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In addition to high seismicity, poor construction quality, incorrect detailing and structural mistakes in Turkey

have caused enormous loss of life and property. Therefore, seismic rehabilitation has been a major topic for civil

engineers in Turkey. The object of this research is to develop a simple method that will provide strengthening

of buildings without evacuating the inhabitants. This study is based on application of steel-fibre-reinforced

mortar on masonry infill walls with the aim of converting nonstructural partition walls into load-carrying walls.

The specimens were one-third scale, two-storey, single-bay reinforced concrete frames with hollow brick masonry

infills. The main variables were the ratio of fibre (0% and 2%), fibre reinforced mortar thickness (0, 10 and

20 mm), existence of anchorage (non-anchored or anchored) and type of fibres (steel fibre, polypropylene fibre

or hybrid fibre). Strengthening by the application of steel-fibre-reinforced mortar on infill walls of frames

retarded the early out of plane failure of the walls and converted the existing non-structural walls into load-

carrying walls, so that the strength, stiffness and energy dissipation capacity of the frame increased

significantly.

Notation
fsu ultimate strength of steel

fsy yield strength of steel

h height

l length

N axial load

N0 uniaxial load capacity

w width

˜ relative displacement of storey

1. Introduction
The seismic resistance of medium-rise reinforced concrete (RC)

buildings in Turkey as observed from their performance in recent

earthquakes is deficient, and thus structural rehabilitation is often

recommended for such buildings (Akkar et al., 2011; EERI,

2000; METU/EERC, 2011a; METU/EERC, 2011b; Özcebe et al.,

2004; Sezen et al., 2003; Wasti and Sucuoğlu, 1999). Different

seismic strengthening techniques are available for buildings, such

as the introduction of RC infill walls, steel bracing and/or precast

panels. The addition of RC infill walls has been used in the past

as the most feasible strengthening technique for RC buildings in

Turkey and in many other countries (Altın et al., 1992; Canbay et

al., 2003; Ersoy and Uzsoy, 1971; Sonuvar et al., 2004). However,

the strengthening of buildings by means of RC infills requires

excessive construction work and the evacuation of the structure.

Masonry infills are generally considered as non-structural compo-

nents and disregarded in structural analysis. However, they

interact with the surrounding frame during an earthquake and can

carry some in-plane loads. Based on the literature, beyond a drift

ratio of approximately 1%, unreinforced masonry walls either

crush or collapse out of plane and thus lose their load-carrying

ability (Altın et al., 2010; Flanagan and Bennett, 1999; Kyria-

kides and Billington, 2008; Mehrabi et al., 1996, Negro and

Verzeletti, 1996; Olsen and Billington, 2011; Schneider et al.,

1998, Shing and Mehrabi, 2002; Shing et al., 2009).

The main objective of the present research was the development

of an effective technique which would provide adequate strength

to seismically deficient buildings by way of strengthening the

existing unreinforced masonry partition walls.

The proposed method in this study is based on the application

of ‘high strength mortar’, containing ‘steel fibres’ on unrein-

forced masonry walls; thus effectively converting nonstructural

masonry infill walls into load-carrying walls. It was expected

that steel fibres in the mortar would bridge cracks and also

result in more ductile behaviour. Polypropylene (PP) fibres and

a combination of steel and polypropylene fibres (hybrid) were

also used in this study in accordance with the results of a

comprehensive literature survey (Gao et al., 1997; Shah and

Naaman, 1976; Otter and Naaman, 1988; Qian and Stroeven,
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2000; Singh et al., 2004; Song and Hwang, 2004; Song et al.,

2004; Zollo, 1997).

In total, ten frame tests were conducted within the scope of the

project to investigate experimentally the effectiveness of the

proposed method. Four specimens were reference tests, and six

tests were conducted as strengthened specimens. The specimens

were tested under reversed cyclic lateral loads simulating an

earthquake. Specimens were one-third scale, two-storey, single-

bay RC frames with hollow brick masonry infills. The frames

were identically prepared to reflect common deficiencies observed

in RC buildings in Turkey. The deficiencies were low concrete

strength, inadequate transverse reinforcement, insufficient lateral

stiffness and lack of transverse reinforcement in beam–column

joints. Continuous reinforcement was used to exclude the effect

of any bond problem in this study.

