J.Natn.Sci.Foundation Sri Lanka 2019 47 (1): 29 - 38
DOI: http://dx.doi.org/10.4038/jnsfsr.v47i1.8924

RESEARCH ARTICLE
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6XEPLWWHG'HFHPEHU5HYLVHG-XO\$FFHSWHG$XJXVW

$EVWUDFW ,Q 6UL /DQND WKHUH LV D ODUJH QXPEHU RI XQ
reinforced masonry buildings and they have possessed a deepseated view in local culture since ancient time. Un-reinforced
PDVRQU\ LV WKH PRVW YXOQHUDEOH DJDLQVW HDUWKTXDNHV ZKLFK
highlights the need of introducing proper techniques for
UHWUR¿WWLQJ RI H[LVWLQJ XQUHLQIRUFHG PDVRQU\ EXLOGLQJV 7KH
objective of this study is to evaluate the possibility of selected
WHFKQLTXHV H[WHUQDO SRO\ SURS\OHQH EDQG PHVK IHUURFHPHQW
belts and the proposed external bamboo strip mesh) to increase
seismic safety of existing masonry structures. Masonry walls
having the size of 600 mm × 600 mm ×  PP ZHUH FDVW
XVLQJEULFNV7KHPDVRQU\ZDOOVZLWKDQGZLWKRXWUHWUR¿WWLQJ
were tested under static diagonal compression test. The
HIIHFWLYHQHVV RI UHWUR¿WWLQJ WHFKQLTXHV ZDV HYDOXDWHG XVLQJ
LQLWLDO FUDFNLQJ ORDG XOWLPDWH ORDG FDUU\LQJ FDSDFLW\ FUDFN
LQLWLDWLRQ DQG SURSDJDWLRQ UHVLGXDO VWUHQJWK DQG IDLOXUH
PRGH VKHDU VWUHVV DQG ZDOO VWLIIQHVV 7HVW UHVXOWV LQGLFDWHG
WKDW UHWUR¿WWLQJ RI XQUHLQIRUFHG PDVRQU\ ZDOOV ZLWK EDPERR
strip mesh and poly propylene band mesh could be effective
and reliable strengthening techniques. These methods are
DOVRHFRQRPLFDODQGVLPSOHLQWHFKQLTXH7KHZDOOUHWUR¿WWHG
with ferrocement belts collapsed without catastrophic failure.
:LWKDOWKLVWHFKQLTXHZDVFDSDEOHRIGLVVLSDWLQJVRPHHQHUJ\
DQG UHGLVWULEXWLQJ WKH ORDG DQG VKRZHG FRQVLGHUDEOH YLVLEOH
signs before the collapse. The ferrocement belts method might
EHUHOLDEOHIRUUHWUR¿WWLQJRIXQUHLQIRUFHGPDVRQU\EXLOGLQJV
.H\ZRUGV 'LDJRQDO VKHDU WHVW LQSODQH ORDG UHWUR¿WWLQJ
VHLVPLFUHVLVWDQWXQUHLQIRUFHGEULFNPDVRQU\
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INTRODUCTION
Sri Lankan architecture is mainly based on masonry
IURP ORQJ DJR$PRQJ GLIIHUHQW W\SHV RI PDVRQU\ XQ
reinforced masonry (URM) construction has possessed
the local culture of Sri Lanka especially in residential
building construction since ancient time. One of the
PRVW VLJQL¿FDQW UHDVRQV IRU WKH SRSXODULW\ RI VXFK
construction is that Sri Lanka has been considered as an
earthquake free zone. Other reasons are great attributes
SRVVHVVHG E\ 850 FRQVWUXFWLRQV 850 LV D ORZFRVW
readily available construction material manufactured by
ORFDO FRPPXQLWLHV ,Q DGGLWLRQ PDVRQU\ FRQVWUXFWLRQ
KDV VHYHUDO RWKHU GHVLUDEOH IHDWXUHV VXFK DV GXUDELOLW\
OHVVODERXULQWHQVLW\HDVHRIFRQVWUXFWLRQDQGDOWHUDWLRQ
DIWHU FRQVWUXFWLRQ HFRIULHQGOLQHVV KHDW DQG VRXQG
LQVXODWLRQ ¿UH UHVLVWDQFH DQG EHWWHU DUFKLWHFWXUDO
FKDUDFWHU 8QIRUWXQDWHO\ 850 EXLOGLQJV DUH WKH PRVW
vulnerable in the face of earthquakes (Blondet et al
%DUWRORPHet al VLQFHLWLVPDGHRI
a heavy and brittle material with low tensile strength and
exhibits little ductility when subjected to seismic effects.
Considerable damage and loss of life has occurred due
to earth tremors in areas where URM constructions were
XVHG LQ 6UL /DQND .RGLSSLOL  8GXZHUL\D et al
2013) and many other countries (Mendis et al  
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)XUWKHUWKHORFDWLRQRI6UL/DQNDRQWKHHDUWKLVJHWWLQJ
more vulnerable to unpredicted large earthquakes
'LVVDQD\DNH  0RKDGHZDQ  0XQDVLQJKH 
&XUUD\ +HQFHQHFHVVDU\SUHFDXWLRQVQHHGWREH
taken regarding the existing URM buildings in Sri Lanka
to avoid and control catastrophic situations that may
happen in the future.
 ,QWKLVUHJDUGUHWUR¿WWLQJRIH[LVWLQJ850EXLOGLQJV
PD\HPHUJHDVDSRVVLELOLW\ZKLFKLPSOLHVLQFRUSRUDWLRQ
of earthquake resistant measures to existing URM
buildings in terms of strength and ductility (Mendis
et alD 5HWUR¿WWLQJLVDGLI¿FXOWWDVNEHFDXVHRI
WKHJUHDWQXPEHURIVHLVPLFDOO\GH¿FLHQWEXLOGLQJVEXWLW
is essential due to economic considerations.

