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This paper expresses the failure criteri on for masonry in 
bi ax ial bending i n terms of principal moments. Three stages are 
necessary in l he theoretical development o In the first, a 
relationship is established betweeh the principal mo ment at 
failure and o rientation for one -waj bending. Secondly, a failure 
cr iterion i5 established in b iaxi al bending where th e principal 
mom en t s are al ig ned in the verti ~ al an d horizontal d i r ect i ons . 
fi nally, the previ ous two stag e s are c ombine d to ob ta in a g ene ra l 
criterion of f a il ure for· bi axial bend i ng where the plincipa l 
mome ll t s a r e at an incl ir.ation to the vertica l and hO L i zonta l 

NOTATION 

Subscripts 
v 
h 
P 
q 
i 
j 

Quant it i es 

ver t ical Direction. 
Horizontal Dir ecti on. 
Maximum principal Moment Direct i on. 
Minimum principal Mo ment Oirection . 
J oi nt Locati on in panel Height. 
Jo in t Lo c ation i l pa nel Length. 

w Applied uniformly Distributed Load 
t Thic kness of Masonry Pane la 
Z Section Modulus Z=t Zj6 
MY1 Mh, Mp ' M~ Applied Bendi ng Mo ments per unit l ength . 

F V I 

F~ I . 
Fy I 

Fh I Fp I 

Fh. f P I 

Fh I F; , 

Fq Extreme Fibre Stresse s in 8iaxial Bending . 

F~ Moduli Df rupture In one-way bending 
with no applied ax ial s t ress • 

F~ Effec tive Moduli of rupture i n one-way 
bending with applied axia l stress. 

ky, k h , kl'" k q Be nd ing !>ioment Coefficients M='kw 

R I R' I R" Orthogonal St r ength Ratios 

fa, fa vertica l Ax ial Compressi ve St r e sse s . 

f't, Modulus of Rupture of BricK. 
J , J i j Modu l us of Rupture of Joint in Verti ca l Fl e x ure. 

1 GENERAL 

Pra c ti c al bricKworK pan els usuall y resist wind 
bend illg i n the ve r tical and hor i zon ta l d irections. 
tbe b r iCKwor k. i8 subjected to an a x i a l c ompress ive 

by c omb ined 
In additi Qrl, 

l oad d ue to 
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its own weight and any surcharge that may be present. At a 
particular location in a bricKworK pane 1 the material is 
subjected to a combination of vertical moment, horizontal moment 
and vertical compressive force. In addition, torsional moments 
may be present. 

This combination changes from point to point in the panel. 
~hatever method cf analysis is used to calcula te these moments 
and forces, the assessment of the panel strength is dependent 
upon the criterion adopted for the failure of the material. 

"Iaterial properties under various combinatiuns of vertical 
and horizuntal moments and axial stress are first considered. 
~rom these a failure criterion is derived for a joint subjected 
to principal moments not oriented in the vertical and horizontal 
directions. This failure criterion is then developed to a form 
suitable for application to two-way panels. 

2 MAT ERIAL PROPERTIES 

This section deals with the orthogonal strength ratio in 
horizuntal and vertical flexure, the interaction of vertical and 
horizunal moments, and the effect of an axial stress. 

2.1 Orthogunal Strength Ratio 

The urthogonal strength ratio for masonry, R, is defined as 
the ratio of the modulus of rupture in horizontal flexure to the 
mudulus of rupture in vertical flex~re. Brickwork spanning in 
the horizontal direction has a greater flexural strength than 
when spanning in the vertical direction and therefore the 
orthogonal strength ratio is always greater than unity. This is 
because when spanning vertically, failure occurs by tensile bond 
in the bed joints but when spanning horizontally, the overlapping 
bricKs in alternate courses cause the bricks to break or the 
mortar bed joints to fail in torsional shear. panel and joint 
specimens subjected to horizontal flexure are shown in figures 1 
and 2. By considering these two failure modes in horizontal 
flexure the author suggested (1) that for the practical range of 
bricKworK (f'v greater than O.3MPa) the orthogonal stength ratio, 
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R may be taKen as the lesser of -
1 FI.? 

R = "9 (4 F' + 5) 
v 

and R = IF 
v ...... 1 

2.75 

These relationships are shown in figure 3. 

