
An Elastic Principal Stress Theory for Brickwork Panels in Flexure 
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A general theory for the analys is of b rlcKwurK subjected to 
lateral loads is presented. It is consistent with basie concepts 
uf structural behaviour and Is based 00 principal moments in the 
panel and a realístic failure criterion for the material . 
Allowance Is made for variable j o i nt strengths in the panel and a 
degree ui load sharing between j o ints. Experimental wo rK 
supports the theOfY. 
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Axial compressive stress at mid height. 
Length, height and thicKness of masonry panel. 
Number uf adjacent joints over which averaging 
occurs. 

The simplest case of flexure for bricKworK panels is that in 
Wllich the panel spans one-waj in the vertical direction. Here 
the principal moments are statically determined, oriented in the 
vertical and horizontal directions , and produce failure along a 
single bed joint in the panel. previous worK (1) has shown the 
strengths uf these panels to be d e scribed by a partially pIastic 
theory in which the variable joint strengths occurring in the 
panel mal be averaged over three adjacent joints along a course. 

The more general case of masonry panels supported in such a 
wai that lateral loads are resisted by combined vertical and 
horizontal bending are considered in this paper. These panels 
ultimately fail bj cracKing through the perpend joints and also 
through the bricKs and bed joints. Principal moments in two-waj 
panels are statically indeterminate, depend on the deformation 
characteristics of the masonry materiaIs, and are not generally 
oriented in the vertical and horizontal directions. In addition, 
the first craCK in a two-waj action panel does not necessarily 
lead to immediate collapse as is the case with verticall y 
spanning panels. T.wo common practical cases of masonry panels 
with two-waj action are those simplj supported on alI four edges 
and those simply supported along the bottom and two sides but 
free at the topo These tWQ types of support conditions are 
investigated both theôretically and experimentally in this pa per 
and are shown to be closely related for masonry panels. 
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Obse rvation o f experimental walls simply suppo rted on three 
s ides with o ut in-~lane re5traints, shows that ultimate load 
practicallt co rre sponds with initial cracKing load. On the o ther 
hand, panels simplt 5uppurted on feur sides have , in general, twu 
s tages of beha vio u r. In the first s ta ge the panel remains 
uncracKed a nd the central deflection i5 approximatelt 
pruportional to the lateral applied uniformly distributed luad. 
The end of this stage is ma rKed bf a horizontal craCK occ urriog 
along a bed jo int at appruximately mid -hei ght u f the panel as the 
moment capacitt in vertical flexure at this leveI is reached. 
This initial phase is sin.ila r tu that of a panel in vertical 
flexure except that the mome n ts result from two -wat rather than 
one-wat action. 

In the s econd phase tt le horizontal craCK rapidly extend s for 
practi c allt the full length of the cour s e and the wall then 
behaves as twu sub-pane1 s . It can be argued that since the craCK 
occ urs near mid-height and extends the full length of the wall 
there will be very litt1e s hear t ransferred a c r oss this craCK and 
the t wo s ub- pa nels wi1l behave as paoels simply suppo rted 00 
t h ree sides and free along t he c racKed edge s . 

'l'hese co ncepts 
partially p la s tic 
expe rimental re su lts. 

2 'i'Hr~ORY 

are developed theoret ically using 
failure c ' iterion aod compared 

the 
..... ith 

'l'he above observatioos paint to twe cases for consideratioo. 
rirstly, the initial c ra cK ing load of a pane1 sup ported on four 
sides and s ec o ndly, the ini tial cracking l o ad of a panel 
supported ':'0 thr ee sides. The latter solution provides ao 
esti mate 
also for 

o f ultimat e laad f o r panels supported on three sides aod 
pa ne ls suppo r ted 0 0 four sid e5. 

~or each of these cases a principal moment Eailure criterion 
in biaxial bendin<j , as derived in a compani on paper (2), must be 
applied. In this theory it is assumed that conditions may be 
averaged ~ver ~ adjacent j o ints such that Eailure conditions 
exist ~v er those jo ints when 

w • 
r:(J ij + fai) 

r: Ci j 

where ttle s ummatioos are taKen over the E adjacent joi nts . 
fai i s the axial stress at the i th c ourse in the panel 
Jij is the mudulus o f rupture of the joint in 

vertical ,fl exure at location ij in the panel 
Cij is a coefficient dependent on the magnitude, sense 

and orientation o f the principal moments and the 
material propertie s at l ocation ij and is derived 
in reference (2). 



