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A B S T R A C T  

Struc tural ren o va tion is an eco nomic choice to ex pand space of ex ist ing ma sonry build ings. To this end, re - 
mov ing bear ing walls and seis mic strength en ing are re quired in en gi neer ing prac tice in seis mic - prone ar eas. 
There fore, in the pa per three 1/ 2 - scale two - bay two - storey pla nar ma sonry struc tures, con sist ing of one orig i - 
nal struc ture and two struc tures with pro posed ren o va tion schemes, were fab ri cated and tested un der cyclic 
load ing. The orig i nal struc ture con sisted of brick ma sonry units, ring beams, and tie - columns. The first ren o - 
vated struc ture was de signed by re mov ing two bear ing walls at the ground storey, adding two short - width 
shear walls, and en larg ing the beam sec tions. The sec ond ren o vated struc ture was achieved by re mov ing one 
wall in the ground storey, en larg ing the sec tions of con fined beams and columns to form a sin gle - bay frame, 
and retro fitting the ad ja cent wall with re in force ment lay ers and poly mer mor tar. Re sults in di cate that all three 
spec i mens demon strated hys teretic be hav iour with pinch ing phe nom e non. En ergy dis si pa tion ca pac ity of the 
two ren o vated struc tures were both higher than that of the orig i nal struc ture prior to 1% drift, in par tic u lar 
for the first ren o va tion scheme. In com par i son, the sec ond ren o va tion scheme more ev i dently im proved struc - 
tural re sis tance, but it made the ul ti mate de for ma tion ca pac ity smaller than the orig i nal struc ture be cause the 
stiff ness of the ren o vated ground story much larger than that of the sec ond story re sulted in fail ure con cen tra - 
tion at the 2nd floor. Thus, it is more eco nomic to make the lat eral stiff ness of the two storeys com pat i ble dur - 
ing the de sign of ren o va tion and strength en ing. 

1 . Introduction 

With the de vel op ment of econ omy, some old ma sonry struc tures 
can not meet the liv ing re quire ments due to small spans and out dated 
ar chi tec ture lay outs etc. Con se quently, it is nec es sary to ren o vate old 
ma sonry build ings to ex pand the space and re arrange the lay outs. In 
China, the typ i cal ren o va tion scheme is re mov ing bear ing walls and 
con struct ing re in forced con crete (RC) or steel plate - masonry com pos - 
ite un der pin ning beams to sus tain the grav ity load from up per storeys; 
oth er wise it is pos si ble to cause pro gres sive col lapse [ 1 – 3 ]. The RC 
un der pin ning beams are cat e go rized into sin gle - beam, dou ble - beam 
and frame un der pin ning. In the first scheme, a sin gle un der pin ning 
beam is di rectly con structed at the top of the wall to be re moved, 
whereas in the sec ond scheme, two beams were con structed at both 
sides of the top of the walls to be re moved. These sin gle - beam and 
dou ble - beam un der pin ning schemes re quires con struct ing un der pin - 

ning beams and de mol ish ing the ma sonry walls al most at the same 
time, and thus these two schemes af fect the use of storeys be low the 
un der pinned storey dur ing ren o va tion. There fore, they are more used 
to un der pin the ground storey. In the third scheme, steel plates are 
used to con nect part of ma sonry walls to form steel - masonry com pos - 
ite un der pin ning beams and framed columns with tie bars and con - 
struc tional glue. The re main ing ma sonry walls are then de mol ished. 
The com pos ite beams are at tached with U - shaped steel plates, and the 
com pos ite columns are en closed by steel plates. This scheme re quires 
short con struc tion pe riod, but short of cod i fied de sign method [ 4 ]. 

Seis mic retro fitting is re quired for ma sonry walls if de mands are 
im proved ei ther due to code up date or con sid er ing the am pli fi ca tion 
ef fect of ma sonry walls on floor ac cel er a tion [ 5 ], or crack ing and mi - 
nor dam age have oc curred sub jected to pre vi ous earth quakes. The 
typ i cal seis mic retro fitting ap proaches to im prove the ten sile re sis - 
tance and en ergy ab sorp tion in clude ap ply ing re in force ment and mor - 
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Fig. 1 . Geo met ric di men sions and de tail ing of the spec i men W1 (unit: mm): (a) Over all scheme; (b) Sec tion 1 - 1 ; (c) Sec tion 2 - 2 (3 - 3); (d) Sec tion 4 - 4. 