VLJQL¿FDQWO\E\TXDQWLWDWLYHDQGTXDOLWDWLYHperformances
of the walls4XDQWLWDWLYHSHUIRUPDQFHFDQEHHVWLPDWHG
XVLQJ SDUDPHWHUV VXFK DV LQLWLDO FUDFNLQJ ORDG ORDG
EHDULQJ FDSDFLW\ VKHDU VWUHVV GHIRUPDWLRQ FDSDFLW\
DQG VWLIIQHVV EHIRUH DQG DIWHU LQLWLDO FUDFNLQJ ZKHUHDV
TXDOLWDWLYH SHUIRUPDQFH FDQ EH HYDOXDWHG XVLQJ ¿QDO
IDLOXUH RI WKH ZDOO FUDFN SURSDJDWLRQ RYHU WKH ZDOO
and diagonal force vs vertical displacement curve. The
EHKDYLRXURIUHWUR¿WWHGZDOOVZRXOGEHLGHDOLVHGDVVKRZQ
LQ)LJXUHIRULOOXVWUDWLQJWKHPHWKRGRIFDOFXODWLQJWKH
stiffness of the specimen.
 6WLIIQHVV LV GH¿QHG DV WKH JUDGLHQW RI WKH GLDJRQDO
force (P) – vertical displacement (D) curve. The initial
stiffness (Ko) is derived from the ratio between the
variation of diagonal force at two stages and variation
of corresponding vertical displacements just before the
initial cracking of the wall (Sathiparan et al 
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5HWUR¿WWLQJRIXQUHLQIRUFHGPDVRQU\ZDOOV

:KHUHPPD[ UHWUR¿WWHG ZDOO and Pmax (control) are the maximum
GLDJRQDO IRUFHV IRU UHWUR¿WWHG ZDOO DQG IRU WKH FRQWURO
ZDOO QRQUHWUR¿WWHGZDOO UHVSHFWLYHO\



induced damages and in-plane failure would be dominated.
The test walls were constructed in double wythe with the
size of 600 × 600 ×PPDVVKRZQLQ)LJXUH

METHODOLOGY
Four URM walls were cast to evaluate the performance
RI850ZDOOVZLWKDQGZLWKRXWUHWUR¿WWLQJ%RWKVLGHV
RIDOOWKHWHVWZDOOVXVHGWRUHWUR¿WZHUHV\PPHWULFDOO\
strengthened using relevant materials. Three techniques:
EDPERRVWULSPHVKSRO\SURS\OHQH 33 EDQGPHVKDQG
IHUURFHPHQWEHOWVZHUHHYDOXDWHGDVUHWUR¿WWLQJPHWKRGV
One specimen was treated as the control wall panel
LH15:QRQUHWUR¿WWHGXQUHLQIRUFHGPDVRQU\ZDOO 
DQGWKHRWKHUVSHFLPHQVZHUHXVHGIRUHDFKUHWUR¿WWLQJ

WHFKQLTXH EDPERR VWULS PHVK LH 5%6  UHWUR¿WWHG
PDVRQU\ ZDOO ZLWK EDPERR VWULS PHVK  33EDQG PHVK
LH533UHWUR¿WWHGPDVRQU\ZDOOZLWK33EDQGPHVK 
DQG IHUURFHPHQW EHOWV LH 5)%  UHWUR¿WWHG PDVRQU\
wall with ferrocement belts). The performances were
HYDOXDWHGXVLQJSDUDPHWHUVVXFKDVGHIRUPDWLRQXOWLPDWH
ORDG FDUU\LQJ FDSDFLW\ ORDG DW LQLWLDO FUDFN IRUPDWLRQ
VWLIIQHVV VKHDU VWUHVV FUDFN SURSDJDWLRQ DQG IDLOXUH
modes of the wall. The experimental parameters of each
wall unit are summarised in Table 1.
7DEOH

3URSRVHGUHWUR¿WWLQJWHFKQLTXHVIRU850GZHOOLQJV

6SHFLPHQ

5HWUR¿WWLQJWHFKQLTXH

15:
5%6

&RQWUROXQLW±QRUHWUR¿W
PPZLGHDQGPPWKLFNKRUL]RQWDODQGYHUWLFDO
bamboo strips
10 mm wide horizontal and vertical PP-bands
+RUL]RQWDOEHOWVRIPPGLDPHWHUVWHHOZLUHPHVK

