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The paper describes the statistical analysis carried out on the test resulta 
t o identify the factors which affect the shear strength of the reinforced grouted 
beams and slabs. It appears frem this analyais that the shear strength Df the 
re inforced grouted cavity brickwork beams and slabs ia strongly affected by: 

i1 shear armjeffective depth ratio 
li % of tensile reinforcements 

lil shear relnforcements 
iv thinness of section 

The grades of mortar (1 : i : 3 - cement : lime: sand) and (1 : ~ : 4~ ­
cement : lime : sand) slightly affect the strength, but not very significantly. 
The brick atrength does not affect the shear strength of reinforced brickwork. 
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INTRODUCTION 

Reinforoed brickwork has been used to a limited extent during the pasto The 
failure of reinforced brickwork ia almost invariably due to shear and it i6 very 
difficult to provide shear reinforcement in brickwork. Further, the necessity 
to put the main reinforcement in the bed joint limits the size of reinforcement 
to lese than the joint thickness. These limitations af reinforced brickwork 
can be overcome by the use of brick grouted cavity construction . Basically, it 
consiste of two skins of brickwork as used in an ordinary cavity wall; the cavity 
being used to accomodate the main and shear reinforcements. The cavity la 
finally grouted to form a monolithic constructlon and also to give an additional 
protection to the reinforcements from the weather. This form of construction 
vould have a wide field of application and may prove economical because of 
elimination of formwork. Although, reinforced brickvork vas the subject of 
investigation (1,2,)) in the past, no comprehensive (4,5) teste vere carried out 
in case of grouted cavity construction. ' Eecause of this lack of experimental 
data relating to grouted cavity construction a comprehensive programme of research 
was undertaken. 

This paper describes very briefly the experimental work done to investigate 
shear strength of grouted cavity reinforced brickwork beams and analyses the 
results statistically to establish the factors vhich affect the etrength. The 
major variable considered in this programme were: 

i. Shear span/effective depth ratio: The investigation covers a vide range 
of a/d ratio varying from 1:5 to 10. 

ii. Brick strength: Three types of bricks, low (21.55 N/mm2), medium (59.)8 
N/mm2) and high strength (88.)) N/mm2) were used for the conetruction of 
the beams and slabs. 

iii. Mortar Grade: Two grades of mortar 1:;:) (cement:lime:sand) and 1:!:4! 
(cement:llme:sand) vere used. 

iv. ~ tensile reinforcement: Three different percentages of the tensile 
reinforcements varying frem 0.88 to 1.68 were used for the beams. The 
percentages of tensile reinfcrcements used for the walls were 0.9 and 2.54. 

v. Effect of extra ties: In case of the walls, the failure vas alvays 
noticed at the interface of the grout and the brickvork. The normal 
spacing (900mm horizontally and 400mm vertically staggered) of the wall 
ties vere used originally. The number of ties were increased vith the 
idea to stop the interface failure 'and thus to establish the effect of 
the extra number of ties. 

vi. Shear reinforcements: The variable considered vas the spacing of the 
vertical stirrups and its effect on shear strength of beams built with 
various types and strength of bricks. 

DETAILS OF TIIE TEST SPECIMEIIS ANIl TEST ARRANGmENTS 

Two types of specimens, a beam and a thin slab, as ehown in Fig. 1 were used 
for the teste. The two leaves of the cavity wall forming both sets of specimens 
vere 80 - 90mm apart and were tied by galvanised fish tai l ties spaced at 450 - )oOmm 
staggered. In the case of the slab the reinforcement vas in the centre of the 
cavity. For every specimen, "rull anchorage lengt h for the reinforcements were 
provided as per concrete code (6). A 1:0.1:3:2 (cement:lime:aand:pea gravel) mix 
by volume vaa used for the grout with a constant water cement ratio of 1.2 . 



Both types of specimens were tested under two point loading in a specially 
designed loading frame providing a pin and a roller support as shown in figo 2. 
The l oad was applied by means of two hydraulic jacks operated by a pump, the 
load being meaaured by the load cells connected to a pin chart recorder and a 
digital voltmeter. The load was applied at stages till failure. 

The majority of the test specimens for investigat ing the effect of shear 
arm/effective depth ratios on the ultimate shear strength were made from low 
strength bricks. Since this variable haa no significant effec t on the shear 
str ength after a/d ~ 5, the effects of alI other variables were investigated 
by keeping this constant at 6. 

