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!\Ei STPACT This paper is prepared to establish a concept which is 
intended to take a role in predicting the mechanical 
properties of masonry prisms, focussin g particularly 
on the uniaxial strength of prism piers. 

As far as we know, there are many factors affecting 
prism strength. So me generalized concepts are 
necessary and the concepts should be a function of the 
various factors concerning basic materials. 

In this paper, ' Biaxial Stress Coefficient' 
pri mary concept, is proposed in order to 
uniaxi a l stren Bth. A method of prediction 
possi b le ran ge of efficiency are discussed 
various experimenta 1 results. 

as the 
pt"edict 
and the 
a gainst 

1. HJTROD UCTI Oi',j 

The structural performance of load bearing masonry buildinEs is 
greatly influenced by the quality and properties of com ponent 
materi a 1 s. Pri sm strength has been esteemed as the most 
i mportant property in the des i gn of masonry structures, anel man y 
experi mental and theoretical studies have been done. 1) _6) , 8)_ 10) 

Some fundamental progress in the theoretical aspects has been 
:nade in the past studies. However, their actual application to 
t he desi gn of structures and the development of necessary basic 
ma terials are left in an insufficient state. 

2.1 ,l'l, ssumptions 
Pr ed iction of the unia xial co mpressive stren gth of un 8routed 
masonry is conducted on the basis of the fol lowing assumptions in 
this reporto 

(1) All the parts of masonry are completly elastic until fracture 
occurs in some of th ese parts. (linear fracture mechanism). 

(2) Th e bia x ial stra ins of th e compon e nt s of masonry ha ve t he 
same value and their distributions in the t wo parts are uniform. 

( 3 ) T h e b o n cJ b e t VI e e n uni t s a n d j o i n t s i s c o m p 1 e t e i) n d n o 
f r actures occur at the interfaces. 

2. 2 Basic Egu ations 
Thc r e lations h i ps bet ween stress an d str a in of t he two 
component s, ma sonry unit and joint morta r, are shovJn as follo \'Js: 
In r;w sonry unit, 

E ul = L (l1 ul - 2,uu l1uz) (1) 
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1 
€uz= €u3= Tu (-/.lu O"ut+1-/.lu O"uz) 

In j oi nt l'iorta.r, i n t he sar1e mannel~ , 

1 
€ J1 = T. ( O" j 1-2 /.l J O" J z) 

e J z= € J 3= i (- /.l j O" J t+ 1 - /.l J O" J z) 

(2) 

( 3 ) 

(4) 

The un i ax i a 1 stres s anc b i ax ia1 st r a in s of the b:o pcrts are 
OJviously equa 1, and the fo l10\'/ i n2, eq uat i ons Cél n be obto. in ed on 
the basis of the assu mp tion. 

O" I = O" uI = O" j I (5 ) 

e Ih= e uI· hu + e J I • hJ ( 6 ) 

O" uZ • hu + O" J Z • h; = O (7) 

€Z=€uZ= €H ( 8 ) 

/IS the \'lho 1 e i'lasonr'/ , the fo 11 O\!i n ~~ eq uat i ons CC. r! he s hO\"m . 

(9) 

(10) 

Frord the ?[yov e t en equo.t io ns , Young1s : :00u1 LlS an e' !;oisscn's f\ atio 
can be cé'lcul e:tec! as follo\'is : 

(1-/.lu) ex.8+(1 - /.l; )(1-.8) E r,:= (1-/.lu).8+ (1-/.l;) (1-.8)z+ {4/.l J /.lu +(1+/.lu) (1 -2 /.lu) ex 

+(1+/.lJ) (1-2/.l J )x ~} .8 (1-.8) 
(11) 

/.l; O - /.lu) .8 + 0- /.l j ) /.l u O - .8) 
/.l=- (1-/.lu) .8 2+ (1-/.lJ )(1 - .8)2 + {4/.l J /.lu +( l+/.lu) (1-2/.lu) ex 

+ O+/.lj) 0-2/.1j)x ~} .8( 1-.8) 
(12) 