2. Experimental programme

2.1 Test specimens

The frames had a clear span of 1300 mm, and a net storey

height of 750 mm, Figure 1. The column and beam sectional

dimensions were 100 3 150 mm and 150 3 150 mm, and long-

itudinal reinforcements were four and six plain 8 mm diameter

bars, respectively, Figure 1. For both columns and beams, 4 mm

diameter plain bars were used as stirrups at 100 mm spacing.

Ends of the stirrups were bent only 908 to represent one of the

common detailing deficiencies of existing buildings in Turkey.

The same reinforcement details were used for all of the

specimens. Concrete was cast horizontally in steel forms.

Foundations of the frames had dimensions of 1900 3 450 3 400

(l 3 w 3 h).

Owing to the laboratory limitations the length scale was chosen as

one-third. There are other researches in the literature with similar

scale ratios that prove the reliability of the scaled specimens (Aktan

and Bertero, 1984; Benjamin and Williams, 1958; Bertero et al.,

1984; Maheri and Sahebi, 1997; Vintzileou et al., 1999; Youssef et

al., 2007). According to these studies the scaled specimens can

represent the expected load�deformation response of their full-

scale companions as long as similitude laws are followed.

Concrete was produced in the laboratory and cast in three batches

for each specimen. Concrete cylinder samples of 150 3 300 mm

were taken from each batch and kept under the same curing

conditions of the specimens.
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Figure 1. Dimensions and reinforcement details of the specimens

(all dimensions in mm)
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After removing formworks, specimens were raised in vertical

position and brick walls constructed in both stories. Plaster, 6 mm

thick, was applied on both sides of the brick wall. Mortar with

2% volumetric ratio of steel fibres was applied on the original

plaster. For comparison purposes, one specimen was strengthened

with 2% polypropylene (PP) fibre, another specimen with 2%

hybrid fibre (1% steel fibre + 1% PP) and one more specimen

with mortar lacking any fibre.

To ensure force transfer between frame and strengthened masonry

infill wall, anchorage bars were fixed to the surrounding frame.

Deformed bars, 8 mm in diameter and 180 mm in length were

used as anchorage bars. They were fixed at 200 mm intervals and

were embedded 60 mm in to the surrounding frame. Properties of

the specimens are summarised in Table 1.

In the designation of the specimens, the first part ‘REF’, ‘SF’,

‘PPF’ or ‘HF’ stands for reference, steel fibre, polypropylene fibre

or hybrid fibre, respectively. The last part in the reference

specimens ‘BA’, B’, or ‘BM’ stands for bare, brick, or brick and

mortar. The numbers ‘1’ and ‘2’ shows the strengthening mortar

thickness in cm. ‘A’ or ‘NA’ stand for anchored or non-anchored,

respectively.

2.2 Materials

The concrete mix design of the frames for 1 m3 is given in Table 2.

Although the target compressive strength of concrete for all speci-

mens was 10 MPa, concrete strength varied considerably as seen in

Table 3. This variation can be attributed to different water content

of sand and altered curing conditions.

In frames, 8 mm and 4 mm diameter plain (undeformed) bars

were used as longitudinal reinforcement and as stirrups, respec-

tively. In foundation beams, 16 mm diameter deformed bars were

used as longitudinal reinforcement and 8 mm diameter deformed

bars were used as stirrups. All anchorage bars consisted of 8 mm

diameter deformed bars. Properties of steel bars are provided in

Table 4.

One-third scale hollow bricks were specially produced for this

study. Compressive strengths of bricks tested parallel to holes

were calculated for gross and net area as 13.1 MPa and

27.3 MPa, respectively. Whereas the outer dimensions of the

bricks were scaled down, the thickness could not be scaled in the

same manner. Therefore, compressive strength of the bricks was

relatively high.