:~hereas in vertical flexure the ~ adjacent joints are along 
a single cvurse and form a horizontal craCK pattern, in a two-wài 
panel thej ~ai be on a vertical or stepped pattern. 

2.2 panels Suppvrted On tour Sides 

Since the observed initlal cracKing of panels supported on 
fvur sides is a10ng the bed joint of a single course of bricKworK 
near ~id-height, a horizontal craCK pattern of E adjacent joints 
is the appropriate one to use. Also the concept of a joint 
consisting of a bricK 1ength of bed joint is appropriate. 
8ecause the maximum principal stresses are both tensile and occur 
at the centre of the panel in the vertical and l:Jrizontal 
directions the coefficient Cij mai be expressed in terms o f 
vertical and horizontal moment coefficients. Also the summations 
extend over E adjacent joints in the same course. 

A compute r program has been develop&e that calculates moment 
coefficients bi elastic plate analysis using a series solution, 
assigns random jo int strengths from a normally distrjbuted 
population with negative values truncated , searches the panel to 
find the co~bination of E adjacent joints that gives the lowest 
value uf w, and repeats the simulation 500 times to find the mean 
panel strength and its coefficient of variation. Mean panel 
strength is expressed non-dimensionally as a vertical strength 
ratio or as a horizl)ntal strength ratio. 1'he vertical strength 
ratio is the uniform load to cause inltial cracKing of the panel 
divided bi the load to cause failure of a vertically spanning 
stri~ of the panel based on the str~ss at mid-height. 

Fai1ure load 4 
(Vert Ratio ) x"3 (F':' + Fa) 

(!)2 
t 

where ~a is the axial compressive stress at mid-height. 

Simi1arly the 
to cause initia1 
cause fai1ure of a 

h~rizontal strength ratio is the uniform load 
cracKing of the panel divided bi the load to 

horizontally spanning strip 

Failure load = (Hor Ratio) 
4 R F~ 

x- --
3 (!!) 2 

t 

Some theuretical resu1ts are illustrated for panels simply 
supported on four sides, 40 courses high ~nd up to 50 bricKs 
lung. LricKs having a length to height ratio of 2.77 have been 
assumed, resulting in panels having aspect ratios up to about 
4.5. Isotropic properties are used with Poisson's ratio equa1 to 
0.15. 

t"igure 1 shuws both vertical 
obtained from the prugram for an 
As the aspect ratio of the panel 
ratio curves (shown dotted) tend 
span ratio curves tend to unity. 

and horizontal strength ratios 
orthogonal strength ratio of 3. 
approaches zero the vertical 

to infinity while the horizontal 
That is, the strength of the 
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pa n e l is subs t a nti a ll f de ter mi n e d b f th e o ne wat aetion in the 
horizontal di r eetion . At the o t her ext reme, as the aspeet ratio 
of the panel tends to in f i nit y , th e ver t i c al span ratio tends to 
unity and the hv r izon t a l span ra tio te nds t o infinity. Fo r this 
case the panel s tr ength is essen ti a l l y d e t ermined by one-way 
action in the vertical direction. Si n c e po rti o ns of t h e curves 
that tend to inf initt canno t be adequately represente d 
graphically it is mo r e co n ven i en t to re p re s ent the panel strength 
by either the ver t ica l span r a t io o r the horizontal span rati o 
whicheve r is less. I t can be easi l y s ho wn that these two rati o s 
are equal when the aspect r a t io o f t he pa nel is equal to the 
squa r e root of the o rt hogo nal s treng th rati o o f the material. 

This figu r e a l so s hows t h e ef fe c t o f the variability of 
joint st r engths (c o effi ci ent o f vari a t io n= O.25) and the effects 
of averaging e ffe c t s over adjac e nt joint s (E=l, 2, 3). It Is 
interesting to note t h a t e xcep t fo r the case of E=l, the 
var i ability' of pa nel s trengt h i s p ra c ti c ally independent of its 
lengt h . In add iti un , l oad s ha r i ng be twe en 2 o r 3 adjacent joints 
results in a ma r ked re d ue ti on in the va ria b ility of the panel 
strength . 

Where the length of a pane l i s sma ll c o mpa red wi th its 
height, an initia l horizon t a l c r aC K ma , no t develop along the bed 
joint ne~r mid-height. Fo r t hese ca s e s a v ertical crack will 
develop and an analys i s a l onq t he lines d e sc ribed in the next 
section is appropriate. Such a n a n a l ysis h a s been i ncluded in 
the prog r am The results o f t h,is ve rti ca l cracking mode are 
~rinted out if thet are mo re cri ti ca I t han the horizontal 
eracKing mode. 