In the sane ma nner the biax i a l tensil e stre ss 2 nd th e un i ax i ul 
strain of the r·ldsonry unit are dedu ced as follm'!s : 

~ .8 ( /.l u ex - /.l J ) (13) 
0"1 - .8( l - /.lu) ex + 0-.8)( l-/.l J ) 

~'1 \ {(1 f ,!!;; ) (l·2'!! u ) ex+2tIu tIj} .8 + (1 -/.l 1 )(1-.8) (4) 
O",/Eu= (l-/.l u ) ex.8+ (1-/.1J) 0-.8) 

The b i ax i al ten sile stress a nd the uniaxial strain of jo int 
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nortar con f i ned in na sonry a r e as follo ws: 

~-
11 J -

(l-fi) (IJu a--IJj) 
(l-IJu) a-fit(l-IJJ ) (l-fi) 

{ (lt IJ J ) (l - 2M J )t 2M u IJ j a-} (l- fi )t (l- IJ u) fi 
(I-IJu) a-fi+(l-IJJ) (l-fi) 

2. 3 Stress in T\'/o GOrl onents 

(l5) 

(l6) 

In the Ec;uations (E) ano 15), \,! hcn a- is great e r thanIJj/IJu, é\n G 
i n t h e ;.>, e n e r a 1 c a se, V! h e r e t h e Y o u n [; I S I i o c1 u 1 uso f t h e j o i n t 
r:lOrtar is s n:J ll c r than t na t of t:le ma sonry unit, the b i ax ial 
str e ss is tensile in th e: :n asont-y units a nd co mp ressive in the 
joint mortar layers. 

The stress d irection, t he rcfore, can be su mm urized a s shovm in 
Ta ble 1. 

In c ase of a-~!JjIIJu , stron ge r ma sonry units are supposecl to be 
us ed c.nd tensile biaxi a l stress \"Joul d occur in clay bricks and 
ccncrete b locks. The amount of this stress can be estil!1ated on 
the basis of Eq uation(1 3). Jn the o th er hand, joint mortars 
mi Gh t be tri-comp r e ssive stl-ess con c itions. The uniaxial 
cOITlp r e ssi v e stren rr th of ma sonry cou 1 d be supposed to be the 
r:1 ini mum v ô. lue of both the r ed uced cor:lp ressive strengt h of units 
by the uniform biaxi a l tensil e stress and the increased va1ue of 
joint rnortars by the uniforf'l bia xia 1 con;pn:~ssive stress. 

2. 4 Criteri a of Fr acture 
nie frac-curo cri te riél of iT1él.sonry co:nponent r:laterials have bee n 
d iscll ss'C!o f or a 1 0 n; t i r.1C ano several eq uations have been 
pro posed. The detail ed da ta af experi ne nts, how2 ve r, ar e not so 
suí-ficient that an aiJ) l-o pri at e sir.lp le r racture crite ria rn i gh t be 
p r o r o s e dto e x é: r ~l i n e t h c f. c n c IA a 1 te n d e n c y. I 11 t h i s p a p ,2 r, t h e 
fo ll m! in ~ ~:q u a tions cou1 d bp Pl-oposed. 

In uni ,:: xi a 1 cor:lp r.:~ ss iv e and hi a:< i c l ten si'ie, 

(17) 

In uniaxia1 cO::':J r ess ivc c nd ~ i axic l c Oilp r ess iv e , 

(18) 

in \'!h ic !~ , 1/kt i s a c; utility f cc to r of m~tet'ia1s as s hm·m i n 
ft/fe . :~ c is a constô.nt '.'ih ic h s ho\':s the incre as in ,3 trena of 
cor'1p ress i ve stre nz t h b~1 l.J i ax i a 1 COrl! )ress i on. 

3. p r·;. E D ICTI C : ~ CF Ui,jI /\X I /\L CO: · 1 P F~ ESS I V E STf.( ci"o:GT:! 