RPP
5)%

15:  QRQUHWUR¿WWHG XQUHLQIRUFHG PDVRQU\ ZDOO 5%6  UHWUR¿WWHG
PDVRQU\ZDOOZLWKEDPERRVWULSPHVK533UHWUR¿WWHGPDVRQU\ZDOO

ZLWK33EDQGPHVK5)%UHWUR¿WWHGPDVRQU\ZDOOZLWKIHUURFHPHQW
belts

Figure 1: The configuration of test wall
)LJXUH 7KHFRQ¿JXUDWLRQRIWHVWZDOO

Mortar joint thickness was 10 mm and the 1:6 cementsand mortar (in volume basis) was used. A certain number
of holes were made at designed suitable spacing only in
RQH ZDOO ZKLFK ZRXOG EH UHWUR¿WWHG ZLWK WKH EDPERR
strip mesh. These holes were used to insert galvanised
steel binding wires to connect the bamboo strip mesh to
the wall. The walls were cured with water spray for 28 d
to achieve maximum strength. At the end of the curing
SURFHVVUHWUR¿WWLQJZDVFRQGXFWHG
5HWUR¿WWLQJSURFHGXUH
7KUHH850ZDOOVZHUHUHWUR¿WWHGV\PPHWULFDOO\XVLQJ
EDPERR VWULS PHVK 33EDQG PHVK DQG IHUURFHPHQW
EHOWVVHSDUDWHO\ZKHUHRQHZDOOZDVXVHGWRUHWUR¿WZLWK
each technique.
Poly propylene band mesh
Ϯϭ

One masonry wall was tightly and fully wrapped
using PP-bands having a width of 10 mm as shown in

0DVRQU\ZDOOVWHVWVSHFLPHQV
%XUQHGVROLGFOD\EULFNV VL]HRIDEULFN××
PP ZHUHXVHGWREXLOGWKHWHVWZDOOV7KHSURSRVHG
UHWUR¿WWLQJV\VWHPV DLPWR LPSURYH WKHSHUIRUPDQFHRI
ZDOOVE\LQFUHDVLQJWKHVKHDUVWUHQJWKDERYHWKHÀH[XUDO
strength and by increasing the ductility and energy
GLVVLSDWLRQ FDSDELOLW\ :DOOV ZLWK DVSHFW UDWLR KHLJKW
OHQJWK OHVVWKDQKDYHÀH[XUDOVWUHQJWKVKLJKHUWKDQ
their shear strength and these walls should fail in shear in
a non-ductile manner (Taghdi et al.DE 7KHUHIRUH
all specimens were chosen with an aspect ratio of 1.0 to
ensure that most of the URM walls would exhibit shear
Journal of the National Science Foundation of Sri Lanka 47(1)

(a)

(b)

Figure 2: PP-band mesh technique (RPP);
)LJXUH 33EDQGPHVKWHFKQLTXH 533  D  IXOO\ UHWUR¿WWHG ZDOO
(b) connecting the end of a PP-band strip
March 2019
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Figure 2(a). End of each PP-band was connected using
galvanised steel wires as illustrated in Figure 2(b). The
SDUDOOHOEDQGVSDFLQJZDVNHSWDVPP
Ferrocement belts
Plain wave and electro galvanized steel wire mesh
6:0 ZLWKSLWFKRIPPDQGPPGLDPHWHUVWHHO
wires were used in ferrocement belt technique. Only
one layer of steel mesh was used. The masonry wall

(a)

ZDV SDUWLDOO\ ZUDSSHG ZLWK WZR  PP ORQJ DQG
 PP ZLGH PHVKHV >)LJXUH  D @ DQG HDFK HQG RI
the mesh was connected with binding wires as shown
in Figure 3(c). The meshes were also connected to the
ZDOOXVLQJEROWV>)LJXUH D @$IWHUZDUGVRQO\the areas
covered by both meshes were plastered with 1: 3 cementVDQGPRUWDU>)LJXUH E @7KHVDQGXVHGLQPRUWDUIRU
plastering the wall was sieved by using a riddle of 3 mm
mesh pitch to ensure effective bond between the wall and
WKH6:0

(b)

(c)

Figure 3: Ferrocement belts technique (RFB);
)LJXUH )HUURFHPHQW EHOWV WHFKQLTXH 5)%  D  ZUDSSLQJ ZDOO ZLWK 6:0 E  SDUWLDOO\ UHWUR¿WWHG ZDOO
(c) binding each end of mesh

(a)

(c)

(b)

(d)

Figure 4: Bamboo strip mesh method (RBS):
)LJXUH %DPERRVWULSPHVKPHWKRG 5%6  D EDPERRPHVK E ELQGLQJFURVVSRLQWVRIPHVK F FRQQHFWLQJPHVKRQWKHZDOO G FRQQHFWLQJ
two meshes with each other

Newly proposed
reinforcement

method:

bamboo

strip

mesh

7ZR EDPERR VWULS PHVKHV ZHUH SUHSDUHG WR UHWUR¿W
the URM wall with holes (as described previously).
Five millimeters thick and 20 mm wide
16 yellow

bamboo strips were arranged in a mesh pattern with a
SLWFKRIPPWRSUHSDUHWKHPHVKDVVKRZQLQ)LJXUH
4(a). Each cross point of the mesh was tightly connected
XVLQJJDOYDQLVHGVWHHOELQGLQJZLUHV>)LJXUH E @
March 2019