METHOD OF STATISTICAL ANALYSIS 

Fully replicated analysea of variance were carried out on the resulta in 
Tables 1 to 6 as follows:-
One way analysis of results in Table 1 with the shear arm/depth ratio as the 
varia te. 
Two way analysis with brick strength as one variate and the other variates being 
beams versua walls (Table 2), percentage ateeI (Table 4), effect of extra ties 
(Table 5) and effect of shear reinforcement (Table 6) . 

Lastly, a three way analysis of the variates mortar strength, brick strength 
and 'beam versus wall' was carried out on the resulta in Table 3. 

RESULTS AND DISCUSSION 

The test resulta are given in Tables 1 to 6 and the results of the 
statistical analyses in Table 7. Theyare liated as either significant at the 
95%, 99% or 99.9% probability leveI ar not significant (NS), i.e. less than 95% 
probability. For data on physical engineering properties i t is seI dom of value 
to consider pr obabi l i ties lower than 95% and to look car efully at these at 95% 
especially interactions. The resulta demons t rate cIearly , as expected, the 
effect of shear arm/depth ratio and the improvements resulting fram increasing 
the percentage of ateeI and adding shear reinforcemen t. 

The analysis also indicated that it was possible to develop a higher shear 
stress in walls than in bearos of the same a/d ratio and materials. This is 
pr obably because the shear plane in walls does not pass through the brickwork 
but will be at the interface between brick and concrete ar concrete and steel. 

The resul t that brick strength had little overall effect on shear strength ia 
alao reasonable since few of the specimene failed by shearing or crushing of 
bricks most by interfacial shear. The interaction terms indicate, however, that 
t here ie a eignificant but emall effect of br ick strength on walls as opposed to 
beams and that wi th shear reinforcement i n a beam i t is possible to exploi t higher 
brick strengthe. 

The significant effect of the mortar strength was probably due to its 
influence on the shear resistance of the brickwork in beams and on the crushing 
r esistance of the brickwork in walls. 

CONCLUSIONS 

On the basie of the statistical analysis the following conclusions can be 
drawn from the test resul te: 

i) Shear strength ia affected strongly by shear arm/depth ratio and by per­
centage of tensile reinforcements. 
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ii) Shear strength is strongly affected by addition of shear reinforcement 
to beams. 

iH) For the same shear armjeffective depth ratio of 6 and for approximately 
same % of ateeI the walls were aignificantly stronger than the beams. 

iv) The shear strength ia affected by the differenee between grade i and ii 
mortars, prepared in laboratory condition, albeit weakly. This does 
impIy, however that good quality - eontrol of the mortar used on si te 
will be necessary. 

v) The use af stronger brieks will not imprave the strength of simple 
beams designed to fai! in shear al though i t ean resul t in small 
improvements in the strength of walls of simi lar designo Higher briek 
strengths may be exploited in designs where the shear strength is also 
inereaaed by some form of shear reinforeement. 

vi) The addition of extra wall ties did not enhanee the strength signifieantly. 
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TABlE 1: Effeet of shear span ratios on t he shear strength of re infcrced grouted briekwork beam and s l ab (.., a ll) 
Uteet1v!.' deptn 

jype of 

I 
Briek ~tren9th tio of , Shear spa."1 ra 'tio 1:1/4:3 Mortar 1 :0. 1; 3: 2 Nominal Average Coeff. ~~ I Remarks 

~pec imen ,,~ Spec - ' mectiVe Stre~9th Grout l!l t ima t e Shea r ~ar iation 
imens depth N/~ Stre~9th Sheu Stre2s 

i" , I 1I/1Il'll Stre~s N/ITITI , 
N/ ntt , 
V/bd I I 

I 
I 

1 1 18.7 11.6 1. 76 

I 

I 

I I 
1 1 21,S 11.6 

I 
1.46 

3 1 24.9 10. O l.JB 1. 51 16.0 , 1 24.0 10.0 , 1.25 , 5 1 20 . 0 

I 
10. 9 I 1. 37 

: Sheu fa i1 ure " 6 1 21. 0 10.9 I 1.Bó 
) t he interface of [)"~c k S 
IOOd 9'·0", I I • 20.6 11. 7 0.7, 