tar layer, at tach ing steel plates and fi bre re in forced poly mer sheets 
etc. Due to the light weight and the ease in use, ex ter nally at tach ing 
car bon fi bre re in forced poly mers (CFRP) and/ or glass fi bre re in forced 
poly mers (GFRP) is one of the most ef fec tive meth ods in strength en - 
ing re cently. Can [ 6 ], Capozucca [ 7 ] and Gams et al. [ 8 ] in ves ti gated 
the seis mic be hav iour of ma sonry walls af ter retro fit ted by CFRP and 
GFRP and found that: 1) the ap pli ca tion of ex ter nal bonded CFRP and 
GFRP are un able to en hance the load ca pac ity but can im prove the 
de for ma tion ca pac ity and duc til ity; 2) the com pres sive strength of 
ma sonry units af fects the strength en ing of CFRP strips; and 3) the fail - 
ure of retro fit ted walls is caused by debond ing of coat ing, re sult ing in 
sharp degra da tion of re sis tance and stiff ness. The ef fi ciency of seis mic 
retro fit mea sure us ing Near - Surface Mounted (NSM) CFRP strips was 
ex per i men tally in ves ti gated, and the re sults sug gested that NSM CFRP 
retro fit tech nique is a min i mally - invasive op tion for seis mic strength - 
en ing of un re in forced ma sonry walls to re sist out - of - plane lat eral 
forces [ 9 ]. 

Be sides fi bre re in forced poly mers, other ma te ri als with high ten sile 
strength and duc til ity are also ap plied at the sur faces of ma sonry 
walls to im prove their struc tural per for mance against lat eral loads. 
Shab din et al. [ 10 ] pre sented that strength en ing ma sonry walls us ing 
tex tile re in forced mor tar (TRM) can ex tremely im prove di ag o nal load 
car ry ing ca pac ity and de for ma tion ca pac ity, es pe cially for the walls 
strength ened on both side sur faces. Xu et al. [ 11 ] found that at tach ing 
re in force ment layer and ce ment mor tar at both sides of ma sonry walls 
is able to im prove lat eral bear ing ca pac ity and in tegrity of the walls. 
Lin et al. [ 12 , 13 ] em ployed en gi neered ce men ti tious com pos ite (ECC) 
shot crete to strengthen ma sonry walls and found that ECC shot crete is 

able to ef fec tively im prove the in - plane and out - of - plane bear ing ca - 
pac ity as well as duc til ity of ma sonry walls. Maa heri et al. [ 14 ] used 
RC layer to retro fit sin gle - face of ma sonry walls, and nu mer i cally 
pointed out in creas ing thick ness of RC layer is able to im prove shear 
ca pac ity of retro fit ted walls but re duce duc til ity, and the re in force - 
ment ra tio of RC layer has lit tle ef fect on the shear ca pac ity of retro - 
fit ted walls. Khan et al. [ 15 ] ex per i men tally and nu mer i cally in ves ti - 
gated the in - plane strength of ma sonry pan els strength ened with ge o t - 
ex tile. The re sult demon strated that strength en ing in creases load car - 
ry ing ca pac ity, stiff ness and de for ma tion ca pac ity. 

More over, the cur rent re searches on the ren o va tion of ex ist ing ma - 
sonry struc tures with un der pin ning schemes fo cus more on the con - 
struc tion meth ods and tech niques, and only a few are about the struc - 
tural be hav iour of un der pin ning mem bers un der ver ti cal load [ 16 – 
18 ]. For ex am ple, Zhang X et al. [ 16 ] de signed nine spec i mens of 
man sory wall un der pinned by dou ble - beams and in vesit gate the ef - 
fects of un der pin ning beam depth and arrange ment of lon gi tu di nal re - 
in force ment on the struc tural be hav iour and fail ure modes un der ver - 
ti cal load. The re sults in di cated that with in creas ing un der pin ning 
beam depth, the fail ure mode of the un der pinned struc ture changed 
from punch ing fail ure at the in ter face be tween the ma sonry and the 
beams to the di ag o nal com pres sion or lo cal bear ing fail ure. 

In sum mary, the stud ies on seis mic retro fitting of ma sonry walls 
are mainly based on sin gle wall panel un der cyclic load ing, and the 
re search on ren o vated ma sonry walls are fo cused on the struc tural be - 
hav iour un der grav ity load. How ever, the seis mic be hav iour of en tire 
ren o vated ma sonry struc tures is rarely re ported. There fore, in this pa - 
per three 1/ 2 scaled two - bay two - storey pla nar ma sonry struc tures, 
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Fig. 2 . Geo met ric di men sions and de tail ing of the spec i men W2 (unit: mm): (a) Over all scheme; (b) Sec tion 1 - 1 ; (c) Sec tion 2 - 2. 

in clud ing one orig i nal struc ture and two ren o vated struc tures de - 
signed with pro posed ren o va tion schemes, were tested un der cyclic 
load ing. The ef fect of the pro posed ren o va tion schemes on seis mic be - 
hav iour was in ves ti gated in terms of fail ure modes, crack pat tern, hys - 
teretic curves and en ergy dis si pa tion ca pac ity etc. Fi nally, the sug ges - 
tions for the ren o va tion schemes re gard ing seis mic per for mance are 
pro vided. 

