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Brick masonry is one of the most popular building technique for residential buildings, especially in the developing
countries. The two most common types of bonds adopted in brick masonry are English and Flemish. However, rat-
trap bond is gaining popularity in South Asian countries like India, Pakistan, and Sri Lanka. It is a type of masonry
bond in which shiners and rowlocks are laid on the edges such that the shiners have 1/3rd cavity between them
resulting in cost reduction, dead load reduction, faster construction and thermal insulation, etc. This paper presents
the results of an experimental investigation of rat-trap bond masonry for mechanical characterization. Four prism
specimens were tested for compressive strength, four for diagonal strength, and twelve triplets were tested for shear
strength. It was found that the mechanical properties of rat-trap masonry lie within the range of English bond masonry
in Pakistan as determined by various researchers. In addition, the compressive strength and elastic modulus were
found within the specified range of Building Code of Pakistan, while the shear modulus showed higher values.

Key words: rat-trap bond, RTB, cost-effectiveness, compressive strength, diagonal strength mechanical properties,

stress-strain relationship

INTRODUCTION

Brick masonry is used worldwide in the construction in-
dustry. It has gone through a number of evolutions re-
garding cost-effectiveness and structural systems. The
modern world, especially the developing countries are in
search of energy efficient and cost-effective construction
techniques. Rat-trap bond (RTB) masonry is one such
technique which addresses both these demands. It is
a type of masonry bond in which shiners and rowlocks
are laid on edges such that the shiners have 1/3rd cavity
between them as shown in Figure 1. This cavity results
in cost reduction, dead load reduction, faster construc-
tion and thermal insulation (the cavity between the two
wythes reduces the transfer of heat), etc. [1-2]. These
properties made the RTB attractive for construction in-
dustry; however, its structural safety and feasibility need
to be evaluated properly. RTB was used till the end of
19th century for the construction of two storey buildings
in the United Kingdom and some other British colonies
of North America and Southern Hemisphere [3]. Howev-
er, the RTB lost its identity later on and get disappeared
from the construction industry. During the 1970s, Lauri
Baker re-introduced RTB in India along with other cost
effective techniques for cost-effective constructions in
India. This was a turning point for RTB as researchers
initiated various studies to investigate the mechanical
properties and structural performance of RTB, while
the construction industries, especially in the developing
countries adopted RTB once again. Different countries
like Nepal, Sri Lanka, and India has developed guide-
lines for its use. India has also included guidelines of
RTB in the National Building Code of India in 2016 [4].
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Pakistan has also adopted the RTB for the construction
of buildings all over the country. It was used to construct
hundreds of Government schools by IMC-Worldwide un-
der the project titled “Hamgadam” in various districts of
Pakistan [5].

Rowlock
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Figure 1: Typical layout of RTB showing top view with
“L"and "T" joints

The literature survey reveals that the compressive
strength of RTB ranges from 1.1-3.2 MPa [6-8]. This dif-
ference is due to the fact that the area effective in taking
the stresses is calculated differently by various research-
ers. The thermal insulation of RTB is reported to be vary-
ing from 25 — 30 % [9]. The cost effectiveness of RTB
was reported to be varying from 20-30 % of the total cost
of conventional masonry [2,8,10]. Researchers have
also studied load-deformation curves and reported that
the behavior of RTB is somehow similar to convention-
al masonry up to the yield limit with a 30% reduction in
yield strength [11]. The comparison of RTB and English
bond shows that RTB has reduced compressive and
diagonal strengths [8,11]. The successful adoption of a
new construction technique requires a comprehensive
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set of experimental and field data, easily available nu-
merical or empirical models for design and assessment,
and the availability of relevant standards and specifica-
tions. Keeping in view the desirable properties of RTB
in terms of energy savings and cost effectiveness, a
comprehensive experimental program is being carried
out at the Civil Engineering Department of University of
Engineering and Technology, Peshawar, Pakistan. This
paper presents the mechanical properties of RTB includ-
ing compressive strength, diagonal shear strength, co-
hesion, coefficient of friction, stress-strain relationship as
well as detailed discussion on the failure mode of RTB
under compression and diagonal tension. The results
are also compared with specifications of Building Code
of Pakistan (BCP) as well as with various studies con-
ducted in the past for English bond masonry in Northern
Pakistan.

