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SUMMARY 

Due to sudden failures which occur when testing full size masonry walls, the 
exact conditions of stress , deformation and failure propagation are nat easily 
determinable. A method has therefore been develope d for testing a single 
block/mortar joint under controlled conditions. The loading arrangement and 
instrumentation permits the position of the centre of compression rela tive to 
the mortar under compression to be defined and gives an indication about the 
stress distribution within the joint. Various combinations of applied stress, 
morta r mixes and block specification have been investigated in arder to obtain 
a greater understanding of the block/mortar joint under varia ble eccentric 
loading. 
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lo INTRODOCTION 

The work described in this paper has been performed at the Cement and Concret-e 
Association over the past 12 months and i8 part of a much more extensive investiga­
tion into the behaviour of concrete block masonry subjected to vertical loadingo 

The programme of work started approximately ten years ago when a testing frame wa s 
built [lJ to enable full size walI panels to be t est ed under vertical loado These 
wall panels, measuring 206m high and 108m vide, were tested to failure in a fixed­
ended condition in order to obtain values oi the characteristic compressive 
strength oi concrete masonry [.2J o The influence of mortar tjpe, workmanship and 
bond pattern on the strength of concrete masonry was also investigated D)o The 
compressive strengths were found to be generally independent of morta r type , 
workmanship, a nd bond pattern and gave vaIues of the order of 0 08 of the strength 
of the block b eing used where the blocks were solid a nd rather lesa for hollow 
unitso 

Recently the progra mme has proceeded to t ests to assess the influence of eccentri­
city of the applied load and slenderness on the performance of walls o The initial 
results from these t ests have been reported by Cranston and Roberts [41 o In alI 
the t est s the walls were strain gauged on both face s and deflections measured over 
the full heighto However , because of the explosive failures being experienced 
from the wa ll s it was not possible to observe exactly where failure propagated or 
the actual mode of failureo 

To overcome thi s problem and obtain a more detaile d understanding of the behaviour 
of masonry under ultimate load conditions, Cranston adapt e d a t est rig which had 
originally been use d to study the moment -rota tion charact eristics of the compression 
zone of concret e beams 15]. Instead of concrete, two half concrete blocks with a 
mortar joint between (couplet) was used to obtain moment-rotation relationships fo~ 
bloc kwork . A l arger test rig has since b een built whi c h enables full size blocks 
with one, two or three joints to be tested under controll ed condition . This paper 
gives details and results irom the tests,performed in the new test rig, on coupl e ts 
constructed of various combination of morta r type a nd block specification, subjected 
to different leveIs of stress . 

2 . MATERIAL PROPERTIES 

In the test programme five different types of concret e block have been usedo These 
blocks, manufactured by Forticrete Ltd, were chosen to give as wide a range oi block 
types as possibleo Tabl e 1 gives details of size , type , s pecified strength and 
the c ompressive strength obtained using the method given in BS 6073 Pts 1 and 2 LE3. 
A range of mortars covering the most common mi xes use d with concrete blocks was 
c hosen. The mi x proportions, target strengths and BS 5628 (7) mortar designations 
are given in Tabl e 2. 

Sufficient water was added to the mixes to give a workability suitable for block 
laying . Thi s workability was found to be equivalent to a dropping ball [ 8J number 
of between 9 a nd 11. For each combination of morta r and block type, six couplets 
were mede. The blocks were laid dry and sufficient morta r was used (approx. 15rnm 
thickness) to give a final joint thickness of between 10 and 12mm after remo~ing 
the excess material. Cubes (100 x l00mm) were also cast from the morta r and cured 
together with the couplets under polythene for 7 days. The polythene was then 
removed and the specimens left in constant temperature conditions until being 
test e d at a minimum age of 28 days. 