2.3 Panels Supported on Thr e e Side s 

The theo r y' above can be e x te nded to the case of panels 
supported on th r ee sides . In app lying the failure criterion in 
this case ho weve r , i t ha s be e n f o und essential to use the general 
failure erite ri on. Text bOO KS p r esent elastic solutions of these 
plates in terms of coe ffici e n ts fo r moments in the vertical and 
horizontal directions. There a re s e veral difficulties in using 
the s e mo ment coefficients fo r t hree-si ded plates . 

rirstly', the horizontal and ver ti c al moments are always a 
maximum on the cent r e l ine of t he panel but failure does not 
alway's uc~ur there. for a panel with a 10 ng free edge compared 
with its height, fai l u r e occu r s well a wat from the centre line. 
In addition, for these la r ge aspec t ratio panels, the horizontal 
and vertical mome'n t coeffici e n t s p redi c t a panel strength much 
greater than predicted by' plas t ic theo r t. This is contrary to 
basie concepts of structu ral behaviour . Both of these anomalies 
disappear if the p r i ncipa l s tress criterion is used. Torsional 
effects produce maximum p rinc i pal stress es along the lines where 
fai l ure cracKing is obse r ved in p rac t ice . An illustration of the 
distribution of principal s treses in three sided panels of 
various aspect ratios is shown in Figure 2 . It can be seen that 



for the higher a s pect r a t ioS th e maximum principal stresses do 
not occur o n the cen tre line and are not oriented in the ve rti cal 
and hurizontal di recti ons . In addition the maximum principal 
stress is ten s ile and is accumpanied by a compressive pr incipal 
stress in the orthogonal direction. On this basis elastic 
analysis predicts a lower strength than pla stic theory and is 
therefore cunsistent with basic structural th eo ry. 

In ma King allowance for the inclusion of we a K joints and 
load-sharing between adjacent joi nt s , the concept of a jaint mus t 
be redefined to al l uw a stepped c racKing pattern to occ ur. A 
stepped craCK pattern ris es une br ic K height every half bricK 
length. Hence a join t mai be co nsidered as a unit une bricK high 
an d half a bricK in length ur a l ternativelt a unit one bricK long 
and 2 bricKs high. It can be seen f r om figure 3 that both the 
"small" and "large" joint units defined abo ve allow alI the c racK 
patterns ubserved in practice to occur. When searching for the 
criticaI combination of ~ adjacent joints in a panel the prog ram 
covers the cumbinations shown in t' i gure 4 for ~=2 and E=3 . 

The program randornly assigns joint strengths from a given 
pupulation to locations in the panel, calculates principa l 
stresses and their direct ions at eac h join t by a f init e 
difference program, calculates the failure load for the criticaI 
combination of E adjacent joints in the panel , and repeats the 
process for 500 simulated panels to find the mean panel strength 
and its coefficient of variation. 'fhe mean pane l st rength is 
expressed nun-dimensionalli in terms of the horizontal span rati o 
as defined for f o ur-sided support panels . 

Some theoretical relati unships a r e illustrated using panels 
simply supported on three sides a nd free at the top having 20 
joints in their lengths. That i s , these panels are half the 
height of the previous panels supported on four sides . The same 
bricKs and material properties are assumed. The -large " joint 
units have been used in the program in obtaining the 
relationships. t igure 5 shows how the the o ry modifies the usual 
elastic theuri that is based on verti ca l and horizontal bending 
moment coefficients. It can be seen that the principal stress 
criterion leads to a drastic · reducti on in predicted s trength for 
the panels having high aspect rati os . A further reduction in 
predicted strength occurs when the variability of joint strengths 
is considered but some of this st rength is regained as 
load-sharing o ver 2 ar 3 adjacent joints occurS6 Also, the 
reduction in variability of panel strength due to load-sharing is 
shown. The analysis is insensitive to o r thotropic elastic 
properties as onli a small spread of values was obtained for 
elastic moduli ratius varying from 0.5 to 1656 

3 EXPERI,., ~NTAL WQRK 

To test the above theorie s a total of 30 panels wera built 
and tested under applied uniform lateral pressure. Panels 
supported on Eour sides were 23 cou r ses high and had either 6, 11 
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ur 19 b ri cKs in their lenqths to pruduce aspect ratios of 0.67, 
1.33 and 2.33 respectively. 