7KHPDVRQU\ZDOOZDVV\PPHWULFDOO\UHWUR¿WWHGZLWKWZR
PHVKHVDVRQHPHVKRQHDFKZDOOVXUIDFH îPP 
using binding wires inserted through holes in the wall as
VKRZQLQ)LJXUH F $IWHUZDUGVWKHWZRPHVKHVZHUH
FRQQHFWHG ZLWK HDFK RWKHU >)LJXUH  G @ DW IRXU ZDOO
ϮϮ
surfaces of 600 ×PPZLWKELQGLQJZLUHV7KHWZR
meshes were connected to each other for the purpose
RI JLYLQJ WKH HIIHFW RI IRXQGDWLRQ URRI DQG VXSSRUWLQJ
ZDOOVDWERWWRPOHYHOWRSOHYHODQGOHIWDQGULJKWVLGHV
RIWKHZDOOUHVSHFWLYHO\7KHUHVXOWLQJVWUXFWXUHZDVDQ
Journal of the National Science Foundation of Sri Lanka 47(1)

5HWUR¿WWLQJRIXQUHLQIRUFHGPDVRQU\ZDOOV



LQWHJUDWHGPDWUL[ZLWKDVWURQJFRQQHFWLRQEHWZHHQWKH
wall and the mesh.
([SHULPHQWDOWHVWVHWXS
)LJXUH  VKRZV WKH H[SHULPHQWDO WHVW VHWXS XVHG LQ WKH
laboratory to determine the shear failure of masonry
walls and to evaluate the effectiveness of the proposed
UHWUR¿WWLQJPHWKRGVDJDLQVWLQSODQHVWDWLFORDGV'LDJRQDO
FRPSUHVVLRQ WHVW ZKLFK LV DYDLODEOH WR LQYHVWLJDWH WKH
in-plane diagonal shear strength of masonry walls was
FRQGXFWHG RQ WHVW
VSHFLPHQV DQG $670 (


standard guidelines were used in the test setup. The
test wall was established and settled between two pairs
of steel angle plates at the top and bottom as illustrated
LQ )LJXUH 7KH SDLU RI VWHHO DQJOH SODWHV FRQVLVWHG RI
two steel plates of 900 degrees connected to a square
shaped support. Both steel angle plates were created with
DQDQJOHRI0 degrees to the connected surface of the
diagonally placed wall panel at the top and bottom as
VKRZQ LQ )LJXUH  E  7KH VTXDUH VKDSHG VXSSRUW ZDV
used to bolt the steel angle plates to the actuator and to
the loading frame.

Hydraulic
actuator
Top steel
angle plate
Test wall

Bottom steel
angle plate
450

Support
Loading
frame
(a)

(b)
Figure 5: The test setup;

)LJXUH 7KHWHVWVHWXS D FRQWUROZDOOLQWKHWHVWVHWXS E VFKHPDWLFGLDJUDPRIWKHWHVWVHWXS

$PPWKLFNSODVWHURISDULVOD\HUZDVDSSOLHGRQERWK
steel plates at the interface between the test wall and the
steel plate. This layer is crucial to carry out a better load
transformation from the steel plate to the test wall. One of
the steel angle plates was bolted to the hydraulic actuator
and the other plate was placed on a support attached to
the loading frame just below the actuator as shown in
)LJXUH7KHVSHFLPHQZDVFDUHIXOO\LQVWDOOHGLQWRWKH
loading frame and checked for vertical alignment using
a plumb bob.
Load was applied on the test walls along the vertical
diagonal of the wall using the server controlled hydraulic
actuator at a rate of approximately 0.1 mms-1 under the
displacement controlled method. A test wall was loaded
till the wall unable to transfer the given load within the
ZDOOLWVHOI LHWKH¿QDOIDLOXUHRIWKHZDOO 7KHDSSOLHG
diagonal force on the walls and the corresponding
GLVSODFHPHQWV LHYHUWLFDOVKRUWHQLQJ DORQJWKHORDGHG
diagonal of the walls were recorded over time. Crack

initiation and propagation and failure pattern of the walls
were also observed.
RESULTS AND DISCUSSION
The effectiveness of three techniques: bamboo strip
PHVK33EDQGPHVKDQGIHUURFHPHQWEHOWVIRUUHWUR¿WWLQJ
URM shear walls against diagonal compression loading
LVHYDOXDWHGLQWKLVVHFWLRQ$FFRUGLQJO\VWDWLFLQSODQH
EHKDYLRXURIUHWUR¿WWHG850ZDOOVZHUHFRPSDUHGDQG
GLVFXVVHG XVLQJ WKH SDUDPHWHUV YHUWLFDO GLVSODFHPHQW
ORDGFDUU\LQJFDSDFLW\FUDFNIRUPDWLRQDQGSURSDJDWLRQ
and failure pattern. Test results for conventional URM
ZDOO 15:  DQG 850 ZDOOV UHWUR¿WWHG ZLWK EDPERR
VWULSPHVK 5%6 33EDQGPHVK 533 DQGIHUURFHPHQW
belts (RFB) are shown in Table 2.
Figure 6 illustrates the diagonal compressive force
variation with vertical deformation for all the test wall
panels.
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1RQUHWUR¿WWHGZDOO
Figure 7(a) illustrates the crack patterns observed in
WKHWUDGLWLRQDO850ZDOO 15:FRQWUROVSHFLPHQ MXVW
before it collapses. Only a few major cracks concentrated
WRDVSHFL¿FDUHDZHUHREVHUYHGCrack initiation in the
15: ZDV REVHUYHG LQ PRUWDU MRLQWV DQG WKH FUDFNV
7DEOH

developed and propagated along the mortar joints.
Diagonal shear cracking is the most common masonry
failure mode under seismic loads and it is generated for
a combination of vertical compressions and in-plane
horizontal loads. The principal tensile stresses developed
in the wall due to this action exceed the tensile
strength of masonry.