3.1 Eguation s fo r Pr ediction 
TiJe co r.lp r es si vc stren g t h of t hc cOr.1 ponent ::lê\ter i a 1 un de r both 
un i axia 1 corlp r e ssion anel bi ax i él l tension can be sho\'! n as fo llo~'/s, 

Ft = fc/(l+À Kt) 
À= 11z/I1 J • Kt= fcl ft 

- ----- (l9) 
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where A can be estimated by Equations (13) and (14). 
At the same time, the compressive strenz th of the other component 
ma terial under tri-compresion can be predicted by the follo\'/ing 
equation. 

------ (20) 

,"'.s a conclusion, the prism strength of rnasonry can be predicted 
as the minimum value of the two values obtained by Equations (19) 
and (20). 

3.2 Evaluation of Siaxial Stress 
As shown in Art 2, the Biaxial stresses occurrec! in the tlvo 
components can be evaluated on the basis of Equations (13) and 
(15). These h/o equat i ons conta in the sarne part and they can be 
rewritten in the fo 11 owi n[ s. 

(1 uz = PA (1 I 

(21) 

(22) 

(23) 

Therefore, the biaxial stresses can be represented by A. The 
coefficient 1\ is determined by the mechanical properties of the 
two componen t materials. Figure 3 shows the relationship 
f) e t \/ e e n t h e c o e f f i c i e n t A a n d t h e Y o u n g I S mo d u 1 u s r a t i o 
sch (:~:. ; êtt ic",ll y. nl e physical meanins of this coefficient, as 
shown in Figure 3 , should be the difference between the biaxial 
stresses in the two materials. At the interface a certain amount 
of shear stress could exis~ Hhe n this coefficient A is greater 
than a certain value which could be determined by the bond 
s t ren gt h be twee n the h/o, a di ff ercn t rractu re me c h an i s m rn i g ht 
happen from the assumption shovln previously in Art 2. This (l" 

therefore, could be called "Ei axial Stress Coefficient". 

In Figul~e 3, this coefficient has both the rn axi f'1 um value ano 
minirnum one. These values are shovm as follo\'/s. 

A Pu A' PJ 
max= PU-Pu)' mln=-(1_p)(!_PJ) (24) 

where, Amax or Amin are dependent upon the Poisson's ratio 
of masonry units or joint mortars respectively. 

3.3 Procedure of Prediction 
On the basis of the above discllssions, the uniaxial strength can 
be calculated. The fundamental procedure of calculation can be 
shown as follows, 

(1) Calculation of a biaxial coefficient from elastic constants 
of the two components. 

(2) Calculation of uniaxial strength from both the biaxial 
coefficient and the fracture constants of the two components. 

A schematic relationship between uniaxial strength and biaxial 
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stress co e ffici e nt is s hown in Fi g ur e 4. As sho~ n in this 
fi gure, the i1 axi mum valu e of prism sti~ e n zth can be obtained , if 
t he biaxial coeffici e nt 1\ ca n bc c hosen rlost appropriate l y. ,". t 
t llat ti me ,D" ano unia xial stre n(3 t h sila ll be shm'm as follo '.'!s , 

Aapp= ---':;;-r-~f-,,-c ,,-u +--;-;-~f c"::'J'-;,----=----:;-_ 
(1- {3)fcJ Kt.u+ f3 fcu kCJ 

Fmax= r - (I - {3)K cJ I {3 Kt.u 
l-(1-{3)K cJ I {3 Kt.u • fcu 

4. COi,;PP.id SOfIS l1 I1H E X P[ ~n iiEnJ',L i< ESU LTS 

4.1 Expe ri mental Ex~m in a tion Gaseo on Past Data 

(25) 

(26) 

Th e expe ri r;le ntal examination of th is t he ory shall require th e 
p r e c i s e e x p e r ir:l e n t al )" e sul t s v/ h i c h d o n ' t o n 1 y i n c 1 u d e t f; e 
strens th properties of components but also contain t he various 
e l as tic constants. Suc h a comp l e t e experimental r cs ul t co u l d not 
be found in the past expe ri ments exc ept R. H. Grown's. 