Four average stress leveIs were applied to each set of coupl ets . These cover a 
range which cou ld be expected from the loading of different numbers of storeys. 
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Block designation Oimensions pecified Measured 
llsed in this 1 x h x " 

Type of 
strength strength -r6.i N/ntn2 

manufacture paper mrn x mrn x mm N/ mm' Gross Net 

~o-voids solid block 390 x 190 x 11,0 Dense concret e 21 29.9 29.9 
- NVS 

A011olo' block 390 x 190 x 11,0 Dense concrete 21 31.6 51,.1 
(I,CIIb ';oid5) -HB 
Solid block 390 x 190 x 140 Dense concrete 11 21.6 27.7 
(20% voidsl - SB 
No voids solid block 390 x 190 x 90 Dense concrete 14 21.6 21.6 

- DB 
es li te block 390 x 190 x 90 Lightlo'eight agg 3.5 8.05 9.9 

(20% voidsl - BB 

TABLE 1 - CONCRETE BLCX:K SPECIFICATIONS 

Type 
Proportions by volume Target strengths 

c : 1 : 5 N"/ ntn 2 

i 1 : l/I, : 3 15+ 
H 1 : 1/2 : I, 1/2 10 
iH 1 : 1 : 6 5 
iv 1 : 2 : 9 2·5 

TABLE 2 - MORTAR SPECIFICATIONS 

The average stresses envisaged were : - 12.5, 10.0 , 7.5, 5.0 N/ mm 2 and equivalent 
loads, based on gross cross-sectional area, to the nearest 5 kN adopted. It was 
not possible to use these stresses on the 10lo' strength block (Beslite) and here two 
stress leveIs of 5.0 and 2.5 N/mrn 2 lo'ere used . 

J. TEST RIG ANO INSTRUMENTATION 

The test frame used in the eccentrical1y loaded tests is shown in diagrammatical 
form in Figure 1 below. The arrangement of the loading system al lows the position 
of the resultant load to be defined. 

M \nor load N4 

I 

I 
; 1 

b 
I 

I 

I 

Resultant load 

jor load Nl Ira 
I 

c ou]: let 

I 
~! 

I 

~ - Configuration of test rig 
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The resultant load - N - is the sum of the two loads N 
relative to the centre 1ine of the b10ck is given by 

b 1. N2 
e '2 - (N1+N2) 

where 

Nl + N2. Its posi tion 

e is distance from centre 1ine of block to position of r esultant load 
b is width of bloc k 
1 is di s tance between 10ading points 
Nl i s major load 
N2 i s minor load 

Therefore by a ltering the ratio of the two 10ads but not their sum, the line of 
action of the applied load can be altered without changing the -average s tress 
applied to the overall section. 

The whole arrangement i s contained within a testing frame whi c h appli es the major 
load through rolle rs. The minor load i s appl ied via a small jack and cable . 
Figure 2 shows the comple t e arrangement. Axial loa d t ests were also pe rformed in 
the machine wi th the eC'centric l oadi ng arms r emoved a nd the loa d applied directly 
through the ma c hine p1atens. 

~ - Compl ete eccentric 

load test frame arrangement 

The loads appli ed t o the test frame were obtained using load cel ls which were 
c onnected directly into a data logger. The loads we r e a1so shown on a digital 
display from whi ch the a pplied load was contro1led. 

Strains from the couplet were measur ed by two methods . The first was by 200mm 
strain transducer gauges whi c h spanned both the joint a nd part of each block.[9] 
These gauges we r e developed at the Cement and Concrete Association and consist of a 
flexible aluminium strip which when bent, by a change in l e ngth,causes r esistan ce 
gauges attached to the strip t o a lter the elec"tri cal output from a strain-gauge 
bridge, thus enab1ing the strain t o be measured. Four of the se gauges were used, 
tWQ on both the t e nsion and c ompr ession faces, and the outputs fed to the logger. 
The second gauge was used to mea sure the s train across the joint only and beca use 
this dista nce was small and no proprietary gauge was avai l able , a hand he ld gauge, 
with a dial gauge measuring the movement between two c losely spaced studs, was 
deve10ped. Depending on the thi ckness of t he block, 90 or 14Omm , 4 or 6 pairs of 
studs respective ly we r e placed on each end of the cou p l et. 