Similar lenqths were used for panels supported on three 
sides but onli 13 courses were used in their heiqhtS to produce 
aspect ratius of 1 . 19, 2.37 and 4.14 respective1i. five 
rep1icate panels were made for each of the above conditions. 
Companion small speci~ens were made with the walls to allow the 
measurement of joint s trengths . A five-hiqh stacK-bonded pier 
and four horizontal joint specimens (as described in reference 2) 
wer e made with each wall to provide a t otal of 120 joints for 
testing in vertical flexure and 120 joints for testing in 
horizontal f1exure. 

Lxtruded clay bricKs containing three 30.2mm diameter cores 
were used. ~:easu rements of twenti bricKs averaged 74.9mm hiqh x 
71.1mm thicK x 223.5mm lonq. The modulus of rupture of these 
bricKs averaged 65 MPa with a coefficient of variation of 0.21. 
~ortar containinq purtland cement, hydrated lime, and sand in the 
properties 1:1:6 by volume was used. Ma teriais were weigh 
batched and water added bi the bricklayer t o give a uniform 
cunsistency. ~he flow of each batch was measured before use and 
averaged 82 % with a coefficient of variatiQn of 0.025. 

Ãll specimens were tested at an age of between 27 and 30 
dais. The stacK bonded specimens when tested in vertical flexure 
gave an average modu1us of rupture for the joints of 0.87 MP3 
with a coefficien t o f variation of 0.24. Horizontal joint 
specimens failed when the averaqe e~treme fibre stress in the 
bricK was 5.80 MPa . The orthogonal strength ratio calculated 
from these values was R=3.50 (2,4). The panels were tested in a 
loading frame. Pipe supports were plastered agalnst the panel 
and tightened to it at 625mm centres, by 2Smm bolts passing 
th rouqh holes left in the panels. A polythene air baq the same 
size as the panel under test was inflated between the backing 
buard and the panel to apply pressure to the panel. After each 
increment of pressure, measured by a wáter manometer on the 
outlet side of the bag, deflection measurements were read from 
dial gauges. Results are summatiSed in Tablê 1 and typical 
load-deflection qraphs shown in Figures 6 and 7. 

In additlon to the above tests some of the tests carried out 
by the author on one-third scale model brick-work and reported in 
his MEngSc thesis (3) mal be re-examined in terms of the current 
theury . Results of the wall tests are summarised in Table 2. 

Average initia l craéking loads of panels built from full 
sized bricKs are c~mpared with theoretical values in Figure 8, 
together with the theoretical and measured variabilities. It can 
be seen that the mean cracking strenqth was closely predicted by 
the theory that aS5umed load sharing over three adjacent joints, 
E=3. The coefficient of variation of panel strengths 
corresponded more with the assumption of l oad sharing over two 
adjacent joints , E=2. It sho uld be noted, however, that 
estimating the coef f icient of variation from only five results is 



not very reliable. 

Ultimate failure luads of the panels built from full sized 
bricKs are plotted against aspect ratio in ~'igure 9. It can be 
seen that the ultimate strength vf a panel supported on Eour 
sides is practically the same as that of a similar panel 
supported on three sides but of half the height . This gives 
quantitative verification that after initial cracKing a panel 
supported vn four sides may be treated as two sub-panels each 
supported on three sides and free along the cracked edge. Qne 
would expect the sub-panels to have a slightly greater strength 
than a single three sided panel because of the enhanced self 
weight effects in the former and this in fact was observed in the 
experimental graphs of . "igure 9. 

Consequently the ultimate failure loads for the panels 
supported on four sides and also those supported on three sides 
are evaluated together in Figures 10 and 11. The experimental 
strengths are well below the predictions of conventional elastic 
and plastic theories as shown in ~ · igure 10. Elastic theory using 
the principal moment criterion also predicts toa high a strength 
unless the variability of joint strengths is taKen into accvunt. 
AlI of the experimental results lie between the two curves 
obtained using the principal moment criterion and assuming the 
coefficient vf variation of joint strengths is zero ar 0.25 with 
no load-sharing between adjacent joints. Assuming load sharing 
between joints gives better agreement with experimental results 
but the degree of load sharing required is not the same for alI 
aspect ratias. The effects of using the "small" joint unit in 
the theory rather than the "large" joint unit is shown in Figure 
11. 

AIso in these figures are shown 
theoretical coefficients af variation 
theory assuming load sharing . over three 
gives the clasest predictions. 

the experimental 
of panel strength. 
adjacent joints, 

and 
The 

E=3, 

Analfsis of initial cracKing load and ultimate failure load 
fur the one-third scale model panels is shown in figure 12. 
Initial cracKing load was conservatively predicted assuming ~oad 
sharing over three adjacent joints, E=3, and ultimate failure 
load was reasonably predicted assuming load sharing over two 
adjacent jaints, E:"'2. 