Fi Gure 5 sho\'ls the relati onsh ips beh/een the unia xi a l cOií lp r ess iv e 
st ren gth of brick rnaso nry pris ms ~'lflich include 3 kinds of bri cks 
and ::; kind s of joint rno r tars . The pris m stren r, th incrSilses as 
decreasinG in b i ax i a l coefficient A within a ce rtain r a n ~ e of A, 
but t he stren Gth be[ ins to decréase fro m a c e rtain po int 
accor d ine to the f urt her de creas e o f A. Th is exper i menta l 
ex aril in a tion sho\'!s that t he r e l t\t ionshi ps bebo/cen rris m s tren s th 
ànd the oio.xial coefficicnt sha ll have a rea l: \'!h ich l "' i ~; ht be 
c o r r e s p o n c: e dto t h e In o s t a p p r o p r i a t e c h o i c e o f c o fi] p o n e n t 
materials. That is to S(\ y , this point means Aapp a nel Friax 
phys i cJ.ll~/ . 

The t heoretical calcul a tion can b e approxi mat ed t o th e 
experi mental results fait'l y v/el1. Ho\'/e ver some d isé1 Gre emen ts 
betv/een these t,,'iO v a lues rlay also be discovere cJ . '(his m i ~ht ce 
exp lained on the basis of the followin gs. 

(1) In th e re g ion of hi Zh abs olute values of A, sh ea r str e ss 
could wor k on the vicinity of the in te rface of th e two compon e nts 
J.nd thc amount of t he stress in i Gh t i ncrease beyon d tll e strensth. 
(future pro b lem in t heories) 

(2) The strength of joint r.1o rtars coul d increase ciue to suction 
of water into adjacent bricks. (future problem in expe ri me nts ) 

Fror.1 the fund ame ntal tr e nds, t h is e xper i me nt offer ed t he good 
correlation for this th eo r etic a l consi de ration particulJ.rly in 
qualitative aspects. Further nec essary stucli es s houl d be carri cd 
out theoretically and experimentally. 

4 .2 Possible Range of Prism StrenRth 
As mentioned above, t he possible ran ge of uniaxial prism strength 
can be determined. Fi gure 6 sho '.'/s both the upper li mitation and 
the lowe r one of the r at io of prism stren gth to unit s t ren g t h 
a guinst the ratio of joint stren gt h to unit stren z th. In this 
fi g ure, the upper li mitation could be calculated fro r.1 the 
equation (26), and the lo\'/er li mitation could be esti mated as the 
prism strength correspondent to Am in or as the uniaxial strength 
of joi nts. That i s to sJ.Y, actua 1 cases can be 1 i n: ited to 
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when units &re stronger th~n joints. 

In the above ciscussion, the case of beddinz fully nas been 
;11entlOnea. The actual cases, hov!evel~, contain partially bedded 
priSi;!s. In thQse cases, it should be noticed that the prisr1 
strength ~izht be reduced proportionally to the ratio of the net 
arca élgainst the gross arca of prism specimens. 

Fi:;urc 7 shows the ilctual distt'ibutions of this I~elationship in 
thc past experimental rcsults. These results could be confined 
within the ranJo pre~icted on the basis of the susgested thecry 
in thi s pi1pel~. 

A simple theoreticill examination has been done to clear the 
cO!1plexec f '2élture of uniaxial cO~.lpresivc strength of various 
tyrcs of uncrouted masonry. fiasco on the resu 1 ts of the 
e x a 11 i n él t i o n r:1 e n t i o n e c: 2. b o v e , t il e f o ·1 1 o VI i n g c o n c 1 u s i o n s c a n b e 
dra\'Jn. 

(1) The end of a threéld to preciict prism strenf,tI1 could be 
discovered, and a further precise experimental and theoreticéll 
exanination mizht give a cor.lplete solution. 

(2) Giaxial stress conclition caule be represented by Llsing the 
concept " ::iaxial Stress Coefficient" as a CO~i1L1on sCôle for 
biaxial stress. 