2 . Experimental program 

2. 1 . Specimen design 

In this ex per i men tal pro gramme, three 1/ 2 scaled two - bay two - 
storey ma sonry spec i mens were fab ri cated. One spec i men (namely, 
W1) rep re sented an orig i nal struc ture and the other two spec i mens 
(namely, W2 and W3) cor re sponded to ren o vated ma sonry struc tures 
with the ren o va tion schemes pro posed by the au thors. As seen in Fig. 
1 , W1 con sisted of brick ma sonry units, ring beams and tie - columns. 
Note that the tie - columns were con structed with fin ger joints to en - 
sure the in tegrity of the ma sonry wall pan els and sur round ing RC 
frames. As shown in Fig. 2 , W2 rep re sents the case that the ma sonry 
frame was ren o vated with two bear ing walls at the ground storey re - 
moved and retro fit ted by two short - width shear walls and un der pin - 
ning beams. In spec i men W3, as seen in Fig. 3 , one wall was re moved 
and the sec tions of the con fined beams and columns were en larged to 
form a frame. The other wall in the ground storey was retro fit ted by 
re in force ment layer and poly mer mor tar, cor re spond ing to the case 

with re mov ing a sin gle bear ing wall. For the three spec i mens, the 
com pres sive cu bic strength of con crete was 35.7  MPa and the av er age 
com pres sive strength of ma sonry bricks was 12.1  MPa. 

The pro to type of the spec i mens was a 6 - storey con fined ma sonry 
struc ture with a storey height of 2.8  m, a bay and span length of 4  m, 
which was de signed in ac cor dance with Chi nese code for de sign of 
ma sonry struc tures [ 19 ] and Chi nese code for seis mic de sign of build - 
ings [ 20 ]. The cross sec tions of both tie - columns and ring beams were 
240  mm in square. The su per im posed dead load act ing at the typ i cal 
storeys and the roof was 2.06  kN/ m 2 and 4  kN/ m 2 , re spec tively. The 
live load for all the storeys was 2  kN/ m 2 . The build ing was lo cated in 
the re gion with site cat e gory one and seis mic de sign in ten sity of 7°, 
cor re spond ing to peak ground ac cel er a tion of 0.1  g. 

2. 1. 1 . Specimen W1 
The geo met ric di men sions and re in force ment de tail ing of spec i - 

men W1 are shown in Fig. 1 . The span length was 2000  mm and the 
storey height was 1400  mm. The cross sec tions of the tie - columns and 
ring beams were 120  mm in square, and the ones for top beam were 
120  mm wide and 200  mm deep. To fa cil i tate an chor ing the wall 
spec i men and pro vide solid foun da tion, an ad di tional ground beam 
with cross - section of 450  mm square was made. The con crete cover 
for all the mem bers was 15  mm. Both the top and bot tom lon gi tu di nal 
re in forc ing bars in the ring beams were 2T10 with stir rups of 
T6@200  mm, and the lon gi tu di nal re bars in the columns were 4T10. 
In the plas tic hinge re gions of 250  mm in tie - columns, the stir rups 
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Fig. 3 . Geo met ric di men sions and de tail ing of the spec i men W3 (unit: mm): (a) Over all scheme; (b) Sec tion 1 - 1 ; (c) Sec tion 2 - 2 ; (d) Sec tion 3 - 3. 

Table 1 
Ma te r ial prop er ties of steel re in force ment. 

Steel 
bar 

Diameter 
(mm) 

Yield strength 
(MPa) 

Ultimate strength 
(MPa) 

Elastic modulus 
(  ×  10 5 MPa) 

T 6 6 493.7 677.0 1.89 
T10 10 467.9 629.4 2.00 
T14 14 485.5 650.8 2.10 
T20 20 490.7 685.7 2.00 

were T6 with cen ter - to - center spac ing of 100  mm, and in the mid dle 
span of them, the stir rups spac ing was 200  mm. 

2. 1. 2 . Specimen W2 
To ren o vate the orig i nal ma sonry struc ture, two ground - storey 

walls and mid dle tie - column were re moved. To en sure the load car ry - 
ing ca pac ity and the seis mic re sis tance, dur ing the ren o va tion de sign 
the main pro ce dure was as fol low: 

1) The cross sections of the ring beam were enlarged using grouting 
material, and the enlarged geometric dimension is shown in Fig. 2 
(c). Outside the original ring beam, longitudinal reinforcing bars 
of 4T20 were used with stirrups of T6@ 70/ 140  mm, and the 
eventual cross section was 200  mm wide and 325  mm deep. The 
compressive strength of the grouting material was 70. 4  MPa, 
based on the tests of the standard cubes. The material properties 
of steel reinforcement are listed in Table . 1 . 