2.2 Interaction of Vertical and Horizontal Moments 

The analysis of the previous section is applicable to 
one-way bending, that is, when the bricKworK is subjected to 
either a vertical or horizontal momento This section deals with 
the case of two-way bending, that is, when the bricKworK is 
subjected to both vertical and horizontal bending moments 
simultaneously. 



Gecause it is very difficult to apply simultaneüus vertical 
and hürizontal müments tü specimens üf bricKworK such as that 
shown in ~igure 1, tests have been carried üut on "single joint" 
specimens, ~igure 2. ~his "joint" approximately reproduces the 
behaviüur of bricKworK when subjected to both vertical and 
hürizontal moments. 

Tests reported previously (1) have shüwn that the failure 
criterion für cümbined vertical and horizontal moments is given 
approximately bj the elliptical expressiün: 

1 

l his is shown in figure 4. 
.••..• 2 

2.3 Effect ofAxial Stress 

~he effect of a compressive stress on the failure criterion 
of joint specimens subjected to combined vertical and horizontal 
bending has also been investigated (1). The applied compressive 
stress increased both the vertical and horizontal bending 
strength and the interaction curve remained elliptical. 

The increase in horizontal modulus of rupture was such that 
the orthogonal strength ratio R was the same with or without the 
applied compressive stress. Where failure occurs in the mortar 
joints, one could expect an increase in horizontal strength 
beca use the increased shear strength üf the mortar due to the 
applied cümpressive stress lea6s to a greater moment of 
resistance üf the bed joint. Where horizontal bending strength 
is determined by bricK strength, no increase could be expected 
since a small compressive stress would probably have negligible 
effect on the bending strength of the bricK. 

3 r 'i\lLURr; CRITt:RION i-OR A JOIN'i' 

rrom 
obtained 
vertical 

the foregoing worK the following failure criterion is 
where the principal moments are applied about the 

and horizontal axes: [F
v

] 2 + fFh]2 
F U l F U = 1 ••••• 3 

where F~ = F':' + fa v h 

fa applied axial stress 

and Fh is obtained as follows 

If r'h is measured by test and failure occurs through the bricks: 

.•... 4 

If ~'h is measured by test but failure is through the mortar 
jüints then F"h is the lesse r of: 

F U 

v or 
1 
9 (4Ft, + 5F':'> 

..... 5 
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but nat les s than l: 'h. 

ri [, 'h I s no!; me astlced t hen r- !lh i s t i H~ le ', ser ;j f ; 
'} ""'1 1..:, 
... . I ..... F" v 

•• ••• 6 

Fo r ~nt or i entat i ' n of t he principdl mome n ts a general 
fail ur e cr i teri on ma i be abtained as follows : 

f i r s tly the effecti ve modull of ruptur e in ver t i cal and 
hor i zontal flexure f"h and f " v mai be determined a s desc ~ i bed 
abo\ e. 

Seco ndlf , th c 
inclined principal 
relationsh ip o 

eff0ctive modu li of [ up t ure in the two 
direct ions ~ " p and Ffi g ma i be f ound from th e 

for F'p ' 

for F" 
'l' 

(l+B(R'- l ) ] 

8 8 ~ 1 _ ~ [~_ e] 
P 90.j 135 

e 1 a 
8 = Bq ~ 90 l"3 + 135] ~ 

. .... 1 

This empi ri cal r el a tionsh ip wa s de ri ved 
bes t fit t o res ul ts of one -way tend ing tes ts 
( 2) I Satt i and Hend r y (3 ) and Cajdert (4) 
l:igure 5. 

fro m the parabola 0 f 
re po rted by Hedstrom 

and 5ummarised i n 

Third ly, t he e lliptical interaction d i agram estab li s hed for 
ver t ical and horizontal princ i pal momen t s mai be assumed to ho l d 
also for other orientations o f principal moments. That is: 

[52.J 2 + [::s.] 2 = 1 Fp Fq .. ... 8 

These ass ump i ons de t e r mine the fa i lure criteri on when the two 
moments both produce tension on the same face of the mason ry , 
that is , wh en both moments are positi ve. This e l lipti ca l 
criteri on is shown in the firs t quadrant in figu re 6. To obtai n 
a general failure criter ion the diagram should be completed for 
the other quadrants. The second and fourth quad ra nts correspond 
to the c ases where one moment produces tension and the othe r 
mument produces compr e ssion on the same face of the ma son ry. I t 
can be argued that ~asonry fails in flexure due to tensile st r e SS 

and the presence of t he compressive stress in the orthogona l 
direction would not reduce the modulus of rupture in the 
direction uf the tensile stress . This leads to the full line 
interaction diagram shown. 