Strengths and mix proportions of the mortars are presented in

Table 3 and Table 5, respectively. Compressive strengths of the

mortars were determined by testing three cylinders having 75 mm

diameter and 150 mm height.

2.3 Test set-up and loading system

The test set-up and loading system consisted of a strong floor,

reaction wall, loading equipment, instrumentation and data

acquisition system. The loading system was composed of a

hydraulic jack, a load cell, adaptors, and hinges at both ends. In

order to prevent out-of-plane deformations of the frames, an

external steel guide frame was constructed around the test

specimen. The lateral load was applied at storey levels through

a spreader beam, which split the hydraulic jack force in a

triangular manner, in 2:1 ratio, to the top and first storeys,

respectively. During the tests, axial load was kept constant at

53.38 kN. This axial load corresponds to between 9.2% and

14.6% of axial load capacity, depending on frame concrete

Specimen Brick Plaster: mm Anchorage Steel fibre

ratio

Polypropylene

fibre ratio

Thickness of fibre

reinforced mortar: mm

REFBA — — — — — —

REFB + — — — — —

REFBM + 6 — — — —

REF2ABM + 6 + — — 20

SF1NABM + 6 — 2% — 10

SF2NABM + 6 — 2% — 20

SF1ABM + 6 + 2% — 10

SF2ABM + 6 + 2% — 20

PPF2ABM + 6 + — 2% 20

HF2ABM + 6 + 1% 1% 20

Table 1. Properties of the test specimens

Weight: kN Ratio by weight: %

Cement 1.54 12

0–3 mm aggregate 2.43 19

3–7 mm aggregate 4.86 38

7–15 mm aggregate 2.56 20

Water 1.40 11

Total 12.79 100

Table 2. Concrete mixture design for 1 m3
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strength. Lateral displacement of each storey was measured with

linear variable differential transformers (LVDTs). Diagonally

placed dial gauges measured shear deformations of the infill

walls. A general view of the test set-up and locations of the dial

gauges and LVDTs are illustrated in Figure 2.

3. Behaviour of test specimens
Table 6 summarises the test results. In this table, axial load ratio

of the columns, maximum applied lateral load, first and second

inter-storey drift levels both at the forward and backward cycles,

initial stiffness and cumulative dissipated energy values are given.

Bar diameter:

mm

Property Location Yield strength, fsy:

MPa

Ultimate strength, fsu:

MPa

4 Plain Column and beam stirrup 271 398

8 Plain Column and beam longitudinal bars 365 511

8 Deformed Anchorage bar, foundation beam stirrup 557 782

16 Deformed Foundation beam longitudinal bar 453 682

Table 4. Properties of reinforcing bars

Compressive strength at test day: MPa

Frame

concrete

Brick laying

mortar

Plastering

mortar

Strength. mortar

with 2% SF

Strength. mortar

with 2% PP fibre

Strength. mortar

without fibre

Strength.

mortar hybrid

REFBA 12.7 — — — — — —

REFB 13.3 3.4 — — — — —

REFBM 12.7 8.4 8.2 — — — —

REF2ABM 8.6 8.7 6.0 — — 40.8 —

SF1NABM 9.9 7.5 6.4 17.0 — — —

SF2NABM 14.8 7.4 7.2 20.8 — — —

SF1ABM 17.0 6.0 7.2 22.0 — — —

SF2ABM 13.6 12.9 7.6 20.9 — — —

PPF2ABM 10.0 10.8 6.6 — 29.3 — —

HF2ABM 11.6 9.9 6.2 — — — 24.8

Table 3. Strengths of concrete and mortars of the specimens

Weight: kg

Brick laying

mortar

Plastering

mortar

Strength.

mortar with

2% SF

Strength.

mortar with

2% PP fibre

Strength. mortar

without fibre

Strength.

mortar hybrid

Cement (CEM I 32.5R) 13.8 11.9 22 23.3 23.4 22.6

0–3 mm aggregate 66.0 67.9 60 63.4 63.8 61.6

Lime 6.4 5.5 — — — —

Water 13.8 14.7 12 12.7 12.8 12.3

Plasticiser — — 0.04 0.042 0.043 0.041

Steel fibre — — 6 — — 3.1

PP fibre — — — 0.63 — 0.41

Total 100 100 100 100 100 100

Table 5. Mix proportions of mortars
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In Table 6, h, ˜ and N/N0 designate storey height, relative

displacement between two successive floors and axial load level

respectively. Figure 3 shows the first storey lateral load–first

storey interstorey displacement/drift graphs. General views of

specimens after the tests are illustrated in Figure 4.