2) Two RC shear walls with small width were added to increase the 
lateral stiffness of the ground storey as shown in Fig. 2 (a). Each 
shear wall consisted of two boundary columns (functioning as 
flanges) and a web, in which one boundary column was 
fabricated by enlarging the section of the original tie - column and 
placing additional longitudinal reinforcing bars of 4T14 and 
2T20. The eventual geometric dimension of the boundary 
columns was 200  mm square, and the cross section of the wall 
web was 300  mm wide and 120  mm thick, as shown in Fig. 2 (b). 
In the web, two orthogonal layers of steel reinforcement with 
diameter of 6  mm were placed with the vertical and horizontal 
spacing of 90  mm and 100  mm, respectively, as highlighted in 
Fig. 2 (a) . 2. 1. 3 Specimen W3 

In the sec ond ren o va tion scheme, one span of the wall was re - 
moved to con struct a frame and the wall in the ad ja cent span was 
strength ened with ad di tional re in force ment layer and poly mer mor tar 
to pro vide lat eral stiff ness of the ground storey, as shown in Fig. 3 (a). 
The de tail ing of W3 is as fol lows: 

1) The cross section of the frame columns was 200  mm square, 
which was enlarged on top of a tie - column, as shown in Fig. 3 (c) 
and (d), and the frame beam was 200  mm wide and 225  mm 
deep, which was enlarged on top of a ring beam, as shown in Fig. 
3 (b). The longitudinal reinforcement bars of frame columns was 
8T10, and the stirrups were T6@ 70  mm. Both the top and bottom 
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Fig. 4 . Test set - up of cyclic test ing. 

longitudinal reinforcement bars in the frame beam were 2T20 
with stirrups of T6@ 70/ 140  mm. 

2) At both sides of the masonry wall, a reinforcement layer with 
vertical and horizontal bars T6@ 150  mm was installed and then a 
polymer mortar jacketing with thickness of 30  mm was applied. 
The compressive strength of polymer mortar is 39. 6  MPa. 

2. 2 . Test setup and instrumentation 

Fig. 4 shows the cyclic test set - up. Each spec i men was an chored 
onto the strong floor with the an chor bolts through the two ends of 
the ground beam. In the hor i zon tal di rec tion, a servo - controlled hy - 
draulic ac tu a tor was in stalled onto the re ac tion wall and at tached to 
the top of each spec i men. In ver ti cal di rec tion, two rods were pre - 
stressed be tween the strong floor and a load ing beam at each bay, 
which was sup ported by a spread beam seated onto the top beam. To 
en sure the ver ti cal load not af fect ing the hor i zon tal dis place ment of 
the ma sonry wall, a roller sup port was in serted be tween the load ing 
beam and the spread beam. 

A ten sion/ com pres sion load cell with mea sur ing ca pac ity of 
500  kN, as high lighted in Fig. 4 , was in stalled be tween the ac tu a tor 
and the load ing plate to mea sure the ap plied hor i zon tal load. To mea - 
sure the story drift, two dis place ment trans duc ers with mea sur ing ca - 
pac ity of 200  mm were re spec tively in stalled at the right end of the 
top beam and the fist - floor beam, and one dis place ment trans ducer 
with mea sur ing ca pac ity of 25  mm to mea sure the move ment of the 
ground beam if any. Dur ing the test, the data record ing fre quency was 
0.5  Hz. 

2. 3 . Testing procedure 

In the test pro gram, the ver ti cal load cor re spond ing to 60  kN/ m 
was ap plied at the top beam in both spans, cor re spond ing to the to tal 
ver ti cal load of 261.6  kN. The hor i zon tal load ing pro to col with dis - 
place ment - controlled method was adopted in the test, as shown in the 
in set of Fig. 4 . Two fully re versed cy cles were im posed at each dis - 

place ment level. The dis place ment was ap plied with an in cre ment of 
every 2  mm un til the crack ing of spec i men and the slope of load - 
displacement sig nif i cantly de creased, at which the cor re spond ing dis - 
place ment was es ti mated as Δ y . Since then, the dis place ment was im - 
posed with an in cre ment of every es ti mated Δ y un til fail ure, cor re - 
spond ing to the hor i zon tal load de creased to 85% peak load. 