Measurements of the amount of spalling of the compression face of the mortar 'were 
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taken during the test wi th a vernier depth gauge .. 

4. TEST PROCEDURES 

To eliminate high spots on the blocks the coupl ets being used for the axial tests 
were capped using a rapid hardening non shrinking plaster. The couplets were 
gauged up before being placed in the testing machine. For the axial tests,load 
was applied in increments of roughly 50 kN. A full set of readings was taken at 
each 10a8 increment and the tests continued until failure of the couplet occurred. 

In the eccentrically loaded tests, each couplet was plac~d in the testing frame on 
a bed of plaster. The c ouplet was also clamped to the frame to prevent any 
rotation occurring between the blocks and the machine platens. Again, the couplet 
was pre-gauged. The two loads were firat increased in stages in such a way that 
the resultant load remained axial until the required average stress leveI was 
reaehed. After reading the required total load and checking that the couplet had 
compressed uniformly, the major load was inereased in stages of 2 kN and the minor 
load decreased by the same amount . This had the effeet of moving the resultant 
load towards the compression face and causi ng rotation of the joint. Readings 
were taken at every load stage and the test continued until one of three things 
happened : 

1. failure of the block occurred 
2. the rotational capaei ty of the test frame was reached, OI' 
3. the peak moment had been exceeded, preventing the minor load to be reduced 

any more. 

li the latter occurred the couplet was allowed to rotate by slightly altering the 
loads but returning thern to the required total load beiore the readings were taken. 

5. RESULTS 

The results from the axial tests are given in Table 3. It can be seen that data 
from the no-void so lid blocks (NVS) are not given apart from the maximum applied 
streas for a 1 : 1/4 : 3 mortar. This was beca use insufficient blocks were 
available to perform the tests. The value given is an average of 20 tests obtain­
ed from axial couplet tests performed in conjunction with the wall test programme. 
The table gives the maximum stress corresponding to each block type-mortar type 
combination together with the appropriate mortal' cube stren gth a nd the maximum re­
corde d strain s from both the 200mm (total) and hand held ( joint) gauges. When it was 
not possible to take a set of the joint readings near the end of the test (denoted 
by ~ in Table 3), the corresponding stress at which the l ast joint strain was taken 
is given. It can be seen from this table that the failure strength of the couplet 
is not greatly influenced by the type of mortar uaed but more r e lated to the 
strength of block (aee Table 1). The ultimate strains in the jointa are, however, 
influenced by both the mortal' and the block type. Generally l .uger joint atrains 
were recorded with decreasing mortal' strength. Block type (mor e specifically % 
voids) has an effect in that a thinner shell/ web thickness produces greater atrains .. 

A typica l stre5S atrain graph i5 5hown in Figure 3 from one of the axial tests. It 
shows that the couplet behave5 non-linearly and that if it is unloaded from the 
preset stress· leveIs a permanent strain will result. Although this permanent 
strain i5 not significant over a large length, the permanent joint straina can be 
as mueh as ~O% of the failure strain. 

The results from the eccentrically loaded couplet s are summarised in Table 4. In 
the axial tests mortar type plays no significant influence. However, in these 
testa it has a significant effect since the amount of rotation and subsequent moment 
ia largely rela ted to the deformation of the joint. As would be expected the lower 
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stress leveIs produces the highest rotations but not the highest moment since this 
value ia largely dependent upon the magnitude of the applied load. In the majority 
of cases the type (i) mortar (1:1/4:3) gave the largest rotation and accompanying 
moment for each particular stress leveI before failure occurred. 

A typical moment-rotation graph ~s shown in Figure 4. Here again a difference in 
the joint and total values can be seen at low rotations. This difference ia most 
noticeable at the lower stress leveIs when large joint rotations are possible. 