EXPERIMENTAL PROGRAM

The experimental program was devised such that the
masonry constituent materials were tested in the first
phase, while the masonry prisms were tested in the
second phase. The details of various tests conducted
are given in Table 1. In order to keep the workmanship
constant, all the specimens were constructed using the
same mason. The specimens were moist cured for at
least 28 days. The conventional wire mechanism used
for measuring deformation may over or under calculate
the deformation because of the tension in the wire and
the knot provided in the wire. Therefore, the deformation
was measured using an alternative mechanism, in which
stiff aluminum strips were used instead of wire for mea-
suring the deformation as shown in Figure 2.

Table 1: Details of various tests conducted

Test conducted Standard Nq. of
followed specimens
Initial rate of N
absorption of brick ASTM* C 67 5
Compressivg strength ASTM C 67 5
of brick
Modulus of rupture
(flexure strength of ASTM C 67 5
brick)
Compressive
strength of hydraulic ASTM C 109 6
cement mortars
Compressive st'rength ASTM C 1314-14 4
of masonry prisms
Diagonal tension
(shear) in masonry | ASTM E 519-02 4
assemblages
_ _D_etermlnatlon of EN 1052-3 12
initial shear strength

ASTM* : American Society for Testing and Materials
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Figure 2: Deformation measuring mechanism

Material Testing
Testing of Bricks

Locally available bricks were selected for the construc-
tion of testing specimens. The bricks were tested for ini-
tial rate of absorption, compressive strength, and flexure
strength. The tests were conducted in accordance with
American Society for Testing and Materials (ASTM) C67-
19 [12]. The results of the brick units are presented in
Table 2. According to Building Code of Pakistan (BCP:
Section 9.9.2) [13], the minimum compressive strength
of solid clay brick unit shall not be less than 8.25 MPa.
The mean value of compressive strength was found to
be 14.98 MPa, which is well above the minimum strength
specified by BCP. However, there is no specified range
for IRA and modulus of rupture of brick units in BCP.

Testing of Mortar Cubes

Locally available river sand was used for preparing
mortar. The cement-sand ratio was kept at 1:6 with an
adjustable amount of water to obtain a workable paste.
Mortar cubes of size 5 x 5 x 5 cm from each batch were
taken as representative samples of the mortar and were
tested in the Universal Testing Machine (UTM) after a
curing period of 28 days. The tests were conducted in
accordance with ASTM C-109 [14] and the results are
presented in Table 2. According to BCP (section 9.9.2)
[13], the minimum compressive strength of mortar shall
not be less than 5.5 MPa and not greater than 75% of
the masonry unit. The average compressive strength of
mortar obtained was 6.60 MPa, which lies within the lim-
its specified by BCP.

Construction of Masonry Prisms

Specimens for Compressive Strength of RTB

Four prism specimens were constructed in RTB having
configuration as shown in Figure 3. The size of each
specimen was 38.1 x 22.86 x 57.15 cm. The specimens
were tested in Universal Testing Machine (UTM) in ac-
cordance with ASTM C1314 [15], after a curing peri-
od of 28 days. In order to obtain a smooth surface for
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Table 2: Results of brick units and mortar used for construction of RTB specimens

Material No. of samples Property Test standard Mean value | C.O.V* %
. Initial rate of absorption
Brick 05 (gm/min/200 cm?) ASTM C 67-19 48.33 17
Brick 05 (Flexural test) Modulus | -\ g1\ ¢ 67.19 3.87 10
of rupture (MPa)
. Compressive strength
Brick 05 (MPa), fb ASTM C 67-19 14.98 7
Mortar 06 Compressive strength | g1y ¢ 109 6.60 13
(MPa), fm

C.0.V *: Coefficient of Variance

uniform application of load, the specimens were caped
using gypsum. The change in length due to compression
was also measured using dial gauges in order to obtain
stress-strain curve and to calculate the modulus of elas-
ticity. The results for compression tests are summarized
in Table 3.

22.86cm 7
e

Figure 3: (a) Perspective view of RTB prism for
compressive strength and (b) testing arrangements

Specimens for Direct Shear/Triplet Test of RTB

In order to find the direct shear strength parameters i.e.
coefficient of friction and cohesion, triplet tests were con-
ducted in accordance with EN 1052-3 [16] as ASTM has
no standard defined for direct shear strength test. A typi-
cal test specimen for direct shear test is shown in Figure
4. Twelve samples were tested in four groups i.e. three
samples each under a pre-compression of 0.0, 0.2, 0.6,
and 1.0 MPa stress.

