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a b s t r a c t

The objective of this research was to develop an economical, structurally effective, and practically appli-
cable steel fiber reinforced mortar (SFRM) which could be applied onto the hollow brick infills of a rein-
forced concrete (RC) structure. Masonry walls were almost converted into strong and rigid infills with the
application of SFRM. Two different mix proportions were produced with the composition of Portland
cement, fine aggregate, water, and plasticizer or bonding agent as the chemical admixture. Tests were
carried out to determine the optimum steel fiber content (1%, 2%, or 4% by volume) and to clarify the
use of plasticizer or bonding agent in the mortar in the context of sticking ability, flexural, compressive,
and adhesion strengths. As a result, mortar with plasticizer and 2% steel fiber (by volume) came out to be
the optimum mortar mixture as strengthening material. The performance of RC frame strengthened with
SFRM containing plasticizer and 2% steel fiber by volume was compared to those of the hollow brick
infilled RC frame without strengthened mortar and the hollow brick infilled RC frame with reference mor-
tar. It was observed that the specimen strengthened with the optimum mortar mix satisfied the target
objectives of this study.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In many countries, considerable number of existing building
stock waits seismic vulnerability assessment followed by seismic
retrofitting since they are seismically deficient and endanger pub-
lic safety in a possible future earthquake. Among the available
strengthening techniques, adding new cast-in-place RC infill walls
to RC framed buildings was found to be the most appropriate and
reliable method of system improvement in the studies conducted
by Ersoy and Uzsoy [1], Altin et al. [2], Miller and Reaveley [3],
Gregorian and Gregorian [4], Turk [5], Canbay et al. [6] and Sonuvar
et al. [7]. Addition of cast-in-place RC infills increases both the
strength and stiffness of the structure considerably. However, the
workmanship in this technique is difficult and time-consuming.
In addition, it necessitates evacuation of the building since large
amounts of construction materials are transported into the build-
ing. Recently, researchers all around the world have focused on
developing economical, effective, and practical strengthening tech-
niques. Among several studies on occupant friendly strengthening
techniques, use of diagonal carbon fiber reinforced polymer (CFRP)
sheets, precast concrete (PC) panels, and wire mesh reinforced
shotcrete can be listed. Application of mortar onto the non-struc-
tural masonry walls comes out to be a convenient strengthening
ll rights reserved.
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technique, since it is cheap to produce, easy to apply, and structur-
ally effective in use.

Brittleness and low tensile strength are major drawbacks of
concrete. The product obtained by randomly adding a small quan-
tity of short fibers into a cementitious matrix is known as fiber
reinforced composite (FRC) and improve many of its properties,
such as compressive, split tensile, flexural, shear, impact, fatigue
and abrasion strength, deformation capacity, load bearing capacity
after cracking, and toughness properties [8–18]. The degree of
improvement depends upon many factors such as size, type, aspect
ratio, and volume fraction of fibers [19].

In the studies conducted by Bentur [20,21], crack propagation
that occur due to internal stress in concrete were prevented by
the use of steel fibers in conventional concrete. This was attributed
to stress transfer capability of fibers. This behavior of fibers domi-
nates the use of steel fiber reinforced concrete (SFRC) compared to
the plain concrete.

Many researches have been conducted to study different char-
acteristics of SFRC. In a study conducted by Shah and Rangan
[22], it was observed that the post-cracking resistance of the mate-
rial was considerably influenced by the length, orientation, and
stiffness of the fibers used. Batson et al. [23] conducted an experi-
mental study in which conventional RC beams were tested in flex-
ure where the shear stirrups were replaced by fibrous concrete
containing steel fibers of various shapes, sizes, and volume frac-
tions. According to Tran et al. [24], the use of overlay materials
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Nomenclature

A area of loaded surface in mm2

b the side length of square cross-section of the prism in
mm

Ff applied load at the center at rupture in N
fm compressive strength in MPa

l span length in mm
P total maximum load in N
Rf flexural tensile strength in MPa
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having high tensile strength reduced the risk of cracking. Studies
showed that the reinforcement of concrete by fibers, providing
some continuity through the cracks, delays de-bonding initiation
and propagation [25–27]. Otter and Naaman [28] conducted an
experimental study in which the influence of fiber addition to plain
concrete was found to be comparable to that of confinement effect
of reinforcement. The strength and toughness of the composite
were found to increase at higher loading rates.