(3) The fluctuated value of prisi71 strensth could be explaincd 
briefly anel L~enerally hy usin;-: the concept or biaxial stress 
coefficient -FrOnl the e::perimental délta of the elastic constants 
or CO:;l:;onent r~ateri a 1 s. 

(4) The poss i b 1 e ranr::;e of pri srn stren:;th cou 1 d be r,ent i ancd, anel 
the pcssible ~ ;~axü1Uin vôlue and a ::!cthod to obtain the rl(1~iT:l!::! 
vé',lue also coulcJ be laoked auto 

i\s further 0xtensive exc.rlin~tions, the follo\,.'in~f h/o ite~ls shell 
be exumined. 

(1) f precise analysis of stress distribution in the two parts of 
:'1 .:\ s o n r y s 11 ê\ 1 1 !) e c 1 a l~ i f i c d i n c 1 li d i n :-; t h e s h e a r s t r e s s 
d i s t r i b u t i c n a t t h e i n t e r f o. c e o f t h e b! o VÚl i c h ri1 a y b e v e l~ ~! 
e f r e c t i v e i n t h e c a s 8 o f a 1 o ';.' ;) i a x i o. 1 s t r e s s c o e f f i c i e n t a n ri 
a 1 s o til (l Y b e s u p p o s e dto h a v e a ::; l~ e a t i n f 1 LI C n c e o n t h e s h e a r 
strength or bearing masonry walls. 

(2) i\ precise e;(peri:Tiental exarpinélcion on prisLi stren;-:th shall De 
célrried out includin~ various elastic constants of the t~o 
['i uterials. Th8n, thc i.:cchanicê'l pl"opel~ties or joint n~élteriil"ls 
should be tested under thc truly act~al states incl udinS the 
condition af \'!éltc~r suckcc: ~)j ;.laSont"~/ units. 

( " '. \ I ) t" une i s, ;' : .• d., >; o r iJ c n, C. ~J ., J. n d .J 9 r r E! r i ] s, L. ~_~~ . , r) \'" o c C ''3 d i n ;~ s , 
ccon c lntcn:atiollê.l ::,ick :; c,sonry Ccnfet'E~!1cc, Stoke-on-
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Tre nt, l:n ;; le.n d , /\p ril EiO, pp 3 1-37. 

(Z) t~ro ""m , iU1. , "Co !~p r essi \' e Tests af i:·r i ck LJn it s to [: ri Gic t 
t :1;: 5 t r e li (~ t h o f ~) r i c k ; . 2. S o ti r ~I , 11 [) i' o DO S a 1 to t h e ,': G t i o n c. 1 
Sci en c e Fu nGa tion i: esc::c. l"c h Illitio.t i on i ~ r é:1:1t il ro ;-; rél r.1 , [>2C . 

E7 1. 

I ~ ) \. ,,,} ~' ! atstein , D., ~!ou r na l 0f ~: ate ri a l s , \.f o l. e, ,' 0. 2, P::' 3[!i:· - 3 1 ~ . 

( f1. ') . i /~ n dêr SOIl, ,c .• l'J., "S;-,1i3.1 1 S!)(;C i :'lcns of [;' l"ic h "ork GS Ues i ;-; n an el 
,~ t .. C' . . 1I ~' . 1 " -,- ' . ,)., ~ 1 ' ,-,ons ruc'C 1 Oll rl-r: € rl LI , _'[) EC 1 a .. ,CpO l' l- , ! 'O. " t; , i" o:n 101l\! 0 à t n 

E x D e r i i:1 () Il t él 1 r: u i 1 ci i i 1::' :;, t ê. t i o n , ::' e p a r t 1;1 e r: t. o f ' : () 1" i: :; , 
,'.ustl"al i o . 

(~, ) ~ J l"'yscial(_: , P. C:., a nd I-) 8. L1 ; (: , / \ . /\ ., /\C: 1 ,jou r r,: l ~) !oc (= e· o:l i n~· ~ s , 

Vo l.7 S, :!o . ': , Jun . lCn , p [:: 7C7-7 2 1. 