Mortar Block type 

ee De HB se NVS 

Max stress N/nun 2 7.9 19.) 26 .7 18.) 21.9 

1:1/4:) Total 2.85 ).)2 ).28 2·50 
type (i) Max atrain x 10-' 

Joint 12.10· 11.14 '" 1).71 8.09' 
<7.2) (17.9) (17 . 0) 

Cube atrength N/nun 2 18.6 26.1 18.6 22 . 2 

Max stress N/ nvn 2 7.9 18.5 20.) 20 . ) 

1:1/2:4 1/2 Total 2.06 ).59 4.86 2.75 
Max strain x 10-' 

type (ii) Joint 6.25 9.40· )2 .40 1).42' 
(17.1) ( 19.5) 

Cube strength N/ mm 2 16.0 1).0 10.5 10.7 

Max stress N/ mm ' 6. 4 21.4 2) . 2 17.7 

1: 1: 6 Total ) . 41 ).85 5 .5) ) . 97 
Max s train x 10-' 

type (iH) Joint 16.77 ' 17.49'" )7 . 91 26.9) 
(5 · 69 ) ( 20.02) 

Cube strength N/ mm 2 5.9 5.8 ).9 4.2 

Max stress N/ mm 2 7.1 18.6 15.4 17.5 

1:2:9 Total ).16 ).64 7 . 8) 4 .29 
Max strain x 10-' 

type (iv) Joint 10.67· 25·71 6).00 22 . 99' 
( 6. 45) ( 16.0) 

Cube strength N/ mm' 2.1 ).0 0.5 2.1 

Maximum joint strain not taken, value g iven corresponding to last stress reading 
in brackets . 

TABLE J - AXIAL COUPLET TEST RESULTS 
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ao 
w 
w 

Mortar type f: 1/4 : ) (n 1 : 1/2 : 4 1/2 (H) 

Equiv .. 
Rota tion Cube Rotation Cube 

Load stress Moment xl0- 3 strengtl1 Moment xl0- 3 strengtl1 Moment leveI 
rads ràds 

. N/mm 2 kNm N/ mm 2 kNm N/mm 2 kNm 

BB 90 2.5 ):5) 54·5) 18.6 ).)9 )9 . 04 16 .0 )·54 
175 5 . 0 2.97 14.66 4.54 7.10 4.)1 

175 5.0 5 . 68 10).99 6.0 116.05 5.48 
OB 265 7·5 7.98 75·02 26.1 7.11 5).33 1).0 6.98 

)50 10.0 8.07 40.00 8.12 20.48 7.09 
440 12.5 8·)5 26.)6 7 . 80 14.96 7.41 

280 ,5 .0 18.14 96.80 14.89 70.90 15.87 
IIB 410 7.5 21.09 41.21 18.0 21 . )) 29.98 '10.5 19.79 

560 10.0 '24 .)1 6.)2 17.88 4 .25 21.61 
690 12·5 )2.25 9 .02 17.20 6.2) 11.82 

280 5.0 16 .18 40.17 14.90 5).52 1).99 

5B 410 7.5 19 .81 19.)7 22.2 19.21 15 .52 10.7 17.60 
560 10.0 24 . 61 7.42 2).)8 7.77 12.78 
690 12.5 16.00 4.84 21.26 7.52 10.84 

280. 5.0 11.80 7 . 8) 14.08 80.92 1).12 

NV5 440 7.5 19.96 45·02 ,11. 9 18.)0 25 .08 8.0 17.15 
560 10. 0 2).9) 10.41 22.29 28 .29 20.8) 
690 12·5 1).12 

TABLE 4 - EX:CE1.jTRICALLY LOADED COUPlET TESTS - MAXIMUM RECORDED VAWES 

'n 
1 : 1 : 6 (iH) 1:2:9(iv) 

Rotation Cube Rotation Cube 
xI0-' strengt Moment xl0- 3 strength 
rads N/mm' kNm 

rads N/mm2 

49.4) 5·9 ).)9 24.)8 2.1 
8.96 2.)2 12 .. 01 

101 •• 56 5.55 88.07 
69.62 5 ·8 5.54 42.98 ).0 
33.40 6.74 41.)0 
)9.95 7.)0 2).48 

41·59 11.91 26.88 
24.07 ) . 9 18.)1 28.05 0.5 
9 .12 2.01 1.)2 
).41 6.59 4·56 

29.80 15.14 61·55 
11.88 4.2 17.94 19.0) 2.9 
6 .01 14.00 4.1) 
4.16 14;6) 4.)9 

)8.00 
28.01 4.) 16.)9 40.1) 2.1 
9 ·55 20.88 )) .17 

17·58 18.40 15.71 
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~ - Stress strain graph for SB couplet with a 1:1:6 mortar 
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Fig.4 - Moment rotation plot for NVS couplet with a 
1:1/ 2:4 1/ 2 morta r a nd 10 N/ mm 2 st r ess leveI 

Moment 
kNm 

25 

20 

I 
I 

pall \ '{ 

~ 

~
f l~ad 

Posi ti on oi : 
resul t ant I 
load I 

I 
., 

Posi tion of 
neutra 1 

axis 

"" ' 20 '''' 
Distance along block yidth ( mm) 

Fig.7 - A moment intera tion diagram for NVS coupIet, 
1:1/ 2:4 1/ 2 mortar and 10 N/ mm 2 stress leveI 



6. MCDES CF FAIWRE 

Two distinct modes of failure have been observed : 

a) The mortar spalls to such a depth that the centroid of the load passes into a 
spalled area. If this happens the blocks would flip giving a sudden increase 
in rotation. However, this could not occur s ince the maximum rotation 
allowed by the test frame was below the value at which this flip would happen. 
Figure 5 ShOW5 the larg~ amount of spalling and a c learly defined crack. 
These types of failures were obtained from the low strength mortars with a low 
stress leveI being applied. 

~ - Block failure 

b) The blocks fail in compression on either side of the joint as shown in Figure 
6 . This type of f ailure is analogous to the failure of the compression zone 
of a concrete beam and was obtained from the higher strength mortar and stress 
l eveI tests. The type of block also influences the failure shape. For the 
solid blockS(NVS and OS), failure was simi lar to that shown in Figure 6 . 
However, with the other blocks,splitting a long the web face was common and at 
the highest l oads , where the rotations were small, splitting occurr ed in the 
centre of the block. 

7. DISCUSSION 

The instrumentation a llows the position of the neutra 1 strain axis to be defined at 
each load stage . This is obtained by relating the rotation of the joint and the 
amount of compression due to the pre-loading to the condition of zero stress. It 
is assumed that the mortar in compression is bounded by the neutra 1 axis on the one 
side and the l imit of a ny spal ling on' the other; it is possible, by considering the 
position of the line of action of the l oad within the compressed mortar, to draw 
some conclusions about the distribution of compressive stre5s within the joint, the 
position of the centre of compression r ela tive to the position of the neutral axis 
and the extent of spalling as a function of applied momento A typical diagram is 
shown in Figure 7 which was obtained from the same couplet llsed to produce Figure 4. 

It is not possible to show every interaction diagram obtained but general~y it is 
unlikely that the neutral axis will come within the section of higher average 
stress leveIs since only sma ll rotations occur before a criticaI stress situation 
is r eached. It i5 therefore the lower stre5s leveIs that give an indication of 
the stress distribution. 
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To obtain the type of stress distribution through the joint it is necessary to 
determine the amount of mortar under compression and consider the position of the 
applied load within the mortar. For solid blocks, if its position ia at the third 
point, then it can be assumed that the section is behavi ng elastically, if it is 
in the middle of the loaded section then a r ectangular distribution could be 
assumed. 