L 1 

I 
• 21. 55 1 i. 7 0.6 9 low Strength 3 • 21.67 16.5 0.86 

• nat • • 21.22 16.5 0.85 0 . 785 9 . S 21. 55 5 

I 
4 21.22 16.5 0 .84 I 

B 6 4 19. 78 17.37 0.74 I 
~ of .. te"l o .• 

1 6 20 . 46 14 .18 0.52 

" 
I 

1 6 20.46 14.18 0.é3 0. 61 -3 6 25.0 18,02 0 .69 
4 6 25.0 18.02 0.58 , 

, 1 8 22.14 17.37 0. 405 I Yield ifl9 of steel 1 8 18.86 13 . 04 0.44 
3 8 20.86 13 . 04 0.47 0.43 7.87 I & SubseQuent c 
4 8 19.66 13".56 0.43 ' Compressi~e hilure 
5 8 19.66 13.56 0 . 38 of b. "'. c 

I 
6 8 20 .46 14. 18 0. 45 

1 10 22.7 22.1 0.50 
Shea r failu re 1 10 22.7 22.1 0. 50 Hi9h Strength 

3 10 22.7 22.1 0.54 0.48 12. 6 f lat: 
88 . 33 4 10 19.2 19.2 0.46 

5 10 19.2 19.2 0.38 ----1 

I 

1.5 , 22.14 17.3 7 

I 
1. 28 

I 

1 1.5 

I 
18.85 13.[',4 1.38 

• 3 1.5 20.3C 13 . C ~ 1.'3 1.26 12 ~~ shea: fe.:.j,1.!,"!'~ 
"Ow Streogtn 4 1.5 

I 
19 .66 13 . 08 

I 
1.25 , 00 bed : ; 1.5 19,25 13.08 1.12 

21 . 55 6 1.5 21. 95 1'.18 'i . 01 , , 
1 3. 0 , 20 .6 11. 7 0 .68 , 

'" edgE: 1 3. 0 21.5S 11.7 0.63 
16 10 

, 3. O 21. 67 16.5 0.~9 0.64 l' . 8 .. , 3.0 21 . 22 16 . 5 0. 61 
5 ; j.O 19 . 78 17 . 37 O.6Ó 

~ o f no.l 0. 8 
5 i 3.0 22. 14 17 . 37 i 0 .78 

1 

I 
, ; 1" .7 11.6 ; C .49 

1 4 . 5 ::'1 .5 11.6 ; 0.51 
3 I '; . 5 lo" . 3 10 .0 I 0. 53 0.53 , , 
• I ' . ~ 24 . O 10 . 0 0.53 .. , 

I 
4.1 20. 0 10 .9 

I 
0.53 , 4 . 5 <: 1.0 10 . !I 0 .56 

1 6.0 a.20 14.0 0 .59 
1 6. 0 22.20 1 ~ . 0 0 .64 
3 6 . 0 19.96 16 .86 0 .64 0.63 3.4 .. 
4 6.0 19.9:: 16 .86 0 . 63 
5 6. O 19 . 96 17 . 24 0 .65 
6 6.0 22.86 li .2 4 0.b4 , 
1 6.8 1!1 . 3 17.5 O. ~3 urlos i ve'failure 
2 6. 8 22 . 5 14 . 0 0.55 0.56 - [)(plosive compressive 3 

I 
6. 8 23 . 3 14.0 0.60 

at top 
510w compressíve at top 

. . __ .- - ----------
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lith % 
High Yield 

steel = 

0.88 

5 w 

L A 
or 

A 
L 

8 

I % of 
L 

High Yiel 
steel = 

0.9 
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TABU:: 2, Effect af brick strength 00 the shear strength af Reinforced brickwork beams and slab (wall) 

Shear span ( _ 
.... n ....... , \I" depth a/d) - 6 

Brick S2rength Na af 1:1 / 4:3 1:0. 1:3:2 Nominal Ultimate Average Coefficient 
N/1lIll tests Mortar Grout shea r stress shear of 

stre2gth stre2gth stre~s variation 
N/1lIll N/1lIll N/nrn2 N/1IIT1 in "": 

Law strengtn 1 <t.2 14.0 0.59 
flat 21.55 2 22.2 14.0 0.64 

3 19.96 16.86 0.64 0.63 3. 4 
on 16.10 4 19.96 16.86 0.63 
edge 5 22.86 17.24 0.65 