3 . Experimental results 

3. 1 . Global response and local failure modes 

3. 1. 1 . Specimen W1 
In the ini tial load ing stage, the en ve lope curve of the load - 

displacement was lin ear, as shown in Fig. 5 (a). The first hor i zon tal 
crack oc curred at the bot tom of left tie - column in the 2nd storey dur - 
ing the first 9  mm dis place ment cy cle, cor re spond ing to the lat eral 
load of 168.5  kN. Dur ing the first 14  mm dis place ment cy cle, the hor i - 
zon tal cracks oc curred at the top and bot tom of the ex te rior tie - 
columns of the ground storey. More sub se quent cracks were ob served 
un der the cyclic load ing as in di cated in Fig. 6 (a). Dur ing the first 
44  mm dis place ment cy cle, pri mary cracks oc curred at the 2nd storey 
walls, and the crush ing of bricks was ob served as well as the X - shaped 
shear cracks of the 2nd storey mid dle tie - column as il lus trated in Fig. 
6 (b) and (c), re sult ing in se vere de for ma tion of the struc ture, cor re - 
spond ing to the load of around 311  kN. In the fol low ing load ing, it 
was found that at the dis place ment of 51  mm, the struc tural re sis - 
tance has dropped to around 196  kN, much less than 85% the peak 
load, and for the sake of safety, the test was ter mi nated. 

3. 1. 2 . Specimen W2 
Af ter ap ply ing the spec i fied ver ti cal load of 261.6  kN, no cracks 

were ob served in the ground storey beams, demon strat ing that the 
ren o va tion with two I - shaped RC shear walls and strength ened beam 
by sec tion en large ment met the re quire ments for ser vice limit state. 
Then the hor i zon tal load was cycli cally im posed and the hor i zon tal 
load - displacement curve of W2 is shown in Fig. 5 (b). In the first 8  mm 



Journal of Building Engineering 31 (2020) 101360

6

F-f Wei et al. 

Fig. 5 . Hys ter i sis curves of three spec i mens: (a) Spec i men W1; (b) Spec i men 
W2; (c) Spec i men W3. 

dis place ment cy cle, the first hor i zon tal crack oc curred at the RC shear 
walls and the bound ary columns in the ground storey. Flex ural cracks 
were ob served at the mid dle span of the ground storey beam dur ing 
the first 10  mm dis place ment cy cle, and more sub se quent cracks oc - 
curred at the bound ary columns of the RC shear walls as shown in 
Fig. 7 (a). Dur ing the 12  mm dis place ment cy cle, hor i zon tal cracks ap - 
peared at the ex te rior tie - columns in the 2nd floor. The peak load of 
324.34  kN was at tained at the dis place ment of 25.19  mm. In clined 
cracks were ob served at the top of the side tie - columns and the up per 

left cor ner of the left ma sonry wall on the 2nd floor dur ing the first 
32  mm dis place ment cy cle. The pri mary in clined cracks of the 2nd 
storey ma sonry walls ex tended in the 48  mm dis place ment cy cle, and 
the crush ing of brick was ob served as in di cated in Fig. 7 (b). Dur ing 
the 64  mm dis place ment cy cle, the X - shaped di ag o nal cracks oc curred 
at the 2nd storey mid dle tie - column, caus ing sharp degra da tion of 
struc tural stiff ness, and the lat eral load was de creased to 244  kN, less 
than 85% of the peak load. The test was then ter mi nated. 

3. 1. 3 . Specimen W3 
Af ter ap ply ing the spec i fied ver ti cal load of 261.6  kN, no cracks 

were ob served as well, sug gest ing the cur rent ren o va tion scheme of 
con struct ing one - span frame and one - span re in forced ma sonry wall 
was able to meet the re quire ments of the ser vice limit state. Then the 
hor i zon tal load was cycli cally im posed and the hor i zon tal load - 
displacement curve of W3 is shown in Fig. 5 (c). Dur ing the first 6  mm 
dis place ment cy cle, the in clined cracks ap peared at the top of tie - 
columns and ma sonry walls in the 2nd storey. The hor i zon tal cracks 
oc curred at the top and bot tom end of the ground storey frame 
columns as well as the bot tom end of the right tie - column of the 2nd 
floor in the 8  mm dis place ment cy cle. The hor i zon tal cracks de vel - 
oped in wards the tie - columns as the dis place ment in creased, and 
more in clined cracks were ob served at the 2nd storey ma sonry walls. 
In the pos i tive phase of the first 14  mm dis place ment cy cle, the in - 
clined crack was ob served at the lower right cor ner of the right wall 
in the 2nd storey as well as at the poly mer mor tar jack et ing in the 
ground storey, as shown in Fig. 8 (c). The lat eral load reached the 
peak value at the dis place ment of 32  mm, and the pri mary cracks of 
the two wall pan els in the 2nd storey were con nected, as shown in 
Fig. 8 (a), caus ing the degra da tion of struc tural re sis tance. Dur ing the 
44  mm dis place ment cy cle, the X - shaped di ag o nal cracks oc curred at 
the 2nd storey mid dle tie - column (see Fig. 8 (b)), and the pri mary 
cracks widened, re sult ing in se vere re duc tion of struc tural re sis tance. 
Con se quently, the hor i zon tal load was de creased to less than 85% of 
the peak load, and the test was ter mi nated. 