Contrary to steel bars, reduced risk of corrosion is another
advantage of fibers [29,30].

Fire is very important and researchers are interested in this to-
pic, nowadays. In a study conducted by Kalifa et al. [31], the use of
steel fiber coupled with polypropylene (PP) fiber avoids the steel
reinforcement to be directly exposed to fire by preventing spalling.
Moreover, it gives the material a certain residual bending resis-
tance. A recent study conducted by Colombo et al. [32] showed
that fiber pull-out mechanism is less affected by elevated temper-
ature up to 400 �C (752� F) than the matrix of plain concrete.

Adding steel fibers also improves the mechanical properties of
cement mortars. Pierre et al. [33] carried out an experimental
study in which test results indicate that the addition of a relatively
low dosage of steel microfibers (2.5% by volume) significantly
increases the mechanical properties of cement pastes.
Table 1
Physical properties of Portland cement.

Physical properties Determined as ASTM C150 [34] limits

Specific gravity 3.18 –
Blaine fineness (cm2/g) 3540 min. 2800

Setting time (min)
Initial 217 min. 45
Final 311 max. 375

Compressive strength (MPa)
7 days 34.6 min. 19.3
28 days 44.6 –

Table 2
Chemical composition of Portland cement.

Oxide Determined as (%) ASTM C150 [34] limits

CaO 62.67 –
SiO2 19.18 –
Al2O3 5.18 –
Fe2O3 3.07 –
MgO 1.99 max. 6.0%
SO3 2.67 max. 3.5%
K2O 0.70 –
Na2O 0.48 –
LOI 2.89 max. 3.0%
2. Research significance

This study was a part of a project aiming to develop an occupant
friendly seismic strengthening technique in which the idea is to
convert the existing hollow brick infills into strong and rigid infills
by shotcreting SFRM onto the hollow brick infills. The hollow brick
infills increase the seismic strength of frames when compared to
that of bare frames. However, due to premature out-of-plane fail-
ure or crushing of the infill, the beneficial effect of brick infills
are limited and generally ignored. On the other hand, if the infills
are reinforced with SFRM the performance of RC frames may be
improved against seismic loads.

The objective was to investigate the performance of SFRM as a
construction material to increase strength and toughness of the
hollow brick infills. Accordingly, compressive strength, flexural
strength, adhesion strength, and sticking ability on the hollow
brick infills of SFRM are studied throughout the manuscript. In
the scope of the study, steel fibers were added to the mortar mix-
ture at ratios of 1%, 2%, and 4% by volume and sticking ability of the
mortar mixtures on the brick wall was observed. Besides, compres-
sive strength tests on cubic specimen, flexural strength tests on
prismatic specimens, and adhesion strength tests were conducted.
Additional compressive strength tests were carried out on cubical
pieces obtained from flexural strength test specimens. All the tests
were carried out for two types of SFRM prepared using either plas-
ticizer or bonding agent.

It was concluded that addition of 2% steel fiber and using plas-
ticizer satisfies the required performance as strengthening mortar
on hollow brick infills. SFRM strengthened frames were tested
under reversed-cyclic lateral loads simulating earthquake. Accord-
ing to the results of frame tests it was concluded that, SFRM
containing 2% steel fiber can be used to strengthen RC frames.
3. Materials and methods

3.1. Material properties

3.1.1. Cement
An ordinary Turkish Portland Cement, CEM I 42.5 R, was used throughout the

preliminary tests. (This type of cement corresponds to ASTM Type I cement). Phys-
ical properties and chemical composition of the cement are presented in Tables 1
and 2.
3.1.2. Fine aggregate
Natural river sand was used as the fine aggregate in the tests. Specific gravity

and absorption capacity of the aggregate, and its gradation are shown in Tables 3
and 4, respectively.
3.1.3. Steel fiber
Steel fiber that conforms to ASTM A820 [36] and TS 10513 [37] was used in the

tests. Steel fiber was procured from a Steel Cord Manufacturing and Training Inc. It
is a cold drawn wire fiber, with hooked ends, and glued in bundles. The fibers are
filaments of wire, deformed, and cut to lengths, for reinforcement of concrete, mor-
tar, and other composite materials. There is no coating on the fiber. Applications of
the fiber are shotcrete, screeds, and compression layers. The fiber has a length of
30 mm and diameter of 0.55 mm, thus the aspect ratio is 55. There are 16750 fibers
per kg. Minimum tensile strength of the fiber is 1100 MPa.