All tests were performed under displacement control. The

displacement is monitored at the top of the frame. As observed in

Figure 3, specimen SF2NABM does not show a pinching effect,

unlike the other specimens. The reason of the sharp (almost

vertical) decrease of lateral load at unloading points was either

separation of infill wall from surrounding frame or excessive

opening of particular cracks on the infill wall. Main cracks on

infill were not diagonal in this specimen. The cracks propagated

from the column base to one-third span of the beam with

approximately 758 inclination. Therefore, compression struts were

not created diagonally; instead V-cracks occurred with steeper

inclination. At the unloading point, a compression strut was

created in the opposite direction simultaneously. When the

capacity was reached in the opposite direction, the infill slipped

inside the frame due to the lack of anchorages. In this non-

anchored frame, the beam-column joints were directly sheared off

Cross beam
Spreader
beams

Load cell

Prestressing
cable

Hinges
Hydraulic
jack

Hydraulic
jack

Foundation
beam

Universal base

Reaction
wallLVDT

dial gauge

Figure 2. General view of the test set-up

Specimen Axial load

level N/N0

Forward loading Backward loading Initial slope:

kN/mm

Cumulat.

energy

dissipat.:

kNm

Max. load:

kN

1st storey

drift ratioa

˜1/h1

2nd storey

drift ratioa

(˜2�˜1)/h2

Max. load:

kN

1st storey

drift ratiob

˜1/h1

2nd storey

drift ratiob

(˜2�˜1)/h2

REFBA 0.11 14.53 0.0160 0.0076 12.03 0.0151 0.0090 1.74 2.06

REFB 0.11 50.23 0.0113 0.0062 50.29 0.0103 0.0065 24.44 5.88

REFBM 0.11 66.59 0.0043 0.0032 66.59 0.0032 0.0042 21.39 4.49

REF2ABM 0.15 104.52 0.0124 0.0055 101.52 0.0047 0.0124 61.08 10.78

SF1NABM 0.13 80.56 0.0043 0.0018 80.69 0.0023 0.0025 101.31 8.40

SF2NABM 0.10 96.58 0.0033 0.0027 90.51 0.0020 0.0023 34.25 15.56

SF1ABM 0.09 125.66 0.0084 0.0017 116.84 0.0025 0.0058 53.91 9.52

SF2ABM 0.11 140.42 0.0056 0.0024 134.17 0.0021 0.0080 67.12 9.43

PPF2ABM 0.13 123.85 0.0174 0.0 113.34 0.0024 0.0090 93.82 15.74

HF2ABM 0.12 122.04 0.0078 0.0040 119.03 0.0033 0.0054 93.70 12.27

a values at the maximum forward load; b values at the maximum backward load

Table 6. Test results

7

Structures and Buildings
Volume 167 Issue SB1

Seismic strengthening of masonry infilled
reinforced concrete frames with steel-
fibre-reinforced mortar
Yaman and Canbay



�150

�100

�50

0

50

100

150
�0·06 �0·03 0 0·03 0·06

Fi
rs

t 
st

or
ey

 la
te

ra
l l

oa
d:

 k
N

Fi
rs

t 
st

or
ey

 la
te

ra
l l

oa
d:

 k
N

Fi
rs

t 
st

or
ey

 la
te

ra
l l

oa
d:

 k
N

Fi
rs

t 
st

or
ey

 la
te

ra
l l

oa
d:

 k
N

Fi
rs

t 
st

or
ey

 la
te

ra
l l

oa
d:

 k
N

fc,frame 12·7 MPa� f

f
c,frame

c,BrickLayingMortar

13·3 MPa

3·4 MPa

�

�

f

f

f

f

t

c,frame

c,BrickLayingMortar

c,PlasteringMortar

c,FRM

FRM

13·3 MPa

3·4 MPa

6·2 MPa

24·8 MPa

20 mm
SF 1%
PPF 1%
anchoraged

�

�

�

�

�

�

�

f

f

f

f

t

c,frame

c,BrickLayingMortar

c,PlasteringMortar

c,FRM

FRM

10·0 MPa

10·8 MPa

6·6 MPa

29·3 MPa

20 mm
SF 0%
PPF 2%
anchoraged

�

�

�

�

�

�

�

REFBA REFB

REFBM REF2ABM

SF1NABM SF2NABM

SF1ABM SF2ABM

PPF2ABM HF2ABM

�0·06 �0·03 0 0·03 0·06

�150

�100

�50

0

50

100

150

�150

�100

�50

0

50

100

150

�150

�100

�50

0

50

100

150

�150

�100

�50

0

50

100

150

�50 �25 0 25 50
First storey displacement: mm

�50 �25 0 25 50
First storey displacement: mm

f

f

f

f

t

c,frame

c,BrickLayingMortar

c,PlasteringMortar

c,FRM

FRM

13·6 MPa

12·9 MPa

7·6 MPa

20·9MPa

20 mm
SF 2%
PPF 0%
anchoraged

�

�

�

�

�

�

�

f

f

f

f

t

c,frame

c,BrickLayingMortar

c,PlasteringMortar

c,FRM

FRM

17·0 MPa

6·0 MPa

7·2 MPa

22·0 MPa

10 mm
SF 2%
PPF 0%
anchoraged

�

�

�

�

�

�

�

f

f

f

f

t

c,frame

c,BrickLayingMortar

c,PlasteringMortar

c,FRM

FRM

14·8 MPa

7·4 MPa

7·2 MPa

20·8 MPa

20 mm
SF 2%
PPF 0%

anchoraged

�

�

�

�

�

�

�

non-

f

f

f

f

t

c,frame

c,BrickLayingMortar

c,PlasteringMortar

c,FRM

FRM

9·9 MPa

7·5 MPa

6·4 MPa

17·0 MPa

10 mm
SF 2%
PPF 0%
non-anchoraged

�

�

�

�

�

�

�

f

f

f

f

c,frame

c,BrickLayingMortar

c,PlasteringMortar

c,FRM

8·6 MPa

8·7 MPa

6·0 MPa

40·8 MPa

�

�

�

�

f

f

f

c,frame

c,BrickLayingMortar

c,PlasteringMortar

12·7 MPa

8·4 MPa

8·2 MPa

�

�

�

Figure 3. First storey lateral load–first storey interstorey

displacement/drift graphs of the specimens

8

Structures and Buildings
Volume 167 Issue SB1

Seismic strengthening of masonry infilled
reinforced concrete frames with steel-
fibre-reinforced mortar
Yaman and Canbay



by the infill and consequently were damaged excessively. Exces-

sive damage and displacement at certain points caused strain

hardening of longitudinal bars at this point. The increase in

capacity on the graph at high drift levels can be explained by this

strain hardening.

3.1 Response envelopes

Response envelope curves were used to evaluate the strength

characteristics of the specimens. REF2ABM exhibited the largest

lateral load-carrying capacity among the reference specimens,

Figure 5. This reference specimen did not contain either steel

REFBA

REFB

REFBM

REF2ABM
SF1NABM

SF2NABM

SF1ABM
SF2ABM

PPF2ABM
SF2ABM

Figure 4. General views of specimens after the tests

9

Structures and Buildings
Volume 167 Issue SB1

Seismic strengthening of masonry infilled
reinforced concrete frames with steel-
fibre-reinforced mortar
Yaman and Canbay



fibre or PP fibre. Although it is counted as a reference specimen

in this study, 20 mm anchored high-strength mortar application

itself is a strengthening technique. This specimen carried

approximately 100 kN lateral load. REFBM, with plaster behaved

better than REFB which was the non-plastered reference frame.

