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Material stress—strain properties are required in the masonry prisms 1s performed to obtain the nonl!near
nonlinear analyses of structures. Stress—strain rela- stress.—stram curves of brick masonry. Further, 5|mplg
tionships for some construction materials such as con- @nalytical equations are developed by regression analysis
crete and steel are available in the literature and ©f the experimental data to estimate the modulus of elas-
design codes. However, such relationships are not easilyticity and to plot the stress—strain curves for masonry.
available for one of the most widely used construction

material, i.e. masonry. In the present comprehensive

experimental study, compressive stress—strain rela- Experimental study

tionships for masonry are determined by testing 84
masonry prism specimens constructed using bricks

from four different manufacturers and three mortar In the present experimental study, 84 specimens of brick

grades. By regression analysis of experimental data, masonry pr'isms (combination of bricks manufactured by
analytical expressions are proposed to estimate the four local kilns, and three mortar grades) were tested to
modulus of elasticity of masonry. An analytical model ©Obtain stress—strain curves for typical masonry used in
is proposed to adequately plot the stress—strain curves the Indian construction industry. Hand-moulded burnt
for masonry using six control points on the curves. A clay solid bricks were used in constructing masonry
simplified analytical model is also proposed that can prisms. The bricks were manufactured by four different
be conveniently used in finite element analysis pro- manufacturers (designated as M, B, S, and O), and had
grams. approximate length, width and height as 230, 110 and
75 mm respectively. Different grades of mortar (cement
Keywords: Brick masonry, compressive strength, mortadjme: sand by volume) used in the study were016
stress—strain relations. (weak), 1 0:3 (strong), and 1¥%: 4% (intermediate).
Compressive load was applied in displacement control on
BRICK masonry is a common construction material in Indifive brick high masonry prisms using MTS servo-hydraulic
because of its abundance, low cost, good sound and haeftuator. Approximate height of five-brick high masonry
insulation properties, and availability of skilled labourprism with 10 mm thick mortar joints was about 400—
Masonry is extensively used in India as infill walls in re410 mm. Epsilon extensometers were used to record the
inforced concrete buildings. Analysis and design of buildlisplacement response across three mortar joints as
ings with masonry require material properties of masonrghown in Figure A Load and displacement measure-
for example, modulus of elasticity of masonry is requirethents were recorded in real time using a computer-based
in the case of linear static analysis. Stress—strain curvéata acquisition system. General test set-up and typical
of masonry are required in the case of more detailddilure modes of masonry prisms are shown in Figure 1.
nonlinear analyses such as static pushover analysis, whiciFhe compression testing was performed according to
is being used quite frequently nowadays. However, stres8STM specification§ which are quite similar to those
strain curves of masonry are not available easily becawgizgen in the Indian masonry code (IS: 1905-1987)
of insufficient controlled experimental studies and signiStress—strain curves obtained from the experimental test-
ficant geographical variation in material properties. ing are shown irFigure 2, and a summary of the test results,
Only a few experimental studies worldwide have prancluding prism strengthf(y), failure strain, and modulus
posed analytical relationships to plot the stress—stragf elasticity of masonryHy) is presented in Table 1.
curves of masonry; however, these relationships are ridean compressive strengths of four types of brick$, (
easy to use because of the requirement of large amounawofl three grades of mortaf;{ used in the study are also
input data. Limited experimental research has been carrigi¥en in Table 1. Mean values fof were found to be 4.1,
out in India to determine the stress—strain curves of ma-5 and 6.6 MPa for prisms constructed with weak,
sonry typically constructed in the Indian industtyln  strong, and intermediate mortar respectively, and mean
the present study, extensive experimental testing of bricktimate strains at failure were 0.0059, 0.0053 and 0.008
for the three cases respectively. The Indian masonry
*For correspondence. (e-mail: dcrai@iitk.ac.in) codé€ specifies some multiplying factors to be used in
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Table 1. Summary of test results on clay brick masonry

Brick typé fo (MPa) fi (MPa) fm (MPa) Failure strain En(MPa)
Prisms with weak mortar —:D: 6 (4 x 7 specimens)

M 17.7 (0.23} 3.1(0.22) 4.0 (0.13) 0.0052 (0.53) 2239 (0.30)
B 16.1 (0.08) 2.9 (0.17) 0.0034 (0.45) 1795 (0.17)
0] 28.9 (0.23) 5.1 (0.16) 0.0086 (0.15) 2630 (0.14)
S 20.6 (0.17) 4.3 (0.17) 0.0065 (0.14) 2355 (0.19)
Average 20.8 (0.33) 4.1 (0.24) 0.0059 (0.43) 2300 (0.24)
Prisms with strong mortar —:D:3 (4 x 7 specimens)