Table 3
Properties of fine aggregate.

Property Determined as

Specific gravity
Dry 2.46
SSD 2.55
Absorption (%) 3.60

Table 4
Sieve analysis of fine aggregate.

Sieve no Cumulative passing (%)

Fine aggregate ASTM C33 [35] requirements

3/800 (9.5 mm) 100 100
No. 4 (4.75 mm) 95.90 95–100
No. 8 (2.36 mm) 70.90 80–100
No. 16 (1.18 mm) 47.70 50–85
No. 30 (600 lm) 28.43 25–60
No. 50 (300 lm) 12.33 10–30
No. 100 (150 lm) 5.77 2–10

Table 5
The properties of the tap water of Ankara.

Property Value

Color (Pt–Co unit) <5
Residue Chlor (mg/l) 1.0
pH 7.24
Ammonium (mg/l) <0.06
Nitrite (mg/l) <0.006
Nitrate (mg/l) 1.44
Sodium (mg/l) 7.9
Potassium (mg/l) 3.0
Calcium (mg/l) 21.2
Magnesium (mg/l) 10.9
Hardness (mg CaCO3/l) 97.8
Total alkalinity (mg/l CaCO3) 63.2
Chloride (mg/l) 8.1
Sulfate (mg/l) 25.6
Fluoride (mg/lt) 0.08
Carbonate (mg/l) <10
Bicarbonate (mg/l) 77
Copper (mg/l) <0.001
Aluminum (lg/l) 122
Iron (lg/l) 24
Zinc (mg/l) 0.015

Table 6
Mixture proportions of mortars (kg/m3).

Mixing
material

1st series (kg) 2nd series (kg)

Cement 578.7 578.7
Sand 1591.5 1591.5
Water 329.8 164.9
Plasticizer 0.87 –
Bonding agent – 164.9
Steel fiber 1%, 2%, or 4% of total volume 1%, 2%, or 4% of total volume

Fig. 1. Applications of mortars on wall.

Fig. 2. Views of compression strength testing.
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3.1.4. Plasticizer
A commercial normal setting plasticizer was used in all mortar mixes. It is a li-

quid, ready to use plasticizer that increases cohesion and workability of cement–
sand mortars, and plasters. It has a specific density of 1.045 ± 0.005 kg/l. Application
dosage of the plasticizer is 0.1–0.2% by weight of cement. It is added to the mixing
water prior to its addition to the cement–sand mix to provide high quality mortar.

3.1.5. Bonding agent
A commercial water resistant bonding agent was used in the mortar mixes of

the second series. It is a synthetic rubber emulsion added to cement mortars where
good adhesion and water resistance are required. It has a specific density of
1.015 ± 0.01 kg/l. The bonding agent is added to the mixing water within the range
from 1:1 to 1:4 depending on application.

3.1.6. Water
Tap water from the city water network of Ankara was used as mixing water in

all mortar mixes. The properties of the tap water of Ankara are given in Table 5.

3.2. Method

After performing several trials on mortar, the mixture proportions satisfying
optimum workability of mortar were obtained. Ratio of aggregate to binder was
determined as 2.75. Ratio of water to binder was obtained as 0.57. Application
dosage of the plasticizer was 0.15% by weight of cement. The bonding agent was ap-
plied at water to agent ratio of 1.0. In this way, two different series were produced.
The mixture proportions of the mortar series are given in Table 6.
3.2.1. Applications on wall
Mortars having 20 mm thicknesses were applied on a wall with no steel fibers

as reference and with 1%, 2%, and 4% volume contents of steel fibers. The mortar
should stick to the wall when it is thrown to the wall using a trowel (Fig. 1). The
reference mortar stuck to the wall easily. In the 4% volume content case, however,
the mortar did not stick to the wall at all. In the 1% and 2% volume content cases the
mortar could hardly be fixed to the wall. Consequently, mortar with 0%, 1%, and 2%
steel fiber contents were decided to be used in the tests.
3.2.2. Compressive strength
Mortar for compressive strength tests were prepared using an electrically dri-

ven mechanical mixer of the type equipped with paddle and mixing bowl, as spec-
ified in ASTM C305 [38]. For the tests, a total of six 50 mm cubical specimens were
prepared.