Figure 4: Typical specimen for triplet/direct shear test
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Specimens for Diagonal Strength of RTB

Four specimens each having size 68.58 x 22.86 x 68.58
inch were constructed in RTB. A typical test specimen
and testing arrangements for the diagonal strength test
are shown in Figure 5. The specimens were tested in
accordance with ASTM E-519 standards [17]. The ex-
tension and shortening of the diagonals were measured
using manual dial gauges. The results from the diagonal
shear tests are summarized in Table 4.

Figure 5: A typical RTB prism for diagonal strength test
and testing arrangements

Results and Discussion
Compressive Strength and Modulus of Elasticity

The results of compressive strength tests for all four
specimens are shown in Table 3. The compressive
strength was calculated based on the net effective area.
The cavity and the unsupported rowlock brick merely
acts as a connection between the two wythes and hence
do not contribute to the compression area. Therefore,
the net effective area was taken as 2/3rd of the gross
cross-sectional area of the wall. Based on the use of the
net effective area and stronger brick units, the results
obtained are significantly higher than those reported in
the literature. The elastic modulus (Em) was calculated
from the plot of the stress-strain curve Figure 6 using the
secant modulus between 1/20th and 1/3rd of the peak
load as specified by ASTM E-447 [18]. The experimental
value of Em was 562 times the compressive strength of
masonry, which lies within the range specified by BCP
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[13], according to which the elastic modulus of mason-
ry prism should not exceed 750 times the compressive
strength of masonry.

Table 3: Compressive strength and modulus of elasticity

of RTB masonry
Net effective | Compressive Ollc\/l e(I)::tlil:;isty
: 2

Prism Area (cm?) | strength (MPa) (MPa)
C-1 603.31 4.76 1,984
C-2 603.96 3.94 2,630
C-3 603.96 6.10 4,068
C-4 600.68 4.26 2,029
Average 4.77 2677

C.0.V% 20 36

Stress-Strain Curve

The compression strain was calculated from the re-
corded deformation and was plotted against the corre-
sponding stress to obtain the stress-strain curves of ma-
sonry prisms. A typical stress-strain curve obtained for
RTB masonry is shown in Figure 6. The curve followed
a linear trend up to approximately one-half of the peak
stress. The strain increases significantly at a higher rate
after the peak stress with a comparatively less decrease
in stress showing a ductile nature.

Failure Pattern under Compression

Atypical failure mode of RTB masonry prism in compres-
sion is shown in Figure 7. It was observed that the failure
pattern was dominated by the failure of rowlock bricks.
The rowlock is unsupported in the mid-span due to cav-
ity, which makes it the weaker zone of RTB masonry. A
similar failure pattern was also observed by Santhaku-
mar and A. Sivakumar [7]. They used bricks of different
strengths as rowlocks, and as expected, the specimens
with stronger rowlock bricks showed higher compressive
strength.

Stress-strain Curve

6
5
g 4
2 3
bl
@ 2
| y=-179655x2+1911.2x+0.1017
R2=(.9683
0
0 9,005 0.01

Figure 6: stress-strain curve of RTB
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Figure 7: Failure mode RTB under compressive load

Direct Shear Strength

The shear and normal strength were calculated from the
recorded data and were plotted against each other as
shown in Figure 8. The linear trend line equation was fit-
ted which shows that the coefficient of friction (u) and co-
hesion (C) of RTB are 0.45 and 0.1134 MPa respectively.
The failure pattern was dominated by sliding of mortar in-
terface as shown in Figure 9. The values are quite small-
er as compared to those usually found for conventional
bonds because of the reduction in effective area due to
the laying of bricks on the vertical face. The vertical face
also has no frog, which also leads to reduction in the
magnitude of the properties p and C.