M 17.7 (0.23) 20.6 (0.08) 7.4 (0.10) 0.0067 (0.28) 3585 (0.18)
B 16.1 (0.08) 6.5 (0.14) 0.0041 (0.39) 3592 (0.25)
) 28.9 (0.23) 8.5(0.21) 0.0057 (0.36) 5219 (0.50)
S 20.6 (0.17) 7.6 (0.17) 0.0050 (0.55) 4250 (0.44)
Average 20.8 (0.33) 7.5 (0.18) 0.0053 (0.41) 4200 (0.38)
Prisms withintermediate mortar —10.5: 4.5 (4% 7 specimens)

M 17.7 (0.23) 15.2 (0.06) 6.5 (0.19) 0.0102 (0.17) 3542 (0.27)
B 16.1 (0.08) 5.9 (0.23) 0.0062 (0.40) 3509 (0.49)
o) 28.9 (0.23) 7.2 (0.24) 0.0092 (0.32) 4712 (0.33)
S 20.6 (0.17) 6.8 (0.23) 0.0066 (0.31) 3325 (0.26)
Average 20.8 (0.33) 6.6 (0.20) 0.0080 (0.34) 3800 (0.35)

M, B, O, S are initials of four different brick manufacturers. Average water absorption of brick specimens was found tébe 12.3
with coefficient of variation = 0.13.
PFigures in parentheses indicate coefficient of variation

Figure 1. a, Test set-up for compression testing of masonry prism.

c, Typical failure modes showing vertical splitting of specimens.
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Figure 2. Compressive stress—strain curves for masonry.

correcting the prism strength of masonry for height-to-
thickness ratio of prism lower than 5.0. For the present
set of tests, this correction factor comes out to be about
0.95. Generally, five-brick high masonry prisms are tested
to obtain the prism strength of masonry, and the correction
factors are then used to arrive at compressive strength of
masonry (or design strength of masonry) from masonry
prism strength (ASTN). Therefore, this factor has not
been used in the present study, and the results presented
here represent the true values as obtained in the tests.
Masonry with weak mortar was found to be less stiffer
than that constructed with the other two grades of mortar.
Modulus of elasticity is calculated from stress—strain
curves by measuring the slope of secant between ordi-
nates corresponding to 5 and 33% of the ultimate strength
of the specimens. Experimental results show Ehatan
be directly correlated witli,, and it was found thdg,,

CURRENT SCIENCE, VOL. 92, NO. 4, 25 FEBRUARY 2007



RESEARCH ARTICLES

varies between 250 and 1100 timfgs for the present 5.
dataset (Figure 3). A relatively good coefficient of corre-
lation (C, = 0.63) was found between the experimentallg.
observedE,, values and those estimated using the follow-

0.5 : Maximum dependable compressive strength
of masonry (on descending curve).

0.% : Maximum residual compressive stress in ma-
sonry (on descending curve).

ing equation:
Strain values corresponding to these control points are
shown in Figure 4. Strain readings corresponding to the
control points 5 and 6 could not be recorded in case of
é)dflsms constructed with weak mortar, because of brick—
mortar bond failure in most of the specimens, and thus
abrupt and brittle failure of the specimens. These ideal-

Performance of masonry with intermediate mortalJzed stress—strain curves can be conveniently used in the

which has lime content, was much better than that of mgnaly&s and design of masonry structures constructed

sonry with the other two mortar grades (Figure 2). Pner'th bricks and mortar of similar material and strength.

strength of masonry with intermediate mortar was only

about 13% lesser than that with strong mortar, while failugnalytical model for stress—strain curves of

strain was about 50% more. A significant improvementimasonry

ductility of masonry was observed because of the pres-

ence of lime in the mortar, without any considerable ré&=stimation of prism strength of masonry

duction in its compressive strength. This shows that using

lime in the mortaioffers distinct structural advantages. It is not always feasible to conduct compression testing of

masonry prisms to obtain the actual prism strength, which

is the basic structural property for design of masonry. On

the other hand, compressive strengths of bridks gnd

mortar (f;}) can be easily evaluated by the tests. In such
es, the following relation can be conveniently used to

ee_stimatefr;1 usingf, andf;:

E, =550f! . (1)