The bare reference frame, REFBA, was the lower bound. The

differences in lateral load of REFBA, REFB and REFBM clearly

indicated that there may be significant reserve capacity owing to

non-structural infill brick walls and plaster. This reserve capacity,

however, should be handled carefully because of early possible

out of plane failure of the wall.

Among the specimens, SF2ABM showed the highest lateral load-

carrying capacity, Figure 6. This specimen had plaster, 20 mm

thickness of mortar with 2% volumetric ratio of steel fibre and

anchorage. This specimen, however, lost its lateral load-carrying

capacity earlier with respect to the other specimens at approxi-

mately 1.2% drift ratio. Similar results were obtained by other

researchers (Kyriakides and Billington, 2008; Mehrabi et al.,

1996; Olsen and Billington, 2011; Schneider et al., 1998; Shing

et al., 2009). In order to prevent failure of the strengthened walls,

storey drift should be limited to 1% if this strengthening tech-

nique is applied. Strengthened specimens SF1ABM, PPF2ABM

and HF2ABM showed very similar behaviour and their lateral

load-carrying capacities were approximately the same. The non-

anchored specimens SF2NABM and SF1NABM showed the

lowest lateral load capacities. It was observed that anchored

specimens behaved better than the non-anchored ones. In non-

anchored specimens damage accumulated near beam–column

joints, whereas cracks spread along the column with smaller

crack widths.

It should be noted that the cyclic envelope can be different from

the force–displacement capacity boundary depending on the

loading protocol (FEMA, 2009 (FEMA P440A)). In this study, all

specimens were loaded with similar loading protocol and there-

fore, the relative comparisons of response envelopes are consis-

tent and valuable.

3.2 Strength

Comparison of the lateral load-carrying capacities of the speci-

mens are given in Table 7. Strengthened specimens showed
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Specimen Ratio of max.

forward load to

REFBM

Ratio of max.

backward load to

REFBM

Ratio of Initial

stiffness to REFBM

Ratio of cumulative

dissipated energy to

REFBM

Ratio of displacement

ductility to REFBM

REFBA 0.22 0.18 0.08 0.46 1.68

REFB 0.75 0.76 1.14 1.31 2.09

REFBM 1.00 1.00 1.00 1.00 1.00

REF2ABM 1.57 1.53 2.86 2.40 2.73

SF1NABM 1.21 1.21 4.74 1.87 1.44

SF2NABM 1.45 1.36 1.60 3.47 1.73

SF1ABM 1.89 1.76 2.52 2.12 1.45

SF2ABM 2.11 2.02 3.14 2.10 2.00

PPF2ABM 1.86 1.70 4.39 3.51 2.11

HF2ABM 1.83 1.79 4.38 2.74 1.83

Table 7. Comparison of strength, stiffness, energy and ductility

ratios
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increased lateral load-carrying capacities. Lateral load capacity

doubled for specimen SF2ABM with respect to reference speci-

men REFBM. Examination of the load-first storey displacement

graphs in Figure 3 indicates that the strengthening application of

mortar with 2% steel fibres and/or PP fibres improved the

capacities of the specimens considerably.

3.3 Stiffness

In earthquake prone regions lack of sufficient lateral stiffness can

be an important cause of failure of structures. The initial stiffness

of the specimen was calculated as the initial slope of the load–

deformation curve in the first forward half cycle and comparison

of the stiffness values is presented in Table 7. The ratio of the

initial stiffness of the strengthened specimens to that of the

reference specimen varied between 1.60 and 4.74. Stiffness of

SF2ABM was almost tripled as compared to reference specimen

REFBM.

As a consequence of the damage in the infill or of the deteriora-

tion of the panel-frame interfaces, the stiffness can significantly

decrease as the lateral displacement increases. This behaviour

was examined by peak-to-peak stiffness variation which was

calculated as the average slope of the load–deformation curve in

the cycles. Stiffness degradation curves for the reference and

strengthened specimens are shown in Figures 7 and 8, respec-

tively. Stiffness degradation of non-anchored specimens,

SF1NABM and SF2NABM are greater than the other strength-

ened specimens. This trend clearly shows the favourable effect of

anchorages.