7HVWUHVXOWVIRUFRQWUROZDOODQGUHWUR¿WWHGZDOOV

6SHFLPHQ
,QLWLDOFUDFNLQJORDG N1 
Peak load – Pmax (kN)
3HDNORDGLQFUHPHQW  
'HÀHFWLRQDWSHDNORDG±įp PP 
0D[LPXPGHÀHFWLRQ±įmax PP 
Initial stiffness – Ko N1PP 
Residual stiffness – Kr N1PP 
6KHDUVWUHVV±Ĳ 1PP2 
Behaviour at test end
)DLOXUHPRGH
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Figure 6: Load vs. vertical deformation for test walls
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The bricks have not been damaged at failure of the wall
but have been separated due to the failure of mortar
joints leading to collapsing of the wall. This is attributed
to the weak mortar joint bond strength compared to
the tensile strength of the burned clay bricks. The wall
H[KLELWHG DQ DSSUR[LPDWHO\ OLQHDU EHKDYLRXU XS WR ¿UVW
YLVLEOH FUDFNLQJ )LJXUH   $IWHUZDUGV FUDFNV ZHUH
YLVLEOH DORQJ WKH PLGGOHPRVW EHG MRLQW th bed joint)
causing sliding of the upper part of the wall which is
generally called shear sliding. The observed shear slip
IDLOXUHPRGHZDVFDWDVWURSKLF>)LJXUH E @DQGRFFXUUHG
without much time elapse between crack initiation at the
block mortar interface and the consequential debonding

of blocks. The assemblage split mainly into two parts and
subsequently disintegrated along a diagonal stepped joint
and bed joint. Just before the attainment of maximum
GLDJRQDOIRUFH±OHQJWK\GLDJRQDOFUDFNVGHYHORSHG
>)LJXUH D @%ULWWOHIDLOXUHZDVREVHUYHGMXVWDIWHUWKH
wall gained the ultimate load as illustrated by Figure
7(b). The wall failed at a very low diagonal force [just
EHORZN1 7DEOH @DQGYHUWLFDOGLVSODFHPHQW>MXVW
DERYHPP 7DEOH @7KLVLVDUHVXOWRIWKHZHDNPRUWDU
joint bond strength and the absence of friction resistance
GXHWRODFNRIFRPSUHVVLYHVWUHVVZKLFKLVQRUPDOWRWKH
mortar bed joints.

WKDQWKDWRI15:ZDOO533DQGZDOO5)%7KHFUDFNV
propagated smoothly from top to bottom along the loaded
diagonal axis of the wall RBS instead of a few major
cracks concentrating along the mortar bedding lines in
WKH15:>)LJXUH D @0RUHRYHUWKHZDOO5%6VKRZHG
FUDFNVZKLFKZHUHODUJHULQQXPEHUVKRUWHULQOHQJWKDQG
VPDOOHULQFUDFNZLGWKDQGSURSDJDWHGRYHUDZLGHUDUHD
>)LJXUH  D @ WKDQ WKRVH LQ WKH ZDOO 533 >)LJXUH  D @
7KH EDPERR VWULS PHVK VLJQL¿FDQWO\ DIIHFWHG WKH ¿UVW
visible cracking load of the masonry wall [32.69 kN
7DEOH  @ 7KH FRPSUHVVLYH VWUHQJWK DQG VWLIIQHVV RI
bamboo strips together possess a certain degree of load
bearing capacity.

(a)

(b)

Figure 8: Specimens RBS: (a) crack formation; (b) specimen at the failure
)LJXUH 6SHFLPHQV5%6 D FUDFNIRUPDWLRQ E VSHFLPHQDWWKH
failure