6 22.86 17 . 24 0 .64 

~ledium strength 1 24.58 15.61 O.bO 
flat 59 .40 2 20.80 16. 10 0.66 

3 26 .85 19 . 20 0.63 0.60 7.2 
on 31.92 4 23.50 15.61 0.53 
edge 5 20 .80 16.10 0.60 

6 21.73 15.58 0.60 

flat 
",gn strength 1 21.59 15.0 0.59 88.33 2 21.59 15.0 0.64 

on 26.4 3 21 .17 12.64 0.56 0 .61 5.3 

edge 4 21.17 12.64 0.59 
5 19.04 17.68 0.62 
6 19.04 17.68 0.64 

flat 
Low strength 1 20.46 14. 18 0.52 , 1.55 

2 20.46 14.18 0.63 
on 16.10 3 25.0 18.02 0.69 0.61 -
edge 4 25.0 18.02 0.58 

flat 
,,~u,um s<rengtn 1 21.66 15.58 0.62 59.40 2 23.51 11.93 0.74 

on 31. 92 3 23.51 11.93 0.62 
edge 4 21.66 15.58 0.78 0.71 10.28 

5 21.66 15.8 0.76 
6 23.51 11 . 93 0. 76 

"'9n ~trength 1 21.53 16.11 0.59 flat 88.33 
2 21.53 16.11 0.72 • 

on 26.40 3 21.53 16.11 0.69 
edge 4 26.85 1 g. 18 0.b5 0.71 13.3 

5 24.0 15 .61 0.72 
6 24.0 15 . 61 0.87 

----



TABL[ 3: ![!F,F,[C,T,-,O"F_'~O"'"T"Ac'cG"'eA~O,[5,-,OeN_T"H~[,-,S"HEC'~',--,S"TO""N,G"T"H..:O~F,-,R,[~""'F,O~" CC",-,G~R"O"U·",E"O,-,B,EA,,'"Sc.!'~",~S"!"''''BS ( .... 11) 

~ 
lffective depth 

Type of Type- & Strength tlo of Specimens 
Specimen of briCk 

N/1ml2 

Lo ... Strength 
Flat:21.5S 
fege: 16 . 10 

8EA.~ 

Med ium Strengt .~ 
Flat:59.40 
Edge:31. 92 

Kigh Strength 
Flat: 88. 33 
Ec!ge: 26.4 

Lo ... Strength 
Flat: 21.55 
foge: 16.10 

Med i um Strength 
Flat: 59.40 
Edge: 31.92 

5LflB High Strengtn 
Fl ~t: 88.33 
Ed;e: 26.40 

""'ALl 

!:~: e: ; , o:" RiE=h :ensile s tee l fo:: 

liea:D 0.3e 

Slab " 0.9 

; 
6 

1 
2 
) , 
; , 

She~r Strength N/ rrri 
Mortar Grade 

1:1/4:3 : i :4; 

0.59 
0.64 0.63 
0 .54 0. 63 0 .6~ 0.62 
0. 63 D. 59 
0.65 
0 .64 

0.60 
0.65 0.52 
0. 63 0.60 O. S9 0 .57 
0.5 3 0. 61 
0 .50 
0 .60 

0 .59 
0. 64 0.53 
0.56 0. é1 0. 53 C. 53 
0 . 59 0 .54 
0 .62 0 .53 
0.64 0.53 

O.S? 
0.63 0.60 
0 .69 0.51 0.72 0 .68 
0 .58 0.73 

0.62 0.60 
(1 .74 0 .64 0.67 
0. 62 n.71 0.78 
0. 78 
0.76 
0.76 

0.59 0.i 1 
n,72 O. ~~ 
0 .69 0 . 66 
0.65 0. 71 " C.53 
0.72 53 C:oe" i. of vari" ~ i '::ln 
0.57 (,7 

. !, '. 
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co TABLE 4: EFFECT OF % OF STEEL ON THE SHEAR STRENGTH OF REINFORCEO GROUTEO BRICKWORK BEAMS ANO WALLS 

Shear s~an 
EffectlVe depth a/d = 6 

No of Spec imen 

2 

3 

4 

5 

6 

1 

2 

3 

4 

5 

6 

Type an7th 
af b~ick 
N/111Tl ) 