Therefore, it is recommended that for brick masonry us
in the Indian construction industrl,, may be estimated
as an average value of 550 tinf¢s

Control points on stress—strain curves of masonry

Based on the limit states proposed in the Ilteréture
stress—strain curves of masonry obtained in the pres
study are idealized using six control points, which corr
spond to six significant events on stress—strain curves

: A fo =KFZ P, ()
(Figure 4). The control points identified based on the results 'm ]
of the present tests are:
1. 0.33: Point up to which the stress-strain curves
remain linear. -
2. 0.79;: Vertical splitting cracks in bricks start
developlng at about this stress. §
3. 0.9G . Vertical splitting cracks in bricks propagate B
excessively throughout masonry. = g
4. fn: Ultimate stress level in masonry (prism % E
strength). “ z
0.000 0.002 0.004 0.006 0.008 0.010
Strain
< 8000
= « 1:0:6 mortar p — -
% m 1:0.5:4.5 mortar BE ~550f) Strain in prism for mortar grades
é 6000 + o 1:0:3 mortar K¢ - a "
g - — A Stress in terms of f, 1:0:6 1:0:3 1:0.5:45
= ‘ atda s
g 40001 E, ~1100f, . LA y 0.00 0.0000 0.0000 0.0000
2 : AT 0.33 0.0009 0.0005 0.0005
g 2000 - M IO o —as0 0.75 0.0021 0.0014 0.0015
g e ~2501, 0.90 0.0029 0.0021 0.0021
S g e ' ' ' ' 1.00 0.0036 0.0025 0.0030
0.60 0.0059 - -
0 2 4 6 8 10 12 050 - 0.0045 0.0062
Masonry prism strength, MPa 0.20 _ 0.0053 0.0080

Figure 3. Variation of modulus of elasticity of masonry with corre-

sponding compressive strengths. Figure 4. Control points on stress—strain curves of masonry.
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whereK, a and 8 are constants. In eq. (2, must be e e f

higher thang becausd p, is found to depend more upon T =2-M_gMQ (5)

the strength of bricks used in masonry. Based on the ex- fm €m Eﬁ_mﬁ

perimental results of the present stuldy,a, andg are

obtained as 0.63, 0.49 and 0.32 respectively, by uncomheref,, ands, are compressive stress and strain in masonry
strained regression analysis of eq. (2) using least-squaegpectively, and;, is the peak strain correspondingf fp

fit method. Therefore, the following equation is proposeBased on the present experimental results, the parabolic

for estimatingf p: curve is further extended in the descending parff §ll
drops to 90%, after which the curve is simplified as a
fr =0_63f§-49fj0-32; (38) straight line till the residual stress in masonry is reached

(0.2 ). The following equation is proposed in the present
study to estimate,, by regression analysis of the experi-
mental data, which provides a good fit to the experimen-
fal data:

Standard error of estimate0.48 MPa.

A similar equation with different values of the constant
K, a andB was proposed by Dayaratn&for Indian bricks:

, _ 0.27f),

fr =0.275f 0°,%%; TN
j m

Standard error of estimate2.2 MPa.

Standard error of estimate0.0001.

(6)
Errors in estimation of ;, would be much higher when ) .
eq. (4) is used, because of equal weightage given to th8uations (3), (5), and (6) can be easily used to plot the
compressive strengths of bricks and mortar. On the copScending part of the stress—strain curve of the masonry
trary, eq. (3), proposed in the present study, predicts re4P {0 {&m fm}, and then the parabolic curve can be exten-
istically the strength that agrees quite well with thd€d in the descending part up tof(i,9as shown in Figure
experimental observations (Table 2). Therefore, eq. (3)¥s  linear descending part follows the parabolic part till
proposed for estimatinfg,, which is further used here for 12 &m 0.2 m} for mortar without any lime content, and till

developing stress—strain curves for masonry. {2_.75551, O.Z m} for mortar with lime content. A higher
failure strain value is proposed for masonry constructed

_ _ _ with lime mortar, because lime is found to introduce
Estimation of peak strain of masonry flexibility in the masonry.