The initial cracking of the wall RBS was followed
by a sharp drop of the remaining strength capacity by
RXWRILWVPD[LPXPSHDNVWUHQJWKRIN1DQG
ZKLFKZDVJUHDWHUWKDQWKDWRIWKHZDOO5337KHUHDIWHU
subsequent strength drops were quickly regained
(Figure 6) due to the elastic behaviour of bamboo strips
and the mesh formation. The bamboo strip mesh allowed
(b)
(a)
the wall to gain the highest deformation capacity where
Figure 7: Specimen NRW: (a) crack formation; (b) specimen at the failure
vertical shortening along the loaded diagonal was just
below 28 mm. The wall possessed a residual stiffness
)LJXUH 6SHFLPHQ15: D FUDFNIRUPDWLRQ E VSHFLPHQDWWKH
of 0.74 kN until it reached its maximum load bearing
failure
FDSDFLW\7KHQWKHUHVLGXDOVWUHQJWKGURSSHGGUDVWLFDOO\
to the lowest load (17.87 kN) gained by the wall after
:DOOUHWUR¿WWHGZLWKEDPERRVWULSPHVK
LWV ¿UVW FUDFN LQLWLDWLRQ ZKLFK ZDV VLJQL¿FDQWO\ KLJKHU
Ϯϰ
FRPSDUHGWRZKLFKZDVJDLQHGE\WKHZDOO533 N1 
Beginning of failure occurred in the form of diagonal
)LJXUH 6XEVHTXHQWO\WKHZDOOUHDFKHGLWV¿QDOIDLOXUH
VKHDUFUDFNLQJZKLFKVSUHDGWKURXJKRQHWKLUGDQGWZR as a combination of sliding shear and diagonal tension
thirds of the horizontal diagonal of the wall. The diagonal
DVVKRZQE\)LJXUHV D DQG E $WWKHHQGRIWKHWHVW
cracks developed into major cracks at a later stage and
although almost all the walls RBS showed stepped-joint
heavy local crushing was observed near the supporting
DQG EHGMRLQW VOLGLQJ WKH ZDOO GLG QRW ORVH LWV VWDELOLW\
VKRHZKHUHDVERWKHGJHVRIWKHKRUL]RQWDOGLDJRQDOZHUH DQGGLGQRWFROODSVH> E @1RWHQVLOHIDLOXUHLQEDPERR
undamaged. It could be observed that the propagation
VWULSV ZDV REVHUYHG EXW EXFNOLQJ RI EDPERR VWULSV
RIFUDFNVZHUHLQDZLGHUDUHDRQWKHZDOO>)LJXUH D @ occurred due to compression of strips.
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The main effect of the bamboo strip mesh is restraining
the separated masonry fragments for allowing the
redistribution of the load within the masonry itself.
This was attributed by the formation of further cracks
upon continuous loading (Figure 6). Vertical strips bare
FRPSUHVVLRQ ORDG RQFH VOLGLQJ RI URZV >)LJXUH  E @
resulted in increasing the masonry wall frictional
UHVLVWDQFHWRVKHDUVOLGLQJ7KURXJKIULFWLRQHQHUJ\IURP
alien stresses dissipated. Vertical strips also redistributed
WKH ORDG HOLPLQDWLQJ WKH FRQFHQWUDWLRQ RI ORDG DW WKH
VDPH PDVRQU\ FRXUVH EXW DOORZLQJ WKH GHIRUPDWLRQ RI
(b)
(a)
the wall panel. Horizontal strips directly bear the load
Figure 9: Specimens RPP: (a) crack formation; (b) specimen at the failure
by resisting the separation of bricks within the same
row allowing vertical strips to keep redistribution of the
)LJXUH 6SHFLPHQV533 D FUDFNIRUPDWLRQ E VSHFLPHQDWWKH
load over a long period while preventing or delaying
failure
the loss of debris. Both types of strips together improve
the ductility with a rigid box-like enclosure resulting in
low stiffness compared to masonry walls (Mendis et al
preventing the collapse of damaged masonry walls on
2014b).
occupants and nearby buildings.
The wall RBS also kept the residual strength in a
VLJQL¿FDQWSDWWHUQFRPSDUHGWRWKHZDOO533 )LJXUH 
by regaining the lost strength until the end of the test. It
revealed that the bamboo strip mesh helps the masonry
ZDOOWRUHGLVWULEXWHDQGGLVVLSDWHHQHUJ\PRUHHIIHFWLYHO\
FRPSDUHG WR WKH 33EDQG PHVK WHFKQLTXH )XUWKHU
bamboo strips limited the shear sliding of the upper
part of the wall up to about 10 mm (Table 2) while the
PP-band mesh allowed the wall to slide to nearly 22
mm (Table 2) which is twice larger than that of the wall
RBS. Bamboo strips have a higher tensile strength and
compressive strength compared to those of PP-bands.
&RQVHTXHQWO\ EDPERR VWULSV JLYH KLJKHU IULFWLRQDO
resistance against shear sliding and higher resistance
against separation of bricks within the same brick course
RIWKHZDOO>)LJXUH E @WKDQWKRVHJLYHQE\YHUWLFDO33
EDQGVDQGKRUL]RQWDO33EDQGVUHVSHFWLYHO\
:DOOUHWUR¿WWHGZLWK33EDQGPHVK
Failure initiated in the form of diagonal cracks which
were distributed within the middle one third and two
thirds of horizontal diagonal of the wall. Propagation
of cracks was in a wider area in the wall with PP-band
PHVK 533 >)LJXUH D @WKDQWKDWRIWKHFRQYHQWLRQDO
850 ZDOO 15: 7KH FUDFNV SURSDJDWHG IURP WRS WR
bottom of the wall along the loaded diagonal which was
an effective improvement in wall behaviour than a few
PDMRUFUDFNVSURSDJDWHGWKURXJKDVSHFL¿FDUHDRQWKH
15:>)LJXUH D @7KHLQÀXHQFHRI33EDQGPHVKFRXOG
QRWEHREVHUYHGEHIRUHWKH¿UVWFUDFNZKHUHDQLQFUHDVH
of peak strength of the wall RPP could be seen only
DIWHU LQLWLDWLRQ RI WKH ¿UVW FUDFN )LJXUH  7KH UHDVRQ
for this phenomena is that PP-bands have a relatively
March 2019