% af steel 

Law Strength 

Flat: 21. 55 

On edge: 16.10 

High Strength 

Flat: 8833 

on edge: 26.40 

• very inexperienced bricklayer from outside 

BEAM 
0.88 1.38 

0.59 0.82 

0.64 0.64 

0.64 0.63 0;74 

0.63 

0.65 

0.64 

0.59 0.71 
0.64 0.67 

0.56 0.61 0.65 

0. 59 

0.62 

0.64 

Shear Strength N/mm2 

WALL 
1.68 0.9 2.54 

0.69 0. 52 0. 55' 
0.73 0.90 0.82 0.63 0.96 

0.86 0.69 0 .61 0.77 

0.58 

0.77 0.59 0.82 
0.68 0.76 0.73 0.72 0 .87 

0.67 0.69 0.71 0.76 

0.65 

0.72 

0.87 

0.87 

0.82 



00 
W 
'D 

No cf Specimens 

1 
2 
3 
4 

1 
2 
3 
4 
5 
6 

NOTE: % of steel 0.9 

TABLE 5: EFFECT OF EXTRA TIES ON THE SHEAR STRENGTH OF GROUTED REINFORCED BRICKWORK WALL(SLAB) 

Shear span a 
Effect,ve depth d 6 

Type and strength Normal spacing Extra number cf 
af b~ick of ties ties 

(N/1TI11 ) 

Law Strength 0.52 0.69 
0.63 0.61 0.65 0.65 

Flat: 21. 55 0.69 0.61 
0.58 

0.59 0.81 
High Strength 0.72 0 .82 0.84 

Flat: 8033 0.69 0.71 0.89 
0.65 
0.72 
0.87 
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TABLE 6. SHEAR STRENGTH OF REINFORCEO GROUTEO BRICKWORK BEAMS WITH ANO WITHOUT SHEAR REINFORCEMENTS 

No of Type and Sr; ck 
Specimens S tren~ th % 

(N/mm ) Steel 

1 low Streng th 
2 
3 Flat: 21. 55 0 . 88 
4 
5 On edge: 16.10 
6 

1 
2 

Medium strength 

3 Flat: 59.40 0 .88 4 
5 On edge: 31. 92 
6 

1 
2 
3 Fl at : 88.33 
4 0.88 
5 On edge: 26.4 
6 

shear span 

effective depth 
a/d = 6 

Shear Strength N/ mm 2 

No Shear reinforcements with shear reinforcements 
""'" ~ JOumm ""'" ~ ,umm 

0.59 '0 .72 0.67 
0.64 0.63 0. 67 0.66 0.65 
0 .64 C.59 0.63 
0.63 
0.65 
0 .64 

0 .60 with shea r reinforcements 
0.66 1211111 @ 11 ();rrn 

0.63 0. 60 0.74 
0.53 0.71 0.73 
0.60 0.73 
0.60 

0. 59 I 0./8 0.76 
0.64 0 .15 
0.56 0 .61 
0.59 
0.62 
0.64 

0 .65 



TABLE 7 RESULTS OF VARIANCE ANALYSES 

Table Experiment Variates and Degrees of Variance Significance 
No. interactions fre edom ratio % 

1 ) Effect of shear arm/ 
depth ratio 

1a) wall a/d 4/22 70 99 .9 
1b) beam a/d },/18 69 99 .9 

2) Effect af brick Brick strength 2/28 L) NS 
strength alI at Beam/wall 1/28 11 . 2 99 
sàme ai d ra tio interaction 2/28 ).6 95 

)) Effect of mort ar Mor tar strength 1/45 4.4 95 
grades alI at brick strength 2/45 0.8 NS 
same a/d ratio beam/wall 1/45 2) 99.9 

beam/wall v brick 2/45 ).6 95 
llll other inteIact:lon NS 

4)a) Effect of % steel- % steel 2/18 16 ·3 99 ·9 
beams Brick strength 1/18 4.) NS 

interac tion NS 

b) Effect of % steel- % ateeI 1/11 12 . 62 99 
",alls Brick s t rength 1/11 1. 25 NS 

interaction NS 

5) Effect of extra ties 1/12 4 . 2 NS 
ties ..:m ",alIa Brick strength 1/12 11.4 99 

interaction NS 

6) Beams wi th and Shear reinf . 1/20 40 99 . 9 
without shear reinf . Brick s t rength 2/20 0 .04 NS 

Interaction 2/20 6·5 99 
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Fig. 1 Cross-sectional dirnension of the test speci~ens 

Fig·2 Showing the test arrangement and a beam of 6.3m span under testo 
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