3. 2 . Hysteresis behaviour and envelope curves 

All the three spec i mens demon strate hys teretic be hav iour with 
pinch ing phe nom e non, as shown in Fig. 5 (a), (b) and (c). The pinch - 
ing of hys tere sis loops, in di cat ing re duced en ergy dis si pa tion, is be - 
cause lat eral dis place ment oc curred in con junc tion with the open ing 
and clos ing of cracks in the ma sonry walls and tie - columns, which 
con sumed smaller en ergy com pared to yield ing of re in force ment. Un - 
der the suc ces sive cy cles of a spec i fied dis place ment level, both stiff - 
ness and struc tural re sis tance de graded, in di cat ing the dam age of con - 
crete, ma sonry bricks, re in force ment and bed joints. More over, the 
pos i tive phase and the neg a tive phase of the hys teretic curves are not 
sym met ric be cause load ing was con trolled in ac cor dance with the dis - 
place ment of the ac tu a tor, and in fact the elon ga tion of the hor i zon tal 
rods along the 2nd storey beam made the spec i men dis plac ing in 
pulling (i.e., the neg a tive dis place ment) less than that in push ing (i.e., 
the pos i tive dis place ment) at each dis place ment cy cle. 

The com par i son of the en ve lope curves as shown in Fig. 9 demon - 
strates that the ren o va tion scheme for W3, in clud ing sec tion en large - 
ment of beams and columns as well as poly mer mor tar jack et ing with 
re in force ment layer for the shear wall, in creased the struc tural re sis - 
tance from the dis place ment of around 2  mm – 28  mm in both pos i tive 
and neg a tive phase with max i mum en hance ment up to 120  kN  at the 
dis place ment of −12mm. More over, the ren o va tion scheme of W2, in - 
clud ing sec tion en large ment of beams and adding two short width 
shear walls at the ground storey, also greatly en hanced struc tural re - 
sis tance with max i mum im prove ment of around 80  kN  at the dis place - 
ment of 25  mm. This sug gests that these ren o va tion mea sures were 
very ben e fi cial to in crease struc tural re sis tance al though all the three 
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Fig. 6 . Fail ure modes of orig i nal man sonry struc ture: (a) Pri mary cracks of W1; (b) di ag o nal cracks of mid dle tie - column in the 2nd floor; (c) con crete crush ing 
and re bar buck ling in the bot tom of tie - column in the 2nd floor. 

Fig. 7 . Fail ure modes of spec i men W2: (a) Hor i zon tal cracks of RC shear walls; (b) Pri mary cracks of W2 and crush ing of ma sonry unit. 

Fig. 8 . Fail ure modes of spec i men W3: (a) Pri mary cracks of W3; (b) Dig o nal cracks of mid dle tie - column in the 2nd floor; (c) Cracks of poly mer mor tar jack et ing. 

spec i mens reached the sim i lar ul ti mate re sis tance in the pos i tive 
phase. 

On the other hand, the com par i son of the pos i tive phase en ve lope 
curves in di cates that both the post - peak de for ma tion ca pac ity of W2 
and W3 sig nif i cantly ex ceeded that of W1, in par tic u lar, for W2, and 
the post - peak stiff ness of W2 and W3 were smaller than that of W1. 
That is, both W2 and W3 failed in a more duc tile man ner than W1 af - 
ter the peak re sis tance. 

3. 3 . Summary of structural resistance and displacement 

The crit i cal states of the seis mic be hav iour of the spec i mens are 
rep re sented by three main events: first crack ing, peak load, and fail - 

ure. The lat eral loads and cor re spond ing dis place ments of the afore - 
mentioned events in the pos i tive phase are shown in Table 2 , where 
Δ c , Δ u , Δ f are the dis place ments cor re spond ing to first crack ing, peak 
load and fail ure, re spec tively. It can be seen that the crack ing load of 
W2 and W3 are larger than that of W1, in di cat ing that the ren o vated 
struc tures are more su pe rior in re sist ing fre quent earth quakes of 
which the de sign cri te ria are bear ing ca pac ity and al lowed elas tic de - 
for ma tion in ac cor dance with Chi nese code for seis mic de sign of 
build ings [ 20 ]. 
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Fig. 9 . En ve lope curves of ma sonry struc tures. 

Table 2 
Crit i cal load and dis place ment in load ing his tory. 