(d r; 'ils cio r f , :!.:<., " ,In I nvcst i ;~2 ti () n into Hl-2 Fa ilurs , cch2n'is il 
cf :: y"ic!: : ! .~sOn l" j un d e r /\ ;, i 2 1 CCi'iDress i ol1 ," L" es i ~ n i n ,' , 
r: n ~!, in 2G l"i n ::-" ê,!l( i COI,s t n!ction:: 'i th :; élSOl1 r ~' : : r C)(~ L!c:~~; , F. ' , • 
.Jchason , [ d., :: u 1 f 0u[:' 1 i s h i n::, Co., : icu ston, lcx a s , : '8 " 1 ~· .. . 

(7) C r (;st l l~ r, ... . cl l C~ h StCl" , ::.S., ,''. C1 ~: cur;la 1, i) l' OC Cc(: i w ' s 
\'o l. ~;5 , Sei)t. E Sc: , p:) 3? 1< /~ ~: . 

c:' ) \' 
~: 2 . 

( 0 ) '. ' i 1 i u: ' , ,)., " SG is r ,i c :,~ 2;-.0. \jioUI" of i ~c i nfo l' cc; c:,ê;scnY'" ~:i 2 i:! r 
\l u 11 s ," C:O CtOi' ê'to th2S is, iJ n iv c r s i ty of C :lntel' ~j L'\'~ ' , 
Ch i'i stc hu rc i1 , .. C '! Zcc. l il/le , 1 C/'l. 

(U ) ( Cst2r', [J . l<., ;1nd 
D es i ~ n a nd Cont rol 
Fottc r ~/ 2 nd CS t"2 j-': ; c 
r c . 2 .~ , 1 9 /' '3 . 

( NOTATIONS ) 
ê 1: Uni axial Strain 
ê z , ê 3: Biaxial Strain 
~ 1: Uni axial Stress 
~ 2,~3: Biaxial Stress 
E: Young I s Modul us 
P : Poisson's Ratio 

1"i d ~Q i~ ; 2n , J:}. L'·, ., tl í) l"'is ~·.-; T~, s-ss 'F o r" t ~ -; c 

of ~ ri c i: .. oso nr \ ·," 'lhe ::2'." L22. 12:1'-' 
:--~ e s ~ur c h r.ssoci t":tion, -!- ~=ci~'; niC: i1 1 i ,e:Jc ) ... t 

Fc: Uniaxial Compressive Strength of Prism 
ft: Tensile Strength of Components 
fc: Compressive Strength of Components 
h : Height of Units or Thickness of Joints 

Suffix u and j mean units and joint respectively 
a=Ej/Eu, B=hj/(hu+hj) 
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Table Stress Conditions in Units and Joint Mortar 
under Compressive Loading 

Uniaxial 
Stress 

ex=Ej /Eu 

>,uj /,uu <,uj /,uu 

Compressive Compressive 
( - ) ( - ) 

Masonry Unit 

Joint Mortar 

Biaxial 
Stress 

Uniaxial 
Stress 

Biaxial 
Stress 

N ,,\ ... d \\',', .......... 
\\, " 
\, \ , 

\ \' , . 
\ \' " 

\ \' , 
\ \ '- 'Q2 
\ \ \ " 
\\'03" \ \ \ , 

\ \,(J.t \ ' 
0.5\ \ 

Compressive 
( - ) 

Compressive 
( - ) 

Tensile 
(+) 

unit 

Q2t-a3 
2 

I2fc 
" , 

Ooct 

0.5 

ex~,uj/,uu 

1 
a= Ej I Eu 

, 

1.5 

I 

. . t I JOJn I 
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Figure 2 

Relationship 
or (1-B)A 

Supposed Criteria of 
Fracture 
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1 ~ r [A' : refer to Fig4] 
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Figure 6 predicted Range of Efficiency Based on Theory 
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Figure 5 Comparison with Past Experimental Data 
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Range of Efficiency ' 
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