3.4 Energy dissipation

Energy dissipation capacity is an important indicator of the

structure’s ability to withstand severe ground motions. Cumulative

dissipated energy of specimens was calculated by the summation

of the area under load–deformation cycles. The cumulative

energy dissipation curves are presented in Figure 9. Comparison

of the dissipated energy values are given in Table 7. The ratio of

the cumulative dissipated energy of the strengthened specimens

to that of the reference specimen varied between 1.87 and 3.51.

This indicates that the proposed strengthening method improved

the energy dissipation characteristics of the specimens.

3.5 Storey drift index

Storey drift index can be defined as the relative displacement

between two successive floors divided by the storey height. Storey

drift index should be limited to prevent structural and non-

structural damage. According to the Turkish Seismic Code (1998)

and ASCE/SEI 7-10 (ASCE, 2012) the maximum storey drift

ratio is limited to 0.02.

According to Figures 5 and 6, it can be said that strengthening

the frames resulted in a reduced inter-storey drift. At the same

time stiffness and lateral load-carrying capacities increased.

Therefore, under the same earthquake excitation, the structure

would most probably not require the same ductility.

3.6 Ductility

Displacement ductility is defined as the ratio of the ultimate

displacement to yield displacement. The ultimate displacement is

assumed as the point where the lateral load decreases to 85% of

the maximum. The yield displacement was described with a

secant drawn between origin and 70% of the maximum applied

load. This line was extended up to the horizontal line drawn from

the maximum load (Sezen and Moehle, 2004). The definition of

ductility is given in Figure 10. The comparison of the ductility

values is listed in Table 7. The maximum ductility was achieved
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by REF2ABM. This specimen, however, suffered greatly during

the test. The beam�column joints of the first storey had shear

cracks, concrete at this region crushed and reinforcement

buckled. Moreover, the strengthened brick infill separated exces-

sively from the surrounding frame. Strengthened specimens

showed similar displacement ductility values. Evaluation of

ductility should be handled carefully, because strengthened brick

infill walls have limited displacement capability.

4. Effects of test variables

4.1 Effect of anchorage

In order to evaluate the effect of anchorages between the frame

and infill; specimen SF1NABM was compared with its compa-

nion specimen SF1ABM. Similarly, SF2NABM was compared

with SF2ABM. Comparisons showed that, lateral load capacities

increase 45% and 49% for 10 mm and 20 mm thick plaster

specimens, respectively. It can be concluded that, utilisation of

anchorages increases lateral load-carrying capacity by approxi-

mately 45%.

4.2 Effect of thickness of strengthening mortar

The effect of the thickness of the strengthening mortar can be

observed comparing either SF1NABM with SF2NABM or

SF1ABM with SF2ABM. The lateral load-carrying capacities

increased by approximately 12% and 15% in either case, respec-

tively. The thickness of strengthening mortar had a minor effect

on the lateral strength of the frame. Doubling the strengthening

mortar thickness increased lateral strength only about 12%.

4.3 Effect of steel fibres in strengthening mortar

This effect can be studied by way of the comparison of

REF2ABM and SF2ABM. It should be noted that specimen

without steel fibre in mortar (REF2ABM) had mortar strength of

40.8 MPa, whereas the companion specimen with 2% steel fibre

had a mortar strength of only 20.9 MPa. Despite the disadvantage

in mortar strength of specimen SF2ABM, lateral strength was

34% higher than REF2ABM. Polypropylene fibre and hybrid fibre

specimens, again with lower mortar strengths, had approximately

18% higher lateral strength compared with REF2ABM.

The proposed strengthening technique is also economical when

compared with conventional cast-in-place RC walls, because it is

easier to apply and it does not require evacuation of the building.

In the RC infill wall application, however, the occupants have to

be moved for at least a few months. The proposed technique can

be described as occupant-friendly because it disturbs the function

of the building in a minimum level.