Specimen Cracking load and 
displacement 

Ultimate load and 
displacement 

Δ f 

 P c (kN) Δ c (mm) P u (kN) Δ u (mm) (mm) 

W1 168.50 8.82 311.69 44.37 51.25 
W2 212.45 6.63 324.34 25.19 55.56 
W3 243.10 5.75 318.02 27.4 39.28 

3. 4 . Degradation of lateral stiffness 

The lat eral stiff ness of the wall spec i mens is eval u ated as the peak - 
to - peak stiff ness of the force - displacement re la tion ship [ 21 ]. It is cal - 
cu lated as the slope of the line join ing the pos i tive and neg a tive peak 
loads at a given dis place ment cy cle. Fig. 10 (a) il lus trates the stiff ness 
of the three spec i mens de graded with im pos ing larger lat eral dis place - 
ment Δ , which is nor mal ized by the height H of the top beam axis 
with re spect to the top sur face of the ground beam to show global 
drift. The ini tial struc tural stiff ness (i.e. K max ) of W3 was twice that of 
W1 and W2. The struc tural stiff ness of the three spec i mens sharply re - 
duced in the first 6  mm dis place ment (i.e. Δ / H  =  0.2%) and kept de - 
creas ing as the drift in creased. 

Fig. 10 (b) demon strates the stiff ness ra tio of the sec ond cy cle to 
the first cy cle at a given dis place ment was around 0.85 to 0.95 for 
three spec i mens prior to Δ / H  =  0.6%, in di cat ing that con stant - 
amplitude cyclic load ing caused in - cycle stiff ness degra da tion due to 
dam age ac cu mu la tion. How ever, af ter Δ / H  =  0.6%, fur ther in creas - 
ing dis place ment ex ac er bated the in - cycle stiff ness degra da tion. For 
ex am ple, at Δ / H  =  1.0%, the in - cycle stiff ness degra da tion was less 
than 0.8. This sug gests that the cyclic load ing in volv ing large non lin - 
ear dis place ment of the struc tures ac cel er ated the dam age ac cu mu la - 
tion. The vari a tion of in - cycle stiff ness ra tio of W2 at large dis place - 
ment rang ing from Δ / H  =  1.0% – 1.7% was eval u ated by just two 
data, which could be af fected by the mea sure ment ac cu racy, but the 
over all trend of in - cycle stiff ness degra da tion from Δ / H  =  0.6% – 1.7% 
was de creas ing with in creas ing de for ma tion. 

3. 5 . Energy dissipation capacity 

The en ergy dis si pa tion ca pac ity of each load ing cy cle is com puted 
as the area en closed within the hys tere sis loop S EBFCE , as in di cated in 
Fig. 11 . More over, the en ergy dis si pa tion ca pac ity can be eval u ated 
by the equiv a lent vis cous damp ing co ef fi cient h e [ 21 ], us ing 
h e  =  S EBFCE /2π ( S AOE  +  S DOF ), where S AOE and S DOF are ar eas within 
ΔAOE and ΔDOF as shown in Fig. 11 . Fig. 12 il lus trates that h e ba si - 

Fig. 10 . Com par i son of stiff ness degra da tion of ma sonry struc tures: (a) Stiff - 
ness of the first dis place ment cy cle; (b) Stiff ness ra tio of the first to the sec ond 
cy cle at a given dis place ment ( H  =  2780  mm). 

Fig. 11 . Ap proach to cal cu late the equiv a lent co ef fi cient of damp ing. 

cally kept in creas ing with im pos ing larger global drift Δ / H . It is seen 
that h e of W3 was slightly larger than that of W1 for Δ / H be tween 
0.5% and 1.0%, and from Δ / H of 1.0% – 1.4%, h e of W1 and W3 was 
al most iden ti cal, in di cat ing that the ren o va tion scheme for W3 en - 
sured sim i lar en ergy dis si pa tion ca pac ity to the one of orig i nal frame 
W1. More over, when Δ / H be tween 0.5% and 1.1%, the en ergy dis si - 
pa tion ca pac ity of W2 was larger than that of W1, be cause the ini tial 
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Fig. 12 . Com par i son of damp ing co ef fi cients of ma sonry struc tures 
( H  =  2780  mm). 

Fig. 13 . Lat eral de for ma tion of storey at crit i cal stages: (a) Spec i men W2; (b) 
Spec i men W3. 

dam age of W2 oc curred at the short width shear walls, which was 
more duc tile com pared with ma sonry walls in W1. How ever, with fur - 
ther in creas ing the lat eral dis place ment, the se vere crack ing and lo cal 
fail ure be came more ev i dent at the un - strengthened 2nd storey of W2, 
as shown in Fig. 7 , re sult ing in its en ergy dis si pa tion ca pac ity smaller 

than that of W1 at the same lat eral dis place ment. This re flects that the 
un - strengthened 2nd storey eclipsed the en ergy dis si pa tion ca pac ity 
con tributed by the ren o vated and strength ened ground storey. 