Shear strength curve

0.7
06 4
s o0s
: -

2 04 o
=
2 03
5
2 02 . 1,= 045840, +0.1134
wa
= 01 R2=0.9139
[+ ]
2 00

0.0 0.5 1.0 15

Normal strength (pre-compression) (Mpa)

Figure 8: Shear strength vs normal strength of RTB
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Figure 9: Typical failure pattern during triplet test
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Figure 10: Shear stress strain curve of RTB
Diagonal Tensile Strength

The results of diagonal tensile strength are presented in
Table 4 and a plot between diagonal stress and diagonal
strain was obtained as shown in Figure 10. This plot was
used to calculate the shear modulus of RTB. As ASTM
does not specify any standard procedure for calculating
shear modulus, therefore following the literature, it was
calculated using the same secant modulus method as
used for elastic modulus. The shear and tensile strength
of RTB masonry were found to be 4% and 3% of the
compressive strength of RTB masonry, respectively.
Similarly, the shear modulus (Gm) was found to be 0.76
times the elastic modulus (Em), which is higher than
0.4Em as specified by BCP.

Table 4: Results of diagonal shear strength test

Principal

e | e et o | Jonse | of iy
(MPa) (MPa) (G) MPa

D-1 1059 0.17 0.12 1989
D-2 1056 0.18 0.13 1310
D-3 1060 0.21 0.15 2982
D4 1050 0.22 0.16 1820
Average 0.20 0.14 2025
C.OV% 12 12.12 34.57

Failure Pattern

The failure pattern of a typical diagonal shear prism can
be seen in Figure 11. The crack pattern shows that pure
diagonal shear failure mode was dominated. The crack
propagated through mortar joints following the interface
of rowlock and shiner. No brick failure was observed due
to weak mortar and strong bricks.

COMPARISON OF RTB MATERIAL PROPERTIES
WITH ENGLISH BOND MASONRY

Various parameters of RTB prisms are compared with
the reported values of English bond prism in Northern
Pakistan as shown in Table 5. The material properties
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Table 5: Comparison of RTB masonry prism with

English bond masonry
English Bond
Property RTB in Northern
Pakistan [19-24]
Compressive strength of
brick, (MPa) 14.98 12.4-22.0
Compressive strength of
mortar, (MPa) 6.60 4.9-13.21
Modulus of rupture of
brick, (MPa) 3.87 2.7-6.3
Compre_sswe strength of 476 30-5.8
prism,(MPa)
Cohesion, C 0.45 0.59
Coefficient of friction, y
(MPa) 0.1 0.24-0.38
Elastic Modulus , Em
(MPa) 2677 1227-1999
Shear Modulus, Gm (MPa) | 2025 194-9969
Diagonal shear strength,
(MPa) 0.20 0.09-0.35
Principal/Diagonal tensile
strength. (MPa) 0.14 0.005-0.24

of RTB masonry lie within the range of results obtained
for English bond masonry in Northern Pakistan except
for cohesion, coefficient of friction, and elastic modulus.
The cohesion and coefficient of friction of RTB are sig-
nificantly smaller as compared to the English bond. This
is because of the reduced effective area as well as lack
of the frog in the vertical face, used in the construction of
triplets. The elastic modulus (Em) of RTB is significantly
higher than that of the English bond but lies within the
range specified by BCP, according to which, the maxi-
mum value of elastic modulus should be 750 times the
compressive strength of prism. The increase in elastic
modulus may be attributed to the alternate mechanism of
measuring the deformation using aluminum strips. As far
as shear modulus is concerned, itis 0.76 times Em which
is greater than 0.4Em as specified by BCP. The variation
in the reported values of shear modulus for English bond
is too high and it is hard to achieve an acceptable range.

Figure 11: Typical failure mode of diagonal prism
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CONCLUSIONS

This study was carried out to study the properties of RTB
masonry by testing prisms under compression, direct
shear, and diagonal tension. The following can be con-
cluded from the results obtained:

* The average compressive strength of RTB mason-
ry was found to be 4.76 MPa, which lies within the
range generally obtained for conventional masonry
in Pakistan.

¢« The elastic modulus of RTB was determined to be
2677 MPa, which complies with the limits specified
by BCP.

* The weaker zone of RTB in compression is the row-
lock brick.

e The coefficient of friction and cohesion were found to
be comparatively less than that of the English bond
masonry.

* The diagonal tensile strength and shear strength cal-
culated were 0.14 MPa and 0.20 MPa respectively.

* The shear modulus of RTB was determined to be
2025 MPa, which is considerably higher than the
range specified by BCP.

» The material properties lie within the range generally
obtained for English bond masonry, therefore it can
be concluded that the bond can be successfully ad-
opted as a load-bearing wall.
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