The no-voids solid blocks (NVS and DB) gave r esults which suggested an approximate­
ly elastic distribution. However, the analysis of the non-solid blocks has not 
yet progreased to the stage where any firm conc lusi ons can be reached upon the type 
of stress distribution that should be assumed . Taking the NVS blocks ~nd 
calculating the maximum stress that would be obtained using a triangula r stress 
distribution, shown in Figure 8, a va lue ia obtained, shown in Table 5, that i5 
independent of, and substantially greater than, the morta r strength. 

amount 
of spall 

N 
neutral 
afi5 

I 
L-.-~L-____ ~: __ ~crack 

N 

f 
pel!l.'<: 

~: 

~ - Cond1tions within a joint 

. This suggests that the mortar is being subjected to triaxial rather than the uni­
axial forces obtained in a compression cube t est. This triaxial stress can a ri5e 
due to the r estraint provided by the block5 to the lateral expansion of the water 
morta r. 

Stress leveI 
f 

~ortar type Cube strength Type of failure 
Peak stress peak 

N/ nun 2 N/mm 2 N/ mm 2 f c u 

( i) Block 10 .0 43.0 3·6 
1:1/ 4:3 11.9 Block 7·5 59.4 5.0 

Joint <.0 28.1 2.4 
( H) Block 10. 0 59·3 7.4 

1:1/2:4 1/2 8.0 Block 7.5 48.6 6.1 
Joint <.0 62 .0 7.7 

( iii) Block 12.5 42.4 9.8 
1: 1: 6 4·3 Block 10.0 32.5 7.6 

Joint 7.5 29.1 6.8 
Joint 5.0 38.8 9 . 0 

Ov) Block 12.5 29.8 "14.2 
1:2:9 2.1 Block 10.0 49.7 23 .7 

Joint 7·5 47. 6 22.7 

TABLE 5 -~o~~ STRESS FRCJoI STRESS "I11I 
;TH FOR VS BLOCKS 
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The moment-rotation relationahipa can alao be used to predict the behaviour of 
walls. Beeby ú.âl has u8ed the data f rom early testa on solid blocks t o obtain 
the deflect~d ~hape oC the wall by numerical integration . Using an iterative 
procedure, 1t 18 possible to produce a load-deílection curve for the wa ll and 
predict its ultimate strength. Figure 9 compares ca lculated and experimenta l 
ultirnate loads for walls of varying heights and with varying eceentriciti es . lt 
can be seen tbat good agreement i s Obtained. 

lia 11 strength 
kN 

3000 

2000 

• 20 

'l'est cale 

--- 7 eourse high wall 

50 

Course 
Course 

-.~ 

high wa] I 
high wa) 1 

eecentricity (mm) 

~ - Comparison of experimental and calculated wall s trengths 

8. COOCWSIONS 

Although the test programme on the couplets has been completed, a ful.l analysis bas 
not yet been finished and the implications of the results have not, at this stage, 
been fully asscaaed . HowQver, írom the results givp.n in this paper the following 
points are evident : 

1. Mortar strength/type is not a faetor when considering the ultimate strength of 
axially loaded masonry. However , joints strains can be r elated to the morta r 
type and a180 the eross-seetional layout of the block. 

2. In the eccentrically loaded couplets it was the type (i) mortar (1:1/4:) that 
generally produced the largest strength and stiffness properties of the couplets. 

). Two distinct modes of failure have been observed 

a) failure by gradual spa l1ing of the mortar 

b) failure by crushing of the blocks. 

4. The mortar stress at failure obtained from an assumption of an .e1astic stress 
distribution is not direet ly related to the mortar cube strength. 

5, The moment-rotation characteristi ca of a couplet can be used to predict the 
failure of full size concrete block wal1 panels. 

Finally, it can be seen tbat the contro1 1ed conditions which are possible in a 
couplet test a1low the detailed behaviour of masonry to be examined in a way that 
is impossible on ful1 sized wal1a. A1so, since a couplet test is quicker and 
cheaper than a wall test and al10ws many more variab1es to he consider ed, it is a 
useful method for obtaining a greater understanding of masonry bebaviour. 
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