The initial cracking in the wall was followed by a
VKDUSGURSRIWKHUHPDLQLQJVWUHQJWKFDSDFLW\E\
out of its maximum peak strength of 31 kN (Table 2).
$IWHUZDUGVWKHZDOOVWDUWHGWRUHVWUDLQWKHVHSDUDWLRQRI
wall fragments due to the elastic behaviour of PP-bands
and the arrangement of mesh resulted in regaining the
subsequent strength drop of the wall (Figure 6). The
PP-band mesh allowed the given external force to be
UHGLVWULEXWHG WKURXJKRXW WKH PHVK DQG PDVRQU\ ZDOO
which was shown by the formation of further cracks
developed in the wall upon continued loading (Figure 6).
$IWHU WKH ¿UVW FUDFN LQLWLDWLRQ WKH ZDOO NHSW D UHVLGXDO
VWLIIQHVVRI1P2XQWLOLWUHDFKHGLWV¿QDOIDLOXUH7KH
Ϯϱ
¿QDOIDLOXUHRIWKHZDOOH[KLELWHGDFRPELQDWLRQRIVOLGLQJ
shear and diagonal tension as illustrated in Figure 9(b).
The wall did not lose its stability and did not collapse at
WKHHQGRIWKHWHVWDOWKRXJKWKHZDOOH[KLELWHGEHGMRLQW
VOLGLQJ&RQWUDU\WRWKHFRQWURO15:ERWKHGJHVRIWKH
wall remained intact. Local crushing of masonry (both
bricks and mortar) took place in the vicinity of loading
and supporting shoes. The main effect of the PP-band
mesh was to restrain the separated masonry fragments
for allowing the redistribution of the load within the
masonry itself. The effect of both vertical and horizontal
PP-bands could be expected as similar to the effect
given by vertical and horizontal strips of bamboo mesh
RQPDVRQU\ZDOOEXWLQDORZHUGHJUHHRITXDQWLW\DQG
quality of the effect of the bamboo strip mesh.
:DOOUHWUR¿WWHGZLWKIHUURFHPHQWEHOWV
The cracks propagated in a wider area of the wall [Figure
 D @)DLOXUHRIWKHZDOO5)%FRPPHQFHGDVGLDJRQDO
shear cracking in bed joint between the 7th and 8th brick
Journal of the National Science Foundation of Sri Lanka 47(1)
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course near the loading shoe just above the ferrocement
4thth and 6thEHGMRLQWV,WUHVXOWHGLQ¿QDOIDLOXUHRIWKH
RYHUOD\>)LJXUH D @1RRWKHUVLJQVRIEULFNGDPDJH wall with separation of wall into two segments and shear
or tension failure of steel wire mesh were observed in
VOLGLQJ LHFRPELQDWLRQRIVWHSSHGMRLQWDQGEHGMRLQW
WKH DUHD FRYHUHG E\ WKH XSSHU IHUURFHPHQW EHOW H[FHSW sliding) of the upper part of the wall along 4th DQG th
cracks developed over the ferrocement overlay and minor
EULFNFRXUVHV>)LJXUH E @
delamination at the vicinity of loading shoe and at the
very bottom of the ferrocement belt. This claimed that
ferrocement belts directly bear the stresses originated
from the given external compressive and in-plane shear
loads and dissipate and distribute the stress over the
mesh. Compared with conventional reinforced concrete
VWUXFWXUHV IHUURFHPHQW LV UHLQIRUFHG LQ WZR GLUHFWLRQV
WKHUHIRUHLWPD\KDYHKRPRJHQHRXVLVRWURSLFSURSHUWLHV
Ferrocement generally has a high tensile strength and
KLJKPRGXOHVRIUXSWXUHEHFDXVHWKHVSHFL¿FVXUIDFHRI
ferrocement is higher than that of reinforced concrete.
7KHUHIRUH ODUJHU ERQG IRUFHV GHYHORS ZLWK WKH PDWUL[
(b)
(a)
resulting in higher number of cracks and smaller
Figure 10: Specimens RFB: (a) crack formation; (b) Specimen at the failure
FUDFN ZLGWKV WKDQ WKRVH RI FRQYHQWLRQDO 850 ZDOOV
FRQYHQWLRQDO UHLQIRUFHG FRQFUHWH DQG ZDOOV UHWUR¿WWHG )LJXUH 6SHFLPHQV5)% D FUDFNIRUPDWLRQ E VSHFLPHQDWWKH
failure
with bamboo strip mesh and PP-band mesh.
Ferrocement belts also delayed crack initiation of the
masonry wall. Initial cracking of the wall was followed
by a sharp drop of the remaining strength capacity by
  RXW RI LWV XWPRVW ORDG RI  N1 ZKLFK
ZDV