Stress—strain curves obtained in the present studyindi(;%ge lified tri-l . del
that the ascending part of the curve can be represente V‘IO Ified tri-linear stress—strain mode
a parabola, which has also been reported e4rifeiThe

parabolic variation can be expressed in non-dimensionggnerally, simplified, mice-wise linear stress—strain
form in terms of stress ratio and strain ratio as: curves are sufficient as an input in most of the finite ele-

ment computer analysis programs. Based on the present

Table 2. Comparison of masonry prism strength obtained by differer@f[uq% simplified stress—strain Cur_VeS_for masonry con-
sources sisting of three continuous piece-wise linear segments are

proposed here (Figure 6), which can be conveniently

Experimental value Analyticdl, (MPa) using

f, (MPa) fi (MPa) f,(MPa) Presentstudy Dayaratndm

17.7 3.1 4.0 3.7.(8) 2.0 (96) A Parabolic variation $ Linear variation
16.1 2.9 3.5(22) 1.9 (49) /A4 I,
28.9 5.1 4.7 (8) 2.6 (96) ~ 09ffmmmmmm oo 4----2
20.6 4.3 4.0 (8) 2.2 (96) S ! !
g | ' mortar without lime
17.7 20.6 7.4 6.8 (9) 5.3 (41) - i : o
16.1 6.5 6.5 (0) 5.0 (30) % E : mortar with lime
28.9 8.5 8.6 (1) 6.7 (27) g f e (e V! i
20.6 7.6 7.3 (4) 5.7 (34) £ 7 =2—= i
A -3 I
@] m H '
02y Ff--mmmmmmm---= 4--———- e - )
17.7 15.2 6.5 6.2 (6) 4.5 (44) ! ! : :
16.1 5.9 5.9 (0) 4.3 (37) H ! ! !
28.9 7.2 7.8(9) 5.8 (25) £ € woor, 2¢! 2.75¢,
20.6 6.8 6.6 (3 4.9 (40 o
® (40 Strain (¢, )
Figures in parentheses indicate per cent error between experimental
values and those obtained from other sources. Figure 5. Analytical model for stress—strain curves of masonry.
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A An analytical model is developed to adequately repli-

--------------- cate the experimentally obtained masonry stress—strain
i mortar without lime curves using six control points. The model is general and

: guite convenient to use because the only input parameters
E mortar with lime required are the compressive strengths of the bricks and
i mortar. Further, a simplified tri-linear stress—strain model

! for masonry is proposed, which can be easily specified in
i
J
]
I
]

S

=)
~
w
~h

ERN

Compressive stress (f.)

computer programs and software for analysis of structures
with masonry elements. The results discussed in the present
: ' study may be valid only for the North Indian brick indus-
0.0015 0.0030 0.0060  0.0080 try. However, the proposed models are generalized and
Strain (¢, ) may be implemented for other regions with slight modifi-

cations in input parameters. Further experimental verifica-
Figure 6. Simplified tri-linear stress—strain model for masonry.  tjon may be required for extension of these results for
bricks found in other regions, and mortar of different
f_?rades.

02f,H{---

) |
1
v

specified in computer programs and finite element so
ware for structural analysis. The first segment ends -at
0.7 f, and although some nonlinearity was observed irf- SEBEREE. B et B8 b masangiruct,
H H uctu IStl y .
the experimental curves at this stress level, the corres- Eng. (India), 2002.29, 101-107.
ponding strain is considered as 0.0015, assuming the lin€ar yaraine, K. and Sinha, S. N., Behaviour of brick masonry under
behaviour. The second segment ends atwith corres- cyclic compressive loadingl. Constr. Eng. Manage1989,115,
ponding strain as 0.003, followed by the last segment 1432-1445.
which is continued until the residual stress in masonry- AfST’V' c 1314'°°a'|iﬂta”dafd fSt ”ﬁ”ﬁf gomprgss;;’,e strength
A : : of masonry prisms. asonry Test Methods an @mtions
(O'Zf m) is reached. Strain correspon(_jlng tofQh 55 taker_1 . for the Building IndustryAmerican Society for Testing and Mate-
as 0.008 for masonry constructed with mortar containing 55 (ASTM), Pennsylvania, 2001, 4th edn.
lime, and 0.006 for masonry constructed using mortau. 1S: 1905-1987, Indian standard code of practice for structural use
without any lime content. of unreinforced masonry. IBureau of Indian Standardgeaf-
firmed 1998), New Delhi, 3rd revision, 1987.
5. Ewing, B. D. and Kowalsky, M. J., Compressive behaviour of un-
Conclusion confined and confined clay brick masondy. Struct. Eng 2004,
130, 650—661.
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elasticity of masonry is found to vary between 250 and 1992.
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mortar grade of higher strength than required may not al- 6"¢e-J- Struct. DIV ASCE 1971,97, 1969-1990.

ways produce high-strength masonry. Masonry with lime
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