Sjmmetry maj be used in establishing the dotteà portion of 
the interaction diagram as this portion simply corresponds to 
failure cunditiuns occurring on the opposite face of the masonry. 
The rectangular interaction diagrams in the second and fourth 
quadrants are probably conservative. 

4 tAILURE CRITERION rOR A PANEL 

Consider a joint in a 
principal muments Mp anà 
stresses I p and l:q. If i t 
distributiun of stresses 
folluws that: 

two-way action panel subjected to the 
0g that produce ultimate extreme fibre 
is assumed that there is a linear 
over the thicKness of the joint, it 

f'lp I P Z 

ror a given panel the bending moments at the ~)int will be 
proportional to the applied load and may be expressed as: 

Mp KP w 

~Iq Kq W 

where the coefficients Kp and Kq may be determined by 
elastic analysis. Combining equations 9 and 10 gives: 

kpw 
Fp = Z and 

kqw 
Fq = Z 

• .••. 11 
If both stresses are of the same sign then the failure 

criterion is: 

Substituting equation 11 gives 

z 
W = 

or 

jkp 2 
/(r-) + 

p 

W = 

2 

6/ kp 2 + k 2 
(~) q 

where from equation 7 

1 

R" 
~ = 1 + Sp (R'-l) 
Fq 1 + Sq (R'-l) 

••••• 12 

. . . . . 13 

..• • . 14 
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Alsa, substituting t"q from equation 7 in equatian 13 gives 

t 
6 

w = 

ar 

(1 + Bq (R'-l) 

I (kp) 2 + (k ) 2 
R" q 

F" • v 

t 2 F" v 
/?p 2 

("R") + k q
2 

w 
6 C 

where C 
1 + Bq 

Substituting that t'" = J + fa 

failure conditions will exist at the joint if 

t 2 J + fa 
w ~ "6 C 

(R'-I) 
. •. . • 15 

••••. 16 

The above failure criterion applies where the principa l 
stresses an a face of the masonry are both tensile. Where one 
stress is tensile and the other campressive the appropriate 
failure criteria are obtained from the 2nd and 4th gradients o f 
Figure 6. 

lf the maximum princpal stress E" p is criticaI then failur e 
canditions will exist if 

ar 

or 

where C 

1 + kp (R' - 1) " 
kp Fv 

J + fa 
C 

••• •. 17 

Similarly if the minimum principal stress F"q is criticaI 

t 2 J + fa 
w ? 6 C 

•.. • . 18 

where C 
kq 

1 + Bq (R' - 1) 

Equations 16, 17 and 18 are identical except for the va l ue 
of c . 



Hence, in general, failure conditions will exist at a joint 
ij when: 

Jij + fai 
Cij 

• ••• • 19 

where Cij is given bj: 

1 + kq(R' - 1) 

when buth princi~al stresses on a face are tensile, or bi: 

or 
1 + kq (R' - 1) 

whichever is 1ess 

when one of the principal stresses is tensile and the other 
c ompressive. 

5 CO[~CLUSIONS 

1. for the general case of masonry subjected to principal 
moments not aligned in the vertical and horizontal directions a 
failure criterion has been developed, based on an empirical 
relationship between modulus of rupture and orientation and on 
the elliptical interaction diagram established for the vertical 
and horizontal orientation of principal stresses. 

2. The criterion has been developed to a stage suitable for 
application to masonry panels subjected to general out-of-plane 
flexure. 
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FIGURE 1: MASONRY SUBJECTED TO HORIZONTAL FLEXURE. 
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(a)~ (b) 

FIGURE 2: JOINT SPECIMEN SUBJECTED TO HORIZONTAL FLEXURE. 
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FIGURE 6: GENERAL FAILURE CRITERION IN BIAXIAL 
BENOING. 