the highest post peak load recorded among all the test
ZDOOV $IWHU ¿UVW FUDFN LQLWLDWLRQ WKH ZDOO ZDV DEOH WR
regain the subsequent strength reductions very quickly
(Figure 6). Compared to PP-band and bamboo strip
PHVKHV IHUURFHPHQW EHOWV LPSURYH FRQ¿QLQJ SUHVVXUH
of masonry walls leading to enhancement of the highest
post peak load and tensile strength effectively. After the
PD[LPXP SRVW SHDN ORDG UHVLGXDO VWUHQJWK RI WKH ZDOO
RFB decreased gradually as shown in Figure 6 until it
completely lostWKHORDGFDUU\LQJFDSDFLW\ LHN1 DQG
stability.
 &RQWUDGLFWRU\ WR WKH 15: EULFNV LQ WKH th brick
course cracked and split open at a later stage of the
WHVWLQJSHULRG>)LJXUH G @DQGORFDOFUXVKLQJRFFXUUHG
LQ WKH th EULFN FRXUVH LH DUHD ZLWKRXW IHUURFHPHQW
belts). This is attributed to the ability of ferrocement
belts to transfer shear stresses to the middle bricks from
WKHWRSRIWKHZDOO:LWKDOFUDFNZLGWKREVHUYHGLQWKH
wall area without ferrocement belts was greater and
crack propagation occurred more rapidly compared to
the wall area with ferrocement belts. The reason for this
SKHQRPHQDLVWKDWWKHQRQUHWUR¿WWHGZDOODUHDLVDFWLQJ
as a conventional URM wall where the principal tensile
VWUHVVHVGHYHORSHGLQWKHQRQUHWUR¿WWHGZDOODUHDGXHWR
the combination of vertical and horizontal loads exceed
the tensile strength of masonry leading to diagonal
tension cracking through 4thDQGth brick courses along
Journal of the National Science Foundation of Sri Lanka 47(1)

+RZHYHU VHSDUDWLRQ RI EULFNV ZLWKLQ WKH VHSDUDWHG
two wall fragments with ferrocement belts could not
Ϯϱ of horizontal diagonal of
be observed and both edges
the wall remained unharmed. Other than minor cracks
DQG GHODPLQDWLRQ QHDU WKH VXSSRUWLQJ HGJH QR RWKHU
sign of distress or local crushing was observed in the
area covered by lower seismic belts [Figure 10 (a) and
E @ ,QWHUHVWLQJO\ st brick course and the nearby area
remained intact.
CONCLUSION
The diagonal in-plane shear behaviour of traditional
850 ZDOOV DQG 850 ZDOOV UHWUR¿WWHG XVLQJ EDPERR
VWULSV33EDQGVDQGIHUURFHPHQWEHOWVZDVLQYHVWLJDWHG
Parameters pertaining to seismic behaviour were
GHWHUPLQHG LQFOXGLQJ PD[LPXP ORDG EHDULQJ FDSDFLW\
ZDOOGHIRUPDWLRQFUDFNLQJSDWWHUQDQGIDLOXUHPRGHDQG
degree of failure.
The test revealed that the traditional URM wall
exhibited highly catastrophic shear slip failure along the
PRUWDUMRLQWVDJDLQVWVWDWLFLQSODQHVKHDUORDGV:LWKDO
LW FRQ¿UPHG WKDW WKH UHWUR¿WWLQJ LV DEOH WR LQFUHDVH WKH
static in-plane shear strength and deformation capacity
RIWKHPDVRQU\ZDOOVVLJQL¿FDQWO\
Although the wall with ferrocement belts possessed a
VLJQL¿FDQWPDLQWHQDQFHRIORDGDIWHU¿UVWFUDFNLQLWLDWLRQ
LQFUHDVHRIVKHDUVWUHVVDQGGHIRUPDWLRQDQGWKHKLJKHVW
SRVWSHDNORDGLWVHSDUDWHGDORQJWKHPRUWDUEHGMRLQWV
March 2019
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WKURXJK QRQUHWUR¿WWHG DUHD LQ EHWZHHQ WKH UHWUR¿WWHG
DUHDVDQGFROODSVHG7KHUHIRUHDSSO\LQJWKHIHUURFHPHQW
in belt pattern instead of covering the wall surface is
ineffective for URM walls when considering the results
of the static diagonal in-plane shear load test.
PP-band mesh and bamboo strip mesh can effectively
improve the static in-plane load carrying capacity of
masonry walls by increasing the diagonal resistance and
GHIRUPDWLRQ FDSDFLW\ DQG PD\ SRWHQWLDOO\ EH XVHG WR
delay the catastrophic failure of URM structures under
static in-plane shear loading.
Bamboo strip mesh method is the most effective
PHWKRG IRU UHWUR¿WWLQJ RI 850 ZDOOV DJDLQVW VWDWLF LQ
plane shear loads where it helps the wall to improve
GLDJRQDO UHVLVWDQFH GHIRUPDWLRQ FDSDFLW\ VKHDU VWUHVV
DQGHQHUJ\GLVVLSDWLRQDQGGHOD\WKHFDWDVWURSKLFIDLOXUH
IRU D ORQJHU SHULRG )XUWKHU WKH EDPERR VWULS PHVK
SRVVHVVHG WKH PLQLPXP FRVW RI UHWUR¿WWLQJ GXH WR the
high availability of bamboo in Sri Lanka. Bamboo can be
HDVLO\JURZQLQHYHU\FOLPDWLF]RQHRI6UL/DQNDZKHUHDV
PP-bands must be imported. The use of bamboo for the
SXUSRVHRIUHWUR¿WWLQJLQFUHDVHVWKHVHLVPLFFDSDFLW\RI
new and existing URM buildings as well as promote the
local novel businesses in the vicinity.
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