Specimens were taken out from steel molds the next day and were put in sat-
urated lime water at 23.0 ± 2.0 �C. Compressive strengths of the cubical mortars
were measured at 7 and 28 days. Tests were conducted in accordance with ASTM
C 109 [39]. A universal testing machine shown in Fig. 2 is used for the tests.



Fig. 4. Views of adhesion strength testing.

Table 7
Properties of the frame test specimens.

Specimen Brick Plaster
(mm)

Anchorage Steel fiber
ratio

Thickness of
SFRM (mm)

REFBM + 6 � � �
REF2ABM + 6 + � 20
SF2ABM + 6 + 2% 20
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Total maximum load indicated by the testing machine was recorded and by
dividing the total maximum load to loaded surface area, compressive strength
values were calculated,

fm ¼
P
A

ð1Þ

where fm is the compressive strength in MPa, P is the total maximum load in N, A is
the area of loaded surface in mm2.

Two different mixes of mortar were prepared. The first mix included plasticizer
whereas bonding agent was used in the second mix.

3.2.3. Flexural tensile strength
Flexural strength of prismatic specimens having dimensions of 70 � 70 �

320 mm was measured by a simple beam test with center-point loading at 7 and
28 days. The distance between supports was 260 mm. Actual cross-sectional
dimensions were measured as 75 mm. Tests were performed according to TS EN
196-1 [40]. Views of flexural tensile strength testing are shown in Fig. 3.

Since the dimensions of a regular flexural strength test specimen, 40 � 40 �
160 mm, would not allow uniform distribution and overflow of 30 mm long steel
fibers from the mold, specimen sizes came out to be 70 � 70 � 320 mm which is
the dimension of the available molds in the laboratory.

For flexural strength tests, mortars were prepared by hand since fibers sticked
to the peripheral walls of the mixer due to centrifugal force when mechanical mixer
was used. It should be noted that mixing time was extended to get as random dis-
tribution of fibers as possible.

Flexural tensile strengths of prismatic specimens were calculated according to
the following equation,

Rf ¼
1:5� Ff � l

b3 ð2Þ

where Rf is the flexural tensile strength in MPa, Ff is the applied load at the center at
rupture in N, l is the span length in mm, and b is the side length of square cross-sec-
tion of the prism in mm.

3.2.4. Compressive strength obtained from flexural strength test specimens
Flexural strength tests and compressive strength tests were conducted with ref-

erence mortar and mortars having 1% and 2% volume contents of steel fibers. From
each mortar mixture six prismatic specimens were prepared. Additionally, two
75 mm cubical specimens were cut from portions of each prism broken under flex-
ure. Thus, twelve cubical specimens were tested for each mortar mixture. Compres-
sive strengths of the cubical mortars were determined at 7 and 28 days. Tests were
conducted in accordance with TS EN 196-1 [40]. A universal testing machine was
used for the tests.

3.2.5. Adhesion strength
Adherence tests were carried out for the reference mortar and mortars having

1% and 2% volume contents of steel fibers. Each mortar mixture was prepared in
60 N batches. Using five bricks for each mortar mixture, totally 15 specimens were
prepared for the adherence tests.

Adhesion strengths of the mortars were determined at 28 days. Tests were con-
ducted according to TS EN 1015-12 [41]. Views of testing are shown in Fig. 4. Adhe-
sion strength was calculated by dividing the maximum tensile load to the
corresponding loading area. Average adhesion strength is calculated by taking aver-
age of adhesion strengths of five specimens for each mortar and rounding this num-
ber to the closest 0.1 MPa.

3.2.6. RC frame test
The optimum ratio of steel fiber content was determined according to the afore-

mentioned tests and was used in strengthening of RC frame specimen. Reference
specimen with ordinary plastered hollow brick infill (REFBM), specimen with hol-
low brick infill together with strengthening reference mortar (REF2ABM), and SFRM
Fig. 3. Views of flexural tensile strength testing.
strengthened frame (SF2ABM) were tested under reversed cyclic loads representing
earthquake loads to observe the strengthening effect. Properties of the frame test
specimens are given in Table 7. The test set-up is presented in Fig. 5.