Pre vi ous re search [ 22 ] sug gests that the storey drift of ma sonry 
struc tures cor re spond ing to the per for mance level of se vere dam age 
and col lapse is 1/ 200 and 1/ 150, re spec tively. In this sense, pro vided 
that the de for ma tion of the two story is uni form, both ren o vated 
struc tures have a higher en ergy dis si pa tion ca pac ity than the orig i nal 
struc ture prior to the col lapse cri te rion with drift of 1/ 150. 

4 . Discussions 

Fig. 13 shows that at the crack ing stage the de for ma tion of ground 
floor of W2 was smaller than that of the 2nd floor, and the lat eral (or 
se cant) stiff ness of the ground floor was larger than that of the 2nd 
floor. How ever, the RC shear walls and the RC frame beam of the 
ground floor cracked ear lier than the 2nd floor ma sonry walls un der 
the ac tion of over turn ing mo ment, as dis played in Fig. 7 (b), weak en - 
ing the struc tural stiff ness of the ground floor, and thus the dif fer ence 
of the stiff ness be tween the 1st and 2nd floor was re duced. This made 
the fail ure dis tri b u tion of spec i men W2 rel a tively uni form. More over, 
the RC shear walls had a larger de for ma tion ca pac ity and duc til ity 
com pared with the ma sonry walls. Con se quently, spec i men W2 had a 
higher post - peak de for ma tion ca pac ity than that of W1. 

On the other hand, the struc tural stiff ness and crack ing load of W3 
were sig nif i cantly im proved by poly mer mor tar jack et ing and RC 
frame. How ever, dur ing the load ing process from crack ing to ul ti mate 
load stage, the se cant stiff ness of the 2nd floor de creased from 
74.8  kN/ mm to 15.79  kN/ mm, and the one of the ground floor de - 
creased from 97.24  kN/ mm to 43.8  kN/ mm, sug gest ing that the stiff - 
ness degra da tion of 2nd storey was faster than that of ground floor. 
This made the de for ma tion con cen trated on the 2nd floor ma sonry 
walls, thereby re duc ing the de for ma tion ca pac ity of W3. 

There fore, dur ing the de sign of ren o va tion and strength en ing, it is 
nec es sary to make the lat eral stiff ness of the two storeys com pat i ble 
to avoid the fail ure con cen tra tion. More over, over - strengthening the 
ground storey is not rec om mended. 

5 . Conclusions 

In this pa per, two ren o va tion schemes of ma sonry struc tures were 
pro posed to ex pand space through re mov ing bear ing walls and seis - 
mic strength en ing. The schemes in cluded (1) re mov ing two bear ing 
walls at the ground storey, adding two short - width re in forced con - 
crete shear walls and en larg ing the sec tions of orig i nal beams 
(namely, scheme 1) as well as (2) re mov ing one bear ing wall, en larg - 
ing the sec tions of orig i nal beams and columns to form a sin gle - bay 
frame and retro fitting the ad ja cent wall with poly mer mor tar jack et - 
ing and re in force ment layer (namely, scheme 2). Then the orig i nal 
and the two ren o vated ma sonry struc tures were tested in cyclic load - 
ing to check the va lid ity of the ren o va tion tech niques against seis mic 
loads, and the main con clu sions are as fol lows: 

1) All the three specimens reached similar peak resistance and 
demonstrated hysteretic behaviour with pinching phenomenon. 
Both renovated structures had much larger structural resistance 
than the original structure after cracking and before peak 
resistance at a given displacement. Moreover, prior to the global 
drift of 1%, the energy dissipation capacity of renovated structure 
with scheme 1 and 2 was significantly and slightly larger than 
that of original structure. Thereafter, the two renovation schemes 
had no advantage in terms of energy dissipation. 

2) Moreover, the global stiffness of the renovated structure using 
scheme 2 was twice that of the original structure and the 
renovated structure using scheme 1. The stiffness was degraded 
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sharply within the first global drift of 0. 2%, and the in - cycle 
stiffness degradation was basically exacerbated with increasing 
lateral deformation after the global drift of 0. 6%. 

3) Renovation with scheme 1 significantly improves the post - peak 
deformation capacity (i. e., the difference of failure displacement 
and peak displacement) of the structure. However, the renovation 
scheme 2 downgrades the total structural deformation capacity 
due to large stiffness of the renovated storey, implying that the 
great difference of structural stiffness between the 1st and 2nd 
floor leads to the severe failure concentration phenomenon and 
the reduction of deformation capacity. 

4) It is not economic and reasonable to excessively enhance the 
structural stiffness of the renovated storey as failure 
concentration at the upper storey eclipses the energy dissipation 
capacity contributed by the renovated and strengthened ground 
storey. 
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