

CHEC r-OR ~O~l'JF'GF ICE 

no 30 I=1, I 

K2::LL (1+ , Y 
IF (S(K2). a o.~) GO TO 3 
RMS=(~(K?)-S~(I»/S«2) 
SS(I)=S(K2) 
RNORM=RNORM+ RS(PAS) 
CONTlf\UE 
RR =N 
OELTA=RNORM/RRN 

~H -CK Fon RRTCK ANn MO~T~R F~TlURE 

NCRACK=O t- Jo Fl\tLtJRE TN MORTAR 0 RRTCK IS 
JCRACK= 1. 

NCPACK=n o 4 l=l, J. [ 
NPSLn=o 

NPSLD=O NH N NO PS n S I\ nnE[), OTHFRrJlt:;E oSLO=1 

0::1 
IF (TYPE(I). a.I.> CALL CHKnRK 
IF (TYPE(I>.E .2.) C~IL CHKMOR 
COJTI~UE 

F (NCRACK.NE.O.OR. FLT .GT.EPt:;YLN.OR.NPSLn.NF.O) (i0 TO ?1 
JR Y TE U:', c:;) IT 

FORrJAT (1115X"NO. OF ITERATTO~ IS="I10 
IF (NOFATL.FO.IJ) lAIR TF (6,'~) 
FORMAT (11 1 5'<, ,NO r. CKrNG I J '1RYCI<S on Fl\ LURe:" ~A(')rf' T TH 
LOAD LEVFL') 

- WRITE (6,1 100) 
FORftJAT(I/I'?2X, ,EOGF: .JsoL C ~AE""TC;, ,11140X, ,NOD C.' ,;:>0 , 

1,DISPLACFM NT,) 
DO loOt I=l,NNn 
II=NNODE(I' 
TN=JOX(II) - ) 



PR NT FINAL RE IJL TS 

CALL RESI JL T 
STOP 
WRITE (6,1 on) IT 
CALL RE511L 
FORMAT (/ /t)X, , THE SYSTE M OEe; lOT ("0 VFRGE,) 
SToP 
ENn 



RFf\OnT 
*~****** * * .* ****t*- *********.******* *** .*** ******* *** * * 

SOLJRROI·JTINF RE nOT: R I\OS ~ECH"Nrc L A '0 GF MFTRTC 

PRO ERrIFS OF THE WALL 

REL\O &- PRrf\IT MATF:RII\l PROPERTIFS F()R RICKC;,WO()O,ANO C;TEF 
FT=T NSILE STR NGTH FOR RRTCKS 

READ OAT OR ORT~R SHFA STR~SS STRATN 

READ (5'6) NS 
R F f\ 0 ( 5 ,4) (SHe; T R S ( T. ) , 1=1 , "15 ) 
REI\D (S,4) ( STRA (T),T=l, NC:;) 
NRI TE (n,t) 

AGR 

WRI TE (6,7' (SHST S(T)'SSTRAN{T),t=l,NC ) 
7 FOR~AT (III I?OX" flOPTf\R SHEA C:TPr:C;S-STRL\T I RE 

lR 55, ,1gx, 'STRAI j,11(3X,Glf1.!=), 2X,r:;1fJ. I» 
6 FORMAT (In 5) 

In SHIP ,III " 

RE 0 OAT FOR ORTAn COf\}PPESSt\/E STRFSS-STRAT t nTf\G 

READ (5,6) C 
. E A 0 ( 5 , 4 ) ( en r 5 T ( . ), = 1 , ~A C ) 
READ (5,'-1.) (CO~PSR(I , ::1 ,~~C) 
W R T T E ( 6 , f3 ) ( COP S T ( T ) , co'" r S R ( T ) , I = 1 , M r ) 

8 FORMAT (lHllllll?nX,,~ORT p ~O/PPESS vr: 5T Fsc-STR HE 
1,1117X"ST~ESS"?l)X,,ST I\IN,/(~X,G1 .1),14 ,Gl0.'l/») 



TM=MOfO~TAR TH CK JESS 
I\R=cn SS SECTTOJAL R 1\ OF STE~L n~RS 

REI\O NO AL OI\T NJ=+ OF JO r IT 

XJN=JOINT JMB R X() ,yCT)=XR-Y (')RD 'ATES 
OX, 0 Y = 0 IFF R E E T 0 ~~o VEt I X I Y 0 T ReT 1 () N 
nX,DY=l F suppanTF IN X/y DI"ECTTON 

II=XJN 
IF (II-I) 11) ,102,101 
WRITE(6.1t) tI,! 

1 FORMAT(/1/130X"J()! IT NUMRFR"T5"TS OUT OJ:' ORnER"JoT r U flF "T 
1 , , C;HOULn BE RE l\O . TNSTEAn, ) 
STOP 

2 JOX(I)=O 
JOY(I)=O 
IF (OX) 10u ,103,1 4 

3 N=N+l 
J OX(I>=N 

,~ IF ( D Y ) 10., 10') , 100 
N=N+l 
JOY(I>=N 
CONTINUE 

nEST AND NOD -liD ARE C)T L At!r) wa nD N()Or::S THf\ SHI\RF THr S" IE PO TTT 
OPRD::1 IF REt\OING S ·~ UL END 

K::O 
REI\D (5,6) NODEST, OnE n,STOPRn 

K=K+1 
JOX(NODEC;T)=JoX(~OnEwD) 
JOY(NODEST)=-JOY(NODrWO) 
IF (STOPRD EQ.O) GO TO 141 
K=2*K 
00-160 t=l'NJ 
IF (JOXCT).GT.O) JOX(I)=JOX< )-K 
IF (JOYC ).G .0) ,Joye '=JOy( )-K 
IF (JOV( ).LT.O) JOY(!)=JOy(I) K 

o CO TINLJE 
=t\J-K 

no 150 I=l'NJ 
WRITE (6'1~~) I,'«I),Y(I),JoX( l,JOY(T) 
FORMAT <It ,?FtO.2'? 1 I) 



~RTTE (fH20) N 
FORMAT (III 15X" 411 Rr-n OF liNK nN~IS= ,,15) 

READ ELF: FJT f) T 

READ EDGF lODES 

REl\D (5 ,F..,) NNr) 
REAO (S,6) ( NOOE( ) ,I= , I ) 



PRrSTRESS LO 0 ! 
WOOD ELEMEI'IT 

PPL I ED "S A COf'..~PREEcS I Ir=' LO 1\0 0 I H 

~ READ (5,4, Nn=130) PRSLOn,RNODF,n R 
NNR=RNOnE 
SAYN=l. 
SAYN =1. 
IF (OIR.lT.n.) SAY t=-1. 
IF (OtR.LT.O.> DIR=-ntR 
IDIR=DIR 
GO TO (1?O'121),InrR 

n tI=JOX(NNR) 
GO TO 122 

1 II=JOY(N~!R) 
? IF (J I • LT. fJ ) I 1=- T r 

IF (I I • LT. ) C;" Y J=-1 • 
PLOAO(II)=PLOAn(rt)+PRSLOD*SAY~*SAYNl 
GO TO 123 
RETURN 
ENO 



APROX 

*********** ******* *********** .*** ******* .************ *** ** 

********~** *** **** *, ** . *** ***** ***** ******* ** '********** 
SUnROUTt E APROXK(R,rONT) 

COMfJON CO~P R(1!') ,r:OMP (10) ,Jf)X(300) ,JOY ('"t.OO) ,I.L(t"::e;n) 'NFI\ L(~n('), 
) 'NOOE(3!')()'4) ,PLOAn (E 00) ,5(200"0) ,C;HSTPS( n) ,SSTPAf\!( 10) '~~}(~r" ,Tv 

2E( 00) ,X(3 0) ,y()OO) ,NCOnrCR) 
CO ~rJON An, RR,ESTFFI.,EWOOO,FT,r-~ X,GvI J,TNiNOr;,JQI\ In,K TP, r,~ "v" 

l' MC , ME, Me; , MSS , N, NC , NF , NHEP, NJ,~ ' F T. L, NPR I t-..!T , NS, R T Nr'D , RK j, RKS, R un 
2,R UWOD,T,THETA,T 
DIMENSI()~1 'CCOOR( 0) ,YCO()R(10) 
XPR=R . 
NN=NS 
DO 10 J=l, IN 
YCOOR(J)=SHSTPS( ) 
XCOOR (J) =cST AN LJ) 

F (CONT.EQ.?) GO T() ~1 
NN=~C 
00 20 J=1, NN 
YCOOR{J)=C'MPST(J) 
XCOOR{J)=CO PSR( ) 
IF (XPR) ?2,23,?1~ 
SL()PE=YC~0~(2)/XCO()R(?) 
GO TO 35 

') XPR=-XPR 
o 30 J=1, !N 

K=J 
IF (XPR.GE.XCOf)RCJ). Nn.K <;E.f\JII I ) G() TO 3? 
I F ( X r R • • x 0 () R ( .J). N n • x p P. T. X ron R ( J + 1 » GOT () 3 
r.O TINUE 
SL PE=(Y OnR(K+l)-ycnOR{K)}/(Xr'00R(K+l)-XC~OR(~») 
GO TO 35 
SLOPF.=<YiO'RCK)-YCOOQ(K_l »/{XrOORCK)-VCOO (K-l) 
IF <CONT.Et:\.l.} RK,-cIOrE*T/T~ 
IF (CONT.E .2.) ~KS=SLOPE*T/TW-

ETURN 
END 



I\NOX 

********** ********~*** ************** *** ***** * * * ** * *** 

ROUT NE JnANOX: CALCULATES 81\Nr" InT'- rOR C;yC;TJ:"M J: TR T)( 



STF 

**************~**** ** ****************** *** *** ** .********** 

ROUTINF RECSTF: GFNERATES RFCTANGULAR ST FFNFt""S MATr> x 



r 



JJTSTF 

*********** ********~********** *** ******** 

SURROUTrNE JNT5TF: GFNERATFS J~I T STlrFN'~S ~ TR X 

******* ******* ***************~*********** ***~******* *** ~***** SUBROUT I tlE JNTS TF 
COM M 0 NCO tJ J.> 5 R ( 1 11 ) , C ()~" PST ( 1 n ) , J f') X ( 3 0 0) , JOY ("~ 0 0 ) , L I (C) ') ('I )' f= T (; n, 

1), 00E(300'4) ,PI.OAO(600) ,5(200"0) ,SHSTPS( ) ,SSTR ('0> ,<:~J(;6), y 
2E( 00) ,X(30 0) ,Y(300) ,NC OFCA) 
CO~MON AR,EnR,ESTF.FL,EWOOn,FT'~~AX,G~I~t'I OO,JRA n,KO TO,LO,MA 

l'MC'ME,r..1C::;'~TSS'N'NC'NF,NHEP,NJ' 'OFI\Il ,NPRI IT ,NS,RT !fP,pKt--! ,pKC;,RMUn 
,RMUWOD,T, H TA,TM. 

=LO 
NC=4 
MS=B 
MSC:=36 
RK1=RKS 
RK2=RKN 
Jl::NOOE ( , ) 
J2=NOCE(T,?) 
J3=NODE ( T, ) 
RlENG=X(J2)-X{Jl) 
IF-CA8S(RLENG).GT.O.I101) Gf') TO 15 
RK1=RKN 
RK2=RKS 
Rl NG=ABS (Y (J. ) -y (J1 ) ) 

~ DO 10 J=l,16 
o S (J)=O. 

SM(1)=2.*RKl 
SM(2)=HKt 
SM C 3 ) =-C:;~1 (2 ) 
SM(4)=-<;M(1) 
SM (g) =S~q t ) 
SM(10)=-SM(t) 
SM(11)=-SM(2) 
S~ (16)=S~(t) 
SM(17)=S (~) 
SM(2?)=SM(1) 
SM(27)=?.*PK 
SM(2A)::RI<2 
SM(2Q)=-SM(?I1) 
SM(30)=- M(27) 
SM(3t>=SM(27) 
SM(32)=-SM(27) 
SM (33) =-S~.1 (2A ) 
SM ( 34 ) =5 · U)7) 
S (35)=5 (?A) 
S ~~ ( 36 ) = S ~ (') 7 ) 
RK=RLENG/6. 
no 20 J=l'~SS 
SM (J) =RK*C;~I' (J) 
IF (ABS(X( ~J;:>}-XLJt».GT •• n()l) RETURN 
SM (2) =-S'j ( 1 ) 
SM (4) =-SM c~ ) 
s ~ ( 10 ) = S ~~ ( I~ ) 

SM(17)=SM(") 
SM(28)=-<;M(27) 
SM(3()=-SM(2Q) 
SM(32)= ("iO) 
SM(35)=S (?~) 
RETURN 
ENo 



,STLSTF 

~********************* . ***~****** ******* * * *** .** ** ** ** * 
SUBROUTI~E TLSTF: GENER TES FF 5 MATRTX 

**************** *************** ******* *** ********* ****** ** SURROUTr JE STLSTF 
CO~MON COMPSR(lf) ,C() ~JPST ( Q) ,Jn X(300), Oy(~OO) ,LLP;c;n), 'rl\ . (~no, 

1), OnE(30Q'4) ,rL()AD(60 ) ,5(20010) ,SHST S(1(') ,Sc;TPI\ 1(10) ,SM(~6),T 
2E(300)'X(300),Y(~OO),NCnnr(A) 

COM ~ 0 N 1\ P, -n , E <; T F F.: L , E WOO r) , F T , Ii~), 1\ X , (1 ~ T f'.' , T 1(" NOD , J P f\ I [l , K 0 , T P , L 0, A 
1,MC,ME,MS,"'JSS,N,NC, JF ,N EP,NJ, 'OFI\ L, f'Rt fT ,NS,RT f("P,RKI\' ,PK' , . tJ 
2,RMUWOO,T, HETA,TM 

NC=2 . 
~<;=2 

SC;=3 
1= 0 
Jl=NODE(I'~) 
J2=NOOE( , ) 
RLENG=Y ( ,J2 ) -y {J 1 > 
CO=ESTEEL. ~R/RL~NG 
5 (1)=1. 
SMC2>=-1. 
S~(3)=t. no 10 J=l,MSS 

o C;""CJ)=SM(J)*C 
RETURN 
E D 

.. 



******************.************** *********** . ********* ** ******** 

5URROlJTTNE GENF : GE IER TFS SYSTE ST FFN S5 Mf\T TX 



70 CONTINUE 
qO CO TINUE 

IF (KONTR. Q.O) Gn TO 3q 
\~EIGHT=O • 
DO 50 I:::l,TNCN()O 

50 WE I GHT=\~JE I GH +1 0 I\DNn ( I , 2) 
DO 60 I=l,TNCNOO 
NN=LOADNn (I) ,1) 
NUM:::JOX(NN 
RR=LOADNn ( ,2) 

60 PLOAO(NU~O-PLOI\O( UM)+RINCR*RRI F.I(;HT 
KONTR:::Q 

39 DO 40 1=1, 
LO:::CI-l)*LJS+J8 Nn+t 
IF (I-(NJB~l» 4~,4?'4t 

41 LO:::LO-IUCGEN(!) 
42 S(LO)=S(LO)+PLO~n( ) 
40 CONTINUE 

o lno I=l'MJ:: 
LO=I 
REl\o Cll),L f» NC, S,fJC)S, (S~A(K) ,'~=l,MSS), ( crOE(1 ), =l,VS) 
REO"D (20,L ,.) (P5LD(KK) ,KK=l ,~) o 80 M=l, C; 
IN:NCODECM) 
IF (IN.EG. O) GO TO AO 
PLOAo(IN)=PLnAOCINl-PSLD(V) 

80 CONTtNUF.: 
00 CONTINUE 

RETURN 
END 



J .GSEL 

**********************************.***~***~*** ******* ** ******* * 
SUBROTltE GSEL: GAUSSIAN F:LIMTNI\TTO PROr. c:;s 

*************.**********~********************* *** . *** *** ' ******** 
SU ROUT I~JE . GSEL 
COMMON COMPSR(lr) ,CO "PST(ln) ,Jf)X(30Q> ,JOY(~OO> ,Ll (C)c.;f')' 'J:'ATL(3nn,. 

1), OOE(300,14-) ,PLn f)(600) ,S(?OO"O) ~('"HSTnS(10) .Sc::;rRA 1(10) ,<:;PJ("~n) ,TY 
2E(300),X(3QO),Y(300),NCO rCA) 

COMMON AR, EAR, ESTEFL, Ewoor, FT, r:fv1AX, G~ If\ , TNC'NOO. JnA~ln, yt N R, Ln, ")A 'I 
1,MC,MEdJ,S,~SS,N,NC, JF, HEP,NJ,f\'OFATL,NnRT IT, S,~T.Ntr,pK ' ,RKS,PMUn 
2' RMU\~CO, T, THET A, TM 
OIMENSIO~J 1 (20010) 
EQUIVALE ICE (S,l) 
JB=JQANO 
NE=N-l 

l=N+l 
NL=N~l 
NM=O 
JAE=J8-
NJJ=N-JRF 
ND=JRE+l 
LL(l)::Q 
J2=O 
JCnR::O 
no 4 1=1' 
Jl=J2+1 
IF(I-NJJ)41,41,4~ 

41 J2=Jl+Nn 
GO TO 43 

42 J2=Jl+NL-I 
43 00 100 J=Jl.J2 

JCoR=JCOR+t 
00 Z(J)=Z(JCOR) 

J3=J2-1 
J =J3+Jl 
no 44 K=I1'J3 
J=JA-K 
IF (l(J» '50,44,5 

4/~ CO JT I NUF. 
sO LX=J-Jl+l 

IF (LX+I-LL(I» Sl'~ ,~2 
5~ LX=LL(I)-l 
5 JT=J3-JI-L +1. 

IF (JT) 40'4 ,51) 
55 JP=J3+1 no 56 J=JP'J2 

K=J-JT 
56 Z(K)=Z(J) 

J2::J2-JT 
40 LLCI+l)::LX 

NX=O 
00 7 I=l,N 
NX=NX+LL(!+l)+l 

7 LL(I+l>::tlX-I 
X=LL(N)+N 

NY=N 
Nl::NX+l 
NT=NZ-NY 
00 10 K=l,""E 
NAK=LL(K) 
KK=NRK+K 
Q::1 .. 17(KK) 





.CHKMOR 

*********************************+*********** *** *** *** * *** ** 
SU~ROUTI 

*************~******************* . ******* *** ***********~******* * SUnROUTINE CHKMOR 
COMMOf\J COMPSR(1Q) ,~O ~"PST(10) ,J"'X( OO} ,JOYC~OO) ,LL(c:;~n)'N A L(30n,? 

1) 'NOOE(300'4) ,PLOAD(60("\) ,S{200 n O) ,SHSTPS(1 ) ,SST f\ 1(10),S ·(36) ,TYP 
2E(300),X(30 0),Y(30n),NCODF(B> 
CO~~ON AR,FAR,ESTEEL'E~OO ,FT,~~ X,GMTN'IN~NOr'JR~ J ,KU TR, n,~AXc 

1,MC,ME, S,MSS,N,NC,NF,t-.,HEP,NJ, 'OFf\TL, oRIN ,N ,RTNr: ,RK N ,R~S,P~I)PP 
2,RMUWOD,T,TH TA,TM, NCRACK 
COM~ON LOA 1NO(1f),;>') ,nELTA,FPSII N,N~ 
DIMENSION rEF(A),nF{A) 
NREG=4 

REP=O 
IF - (NF.EO.O) GO TO t 
o AO 1=1, IF 

IF (NFAIL(T'1).EQ.Lf).AN .NFAIl(I,?).J="Q.l) ETUR 
sO CONTINUE 

1 READ (lO,l' ) NC,f\1S,~"C;S, (S M(K) ,1<'=1,~1SC;), (NC"OE(L) ,L= ,~.~ - ) 
00 10 1=1, 5 , 

~~~~t6D~tI) 
IF (IN) 10,'10,11 

11 IX=LL(IN+l +IN 
OEF ( I ) =5 ( t X ) 

o CONTINUE 
Jl=NODE( 0'1) 
J2=NODE(LD'2) 
J3=NODE (t. f) , 3 ) 
RLENG=XCJ2)-X(Jl) 
RLENG=AAS(RLENG) 
IF (RlENG.LT.O.OoOnl) GO TO ?4 
CO=6.t/RLFNG/T 
RK1=~PJ(f'-)*CO 
RK2:S~(2A) CO 
GO TO ?3 

24 RLENG:Y(J3)-Y(J1) 
RLENG:ABS(RLENG) 
DF(l)=DFt(~) 
OF(2)=OEF"(7) 
nF(3)=OEt:"(Q) 
OF ( L~ ) =0 F ( C) ) 
OF(S)=-DEF(2) 
DF(6)=-OEF(3) 

F(7)=-O F(4) 
OF(8)=-D F(l) 
no 12 I=1.'~ 

12 DEF(1): F(T) 
CO=6J./RL NG/T 
RK1=~M(30) co 
RK:>=SM(4)*CO 

3 SHEAR1=RK1*(nEF(3)-OEF(?» 
SHEAR2=RK1*(OEF(4)-n F(l» 
SHERAV=ARS(SHE~Rl+5HEA 2)/,. 
SHSTRN=SHERAIIRKt . -
COMP1=-R~2*(nEF(7)-nEF(6» 
CO~P2=-RK2 (OEF(n)-D F(S» 
CO~PAV=(CO ~Pl+C0MP2'/2. 
CMSTRN=-CO~PAV/RK' 
IF (NPR I rt. EQ • 1) t;() 



o 

Sf F R 

Hf:" P 



I F ( N P R I" J T • E Q • 1) IN R T E ( 6 , ~) L n , p N "1 A X , P I ~ I , CO"" P A \j , pc::: H M A , P H I\J , 
IHERAV,C~STRN,SHSTR 

5 FORMAT (3X'I5,B(lX,G12.6» 
RETURN 

SO WRITE (6,6) 
6 FORMAT (/1110X"THE C:;YSTE~ COLI APSFS UNDER TH S L<'0"O.) 

STOP 
ENn 



.CHKBRK 

*************~*************************** *** *** *** *** ********* 

S BROUTIN CHKRRK: CHECKS FOR 8RTr.K Ff\ LUE 



I 

.PSDLOD 

********************** ***************** ***. *** *** * * . *** * ** 
UAROUTINE PSOLOD: PPLIES NOnAL nSFUnOLO~DS nUF TO RR CK CP KING 





.RESULT 

*.********** *** **** ********** ***** * ** ******* *** * * ** 

5US ROUTI E ESULT: PRINTS FT" RFC;IJLTS 

************ ******** ********* *********************** **** * COMfJON L A Nn (1 ,2), LA, PS . , , PSI (7'), 'P Ln,! , Nt-
l' N JODE C 3 } 

JPR INT= 1 
WRIT (o,t) 

1 FORMAT (1H1,11111C)7X"FI AL nES'LTS,I"v,1,C,=,» 
WRITE (6,2 

2 FORMAT (11'~6X"STnF:SC;EC; ANn STnATNS FOP FU~TCK J:"LF ~t'TS'/4oY,~ 
1 ) I / 1 q X , , C; T RES 5 _ S I - Y 0 I R F C T T 0 ~'S , , I~ X , , S T P A I C;! '1- Y r r? F" r T T () 
2,qx"PRI~, CTpJ\L STRFSSES,/3)("E'E. N()."1X,,RE "C)v"sx" "cv" 
3X, ,SXY, ,RX' ,EX, ,g,!(, ,Fy, ,qX"EXV, ,gv, ,1, ,10 , ,2, ,7X, ,THFT , ,6X, ,T~ 
4 X '/1X,127( '=,» 

00 10 1= , F 

'tP=lTYPE ( I
K
) • JE. .) (;() TO 1 

CALL CHK R 
10 CO TINUE 

WRYTE (6,1) 
WRITE (F,,3' 

3 FORfJI\TCI14'X"STRESC:; S AN STRI\I S FOR MORTAR r:Lr~F ITc'I'! ,t OC,= 
1, ) I 1?3X, , NORMAL STRFSSF"S" 30X, , SHF ~R STRE~C:FS, /1 "i, , [I r~r IT 10.,,5 
2' , ~ A X , , 1::> X,, 1 N " 0 'I. , , A V r P " G F , , lOX, , I,}. A V. , , 1 ? X , , M ., t , , 1 () X " V ERA G " 
3X, ,E-NORMAI , ,7X, ,E-SHEAR,/1 X,1"'7C ,=,» 

DO 2n 1= , 
LD=I 
IF CTYPE(Yr~ .• NE.2.) Gn T 
CALL CHKMO-.: 

20 CONTINUE 
WR TE (6,1) 
WRITE (6,4' 

4 FOR MAT ( / I A X , , S T RES S f SAl S T nAT S r= () 0 TEL R , / l~ X, ~ r. ( , - , l / / ~ 
17X"ELEMENT 0, '?'~ "STRESS" "x"c:;rJ11\ ,/ X'1 7(,=,» 

no 30 1=1 ,~AE 
T F (TYPE C I ) • JE. 3 .) r, T 3 
LD=I 
REFAD (In,L') NC, C, SS'(S. (K),\(= ,~~SS),( C (') ( ~ )rl=l''' - ) 
I (AR.F. •• ) 555=0. 
IFF (AR.E •• ) OEL=O. 
T (AR.[Q •• > GO TO 3 
00 3 J=1, S 
SAYN=l. 
DFF(J)=tJ. 
IN=NCODEeJ) 
IF (IN) -32'31, 11 

3? IN=-IN 
SAYN=-l. 

11 IX=LLCI +1)+1 
nEF(J)=S(I ) 

3] co TINUr 
DEL=<OEF(2)-nFF(1» SAY l 
Jl=NOOE(I,l) 
J2=:NOOE(I''') 
RLENG=y(J2)-YCJ ) 
DEC=OEL/PLFNG 
SSS=DEL*FSTEEL 

33 WRITE (6,'5' 1,555, J 
FOORMAT C40 X,15,2C20 ,G16.(» 

30 C NTINUE 
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