As can be seen in Fig. 5, tests were performed in front of a reaction wall. Re-
versed-cyclic lateral loading was applied by using a double acting hydraulic jack.
A load cell was connected between the hydraulic jack and the test frame to measure
the applied lateral load. It was applied on a spreader beam at one-third of its span to
ensure that the lateral load at the second floor level always remains twice as the
lateral load at the first floor level.

The axial load on columns, each approximately equal to 10% of the column axial
load capacity, was provided by steel cables post-tensioned by hydraulic jacks, as
shown in Fig. 5. Load was continuously monitored and re-adjusted during the test.
A rigid steel guide frame was constructed around the test frame to prevent out-of-
plane deformations.

All deformations were measured by displacement transducers; using either lin-
ear variable differential transformers (LVDT) or electronic dial gages (DG) as shown
in Fig. 5. Lateral displacements were measured both at the first and second floor lev-
els by LVDTs. Infill wall shear deformations were measured by dial gages placed on
the infill diagonally and located 130 mm away from the corner of the infill walls.
Vertical displacement measurements at the base of both columns were taken to cal-
culate rotations of the entire frame as well as to provide data for monitoring the
critical column section deformations. The rigid body displacements of the frame
and the universal base were measured by means of LVDTs. An LVDT was mounted
on the universal base in order to measure the displacement with respect to the
ground and another was mounted on the frame foundation in order to measure
the displacements with respect to the universal base. Also, dial gages at both sides
were mounted on the frame foundation to measure the displacements with respect
to the universal base. All cracks on the frame were marked during the test and the
mechanism of failure was observed during testing.
4. Results and discussion

4.1. Compressive strength

Twenty eighth day compressive strengths of the cubical mortars
having dimensions of 50 � 50 � 50 mm, prepared with cement,
sand, water, and plasticizer are presented in Table 8. The compres-
sive strength test was conducted to determine which kind of mix-
ture increases the compressive strength of the mortar. Average 7th
and 28th day compressive strengths for the first series were
31.34 MPa and 39.02 MPa, respectively whereas these values were
17.48 MPa and 23.85 MPa for the second series. According to these
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Fig. 5. The test set-up of strengthened RC frame tested under reversed cyclic loads.

Table 8
Compressive strengths of cubical mortars (MPa).

Specimen First series Second series

7 days 28 days 7 days 28 days

1 29.56 39.97 19.27 25.09
2 32.14 39.54 13.59 22.76
3 32.33 37.54 19.58 23.71

Average 31.34 39.02 17.48 23.85
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values obtained from the compressive strength tests of reference
mixtures, it was seen that use of plasticizer led to higher compres-
sive strengths in mortar specimens.

4.2. Flexural tensile strength

Flexural strengths of prismatic specimens, reference mortar,
and mortars having 1% and 2% volume contents of steel fibers, at
7 and 28 days are provided in Table 9. Average values in the table
are calculated by first taking average of strength results of all
Table 9
Flexural tensile strength of prismatic specimens (MPa).

Average flexural tensile strength (MPa)

Fiber content Specimen no First series Second series

7-day 28-day 7-day 28-day

Reference mortar 1 6.47 7.40 5.55 6.84
2 6.38 7.21 5.53 6.29
3 6.29 7.58 5.18 6.47

Average 6.38 7.40 5.42 6.53

Mortar with 1%
volumetric ratio
of steel fiber

1 6.47 6.75 5.36 6.47

2 6.38 6.75 5.36 7.03
3 6.29 7.30 5.27 6.93

Average 6.38 6.93 5.33 6.81

Mortar with 2%
volumetric ratio
of steel fiber

1 6.93 8.14 6.29 6.84

2 6.19 7.40 5.73 9.52
3 6.56 10.17 6.47 9.06

Average 6.56 8.57 6.16 8.47
specimens, then calculating 0.9 and 1.1 times the average value,
discarding results outside the range, and taking average of only
the results remaining in the range.