4 COIKLUS I QhlS 

1. A theory has been presented to predict the strengths of 
two-waf action panels based upon an elastic principal moment 
failure criterion. rrom Known joint strength properties it 
predicts both the mean panel strength and its variabiliti 
taKing into account the variability of joint strengths and 
their load sharing capacity. 

529 



530 

2 . \h e initial cracKing loads uf ful1 sized and vne-third sized 
paneIs simp1t supported on foue sides were conservatively 
predicted bt the theucy assuming load sharing uver three 
ad jacent joints . variab ility of these strengths were 
app r ox i mately predicted by assuming load sha ring aver twu 
adjacent jo ints. 

3 . Ultimate failure loads u i full-sized paneIs supported on Eour 
sides were shown to be approximately the same as similar 
paneIs ui half the height suppo rted on three sides but free 
at the topo 

4. Av erage ultimate failure l oads of ful1 sized and one-third 
sized ~anels supported an three a r tour sides were adequately 
predicted bt the theory assuming load sharing ave r two 
adjacent joints. variabilitj ~f these pane1 strengths were 
c10selj predicted bj assuming load sharing over three 
adjacent joints. 

5. In general, the proposed elastic theory based on the 
p rincipal m~ment criterion, that allows f or variability of 
j~int st rengths and load sharing between adjacent joints 
adequately predicts both the mean st rength of a panel and its 
variabilitj. Load sharing "generally taKes place between 2 o r 
3 adjacent juints. 
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'c · l.].] 

" 2.49 

" 
" " 1.87 
.e · 2. ]) 
80 4.1S 

" 

""'an Joint St~en9th r~ O' 0.97 HP .. 

O~thoqonal St~en9th ~tio R • ].~O 

, 

, 

, 

• 

• 

• 

<.OAD 
1tN/.2 

ACcide 

2.81 
2.33 
1. 9 4 
2.40 
3.31 

1. 24 
1. 25 
1.64 
1.11 
1.11 

HORIZONTAl. """ HORlZOH1'AL 
SPAN '"TIO : kliI/.2 SPAN RATIO, 

14.05 .. ~ . 
11.91 0.99 
12.48 
13.S6 C.V. · 
13.26 ."'. 
].45 .. ~ . 
4 .16 1.23 
3.S5 
4 .45 C.V. · 4.43 .104 

1. 73 .. ~ . 
1.43 l.4S 
1.67 
1.41 C.V. · 1. 79 .107 

12.62 .. ~ . 
16.60 l.OS 
13.95 
13.40 C.V. · ti)' BroJ<en .122 .. ~ . ]. ]4 .. ~ . 

0.79 3.65 1.11 
3.43 

C.V. . ' .00 C.V • · .2 11 3.92 .080 

Mo~ • 1.95 ..~ . 
1.39 l." 1. 76 

1 .74 
C.V • . 1.96 C.V. · 

0. 161 2.04 .08' 

TABLE 1: RESULTS OF TESTS ON FULL-SIZEO PANELS WITH TWO-WAV 
ACTI ON. 

WALL NO, SIZE: ASP&CT NO OF $10&'.0 tERlVED I NlTIAL C1IACUNC . tlLTl MATI: FAlWRE: 

."'" RATI O SUPPOIn'ED : JOINT 
C.C '1, STREtlOTH: "''''' HORIZOIITAL """' HORIZONTAL 

(MPa) kN/.: "M !lATIO, ltH/.2 SPAN RATIO: 

S .. " 0.92 6.56 0.7) 10.94 1.22 

• · LO • 0.74 6.80 o ... 9.39 1.16 , .. " 1.17 11.61 0.91 16.28 1.27 
Meilll -O.83 lteilll" 1.22 

• .696 0.77 4 .62 1. 26 5.97 1.63 

• l. , • 
W 1.029 1.11 4 .92 0. 97 9.26 1. 49 

""'an -1.07 Mean" 1 " 
, .. " 0.69 3.65 1.93 S H 2.76 

• '.0 • 
U l. '" 1.17 4.49 1.40 6.IS 1.92 

Mean _1.67 ~an_2.34 

Orthoqon .. l Strength !!atio R • 3 .44 

TABLE 2: RESULTS OF TESTS ON ONE-THIRO SCALE PANELS WITH TWO-WAY 
ACTION . 
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