5. Conclusion
The main objective of this study was to keep the non-structural

brick walls in place during an earthquake; consequently, to

increase the lateral load capacity and to decrease the lateral

displacement. The conclusions should be used carefully within

the limited tests performed and not be generalised. The following

conclusions are based on the results from the tests in this study.

j Application of strengthening mortar on brick masonry wall

retards the early out of plane failure and converts the existing

non-structural wall into a load-carrying wall.

j Strengthened specimens without anchorage to the

surrounding frame, SF1NABM and SF2NABM, showed

apparently less load-carrying capacity. The damage of these

specimens was localised near the beam–column joints.

Therefore, to achieve reliable behaviour and to ensure load

transfer between the frame and strengthened wall, anchorage

should be used along the surrounding frame of the infill wall.

j Utilisation of anchorages increased the lateral load-carrying

capacity by approximately 45%.

j Doubling the strengthening mortar thickness from 10 mm to

20 mm did not significantly affect the lateral strength and

increased lateral strength only about 12%.

j Addition of fibres into the strengthening mortar increased the

effectiveness of the strengthening technique. Despite the

lower mortar strength of SF2ABM, its lateral strength was

34% higher than REF2ABM.

j The interstorey drifts should be limited to 1%. Above this

drift ratio, damage of strengthened infill walls increased and

load-carrying capacity decreased rapidly.

j The ratio of the cumulative dissipated energy of the

strengthened specimens to that of the reference specimen

varied between 1.87 and 3.51.

j The proposed technique does not require evacuation of the

building and, therefore, it is occupant-friendly and

economical compared to cast-in-place RC walls.

j Application of steel fibre reinforced mortar on masonry infill

walls can be used as an alternative seismic rehabilitation

technique.
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masonry infill walls with reinforced plaster. Proceedings of

the Institution of Civil Engineers – Structures and Buildings

163(5): 331–342.

ASCE (2012) ASCE/SEI 7-10. Minimum design loads for

buildings and other structures. American Society of Civil

Engineers, Reston, VA, USA.

Benjamin JR and Williams HA (1958) The behaviour of one-

storey brick shear walls. Journal of Structural Division,

ASCE 84(4): proc. paper 1723.

Bertero VV, Aktan AE, Charney FA and Sause R (1984)

Earthquake Simulation Tests and Associated Studies of a

1/5th-Scale Model of a 7-Storey Reinforced Concrete Test

Structure. University of California, Berkeley, CA, USA,

Report no. UCB/EERC-84/05.

Canbay E, Ersoy U and Ozcebe G (2003) Contribution of RC

infills to the seismic behavior of structural systems. ACI

Structural Journal 100(5): 637–643.

EERI (2000) 1999 Kocaeli, Turkey earthquake reconnaissance

report. Earthquake Spectra 16(1): 237–279.

Ersoy U and Uzsoy S (1971) The Behavior and Strength of

Infilled Frame. TUBITAK, Ankara, Turkey, Report MAG 205.

FEMA (2009) FEMA P440A. Effects of strength and stiffness

degradation on seismic response. FEMA, Washington, DC,

USA.

Flanagan RD and Bennett RM (1999) Bidirectional behavior of

structural clay tile infilled frames. Journal of Structural

Engineering, ASCE 125(3): 236–244.

Gao J, Sun W and Morino K (1997) Mechanical properties of

steel fibre reinforced, high-strength, lightweight concrete.

Cement and Concrete Composites 19(4): 307–313.

Kyriakides MA and Billington SL (2008) Seismic retrofit of

masonry-infilled non-ductile reinforced concrete frames using

sprayable ductile fiber-reinforced cementitious composites.

Proceedings of the 14th World Conference on Earthquake

Engineering, Beijing, China.

Maheri MR and Sahebi A (1997) Use of steel bracing in

reinforced concrete frames. Engineering Structures 19(12):

1018–1024.

Mehrabi AB, Shing PB, Schuller MP and Noland JL (1996)

Experimental evaluation of masonry-infilled RC frames.

Journal of Structural Engineering, ASCE 122(3):

228–237.

METU/EERC (2011a) A Report on the 19 May 2011 Kütahya-
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