For the series with plasticizer (1st series), average 7th and 28th
days flexural tensile strengths of prismatic specimens were found
to be 6.38 MPa and 7.40 MPa, respectively for reference mortar,
6.38 MPa and 6.93 MPa, respectively for mortar with 1% steel fiber
and 6.56 MPa and 8.57 MPa, respectively for mortar with 2% steel
fiber. For the series with bonding agent (2nd series), average 7th
and 28th days flexural tensile strengths of prismatic specimens
were found to be 5.42 MPa and 6.53 MPa, respectively for reference
mortar, 5.33 MPa and 6.81 MPa, respectively for mortar with 1%
steel fiber and 6.16 MPa and 8.47 MPa, respectively for mortar with
2% steel fiber. Comparison of these values showed that mortar with
1% volumetric ratio of steel fiber prepared either by plasticizer or
bonding agent does not change the 7th and 28th days flexural
tensile strengths considerably. However, 2% steel fiber addition
prepared by bonding agent has a noticeable effect which is approx-
imately 30% increase in flexural capacity of unreinforced concrete
prisms. This shows that flexural strength increases with the in-
crease in steel fiber volumetric ratio. In other words, steel fiber
addition has increased the flexural strength for both series.

According to the values given in Table 9, it can be concluded
that optimum steel fiber ratio is 2% and second series containing
2% steel fiber gives the highest increase ratio in the flexural
strength. For mortar with 2% steel fiber, the increase ratios for
7th and 28th day strengths were 3% and 16%, respectively for the
first series and 14% and 30%, respectively for the second series.
Although the increase ratio with bonding agent was higher, it
was concluded to use plasticizer as the mixing agent since flexural
tensile strengths of mortar specimens with plasticizer were higher
than those of the specimens with bonding agent, obtained from the
portions of prisms broken in flexure tests.

As a result, the increase in flexural strength may increase the
resistance against crack propagation due to the seismic load effects
and decrease the possible crack propagation due to internal stres-
ses occurring in the mortars, since use of fibers makes concrete
more strong and thus durable by reinforcing it against cracks. In
the studies conducted by Mohammadi et al. [19], parallel with
the findings of the present study, it was also concluded that in
general, the first crack load and the ultimate load were found to in-
crease with the increase in the fiber content of the concrete mix up
to a fiber content of 2%. Consequently, durability and service life of
the frame can be increased. Therefore, some technical, economical,



Table 11
28th day adhesion strengths of the mortars (MPa).
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and environmental opportunities can be gained in means of sus-
tainable development.
Fiber content Specimen First
series

Second
series

Reference mortar 1 0.94 0.97
2 1.14 0.99
3 1.15 1.07
4 0.51 1.11
5 1.38 0.73

Average 1.02 0.97

Mortar with 1% volumetric ratio of
steel fiber

1 1.96 1.75

2 1.83 1.83
3 1.80 1.62
4 1.58 1.92
5 1.47 1.71

Average 1.73 1.77

Mortar with 2% volumetric ratio of
steel fiber

1 1.78 1.86

2 1.95 1.98
3 1.68 2.01
4 2.35 1.92
5 1.82 1.71

Average 1.92 1.90
4.3. Compressive strength obtained by flexural strength test specimens

Compressive strengths, for reference mortar and mortars having
1% and 2% volume contents of steel fibers, at 7 and 28 days ob-
tained using portions of prisms broken in flexure are shown in
Table 10. For the first series, average compressive strengths for ref-
erence mortar and mortars containing 1% and 2% steel fiber were
41.99 MPa, 39.73 MPa, and 39.06 MPa, respectively. For the second
series, these values came out to be 26.51 MPa, 28.53 MPa, and
31.01 MPa, respectively.

For the first series, addition of steel fiber has no positive effect
on the compressive strength of mortar. Yet, it even decreases the
strength approximately 5% and 7% for mortars containing 1% and
2% steel fiber, respectively. Mortar with bonding agent (2nd series)
shows positive compressive strength trend with the addition of
steel fiber, as compared to first series. Addition of 1% and 2% steel
fiber enhances the compressive strengths of mortars approxi-
mately 8% and 17%, respectively.

As it can be observed in the compressive strength tests of
50 � 50 � 50 mm cubic mortar specimens, given in Table 10, plas-
ticizer caused higher compressive strengths as compared to speci-
mens produced with bonding agent, obtained from the portions of
prisms broken in flexure tests. As a result, plasticizer was selected
as the mixture agent since the first series has higher compressive
strength.
4.4. Adhesion strength

Twenty eighth day adhesion strengths of reference mortar, and
mortars having 1% and 2% volume contents of steel fibers, are pre-
sented in Table 11. For the first series, 28th day adhesion strengths
were found to be 1.02 MPa, 1.73 MPa, and 1.92 MPa, respectively
Table 10
Compressive strength using portions of prisms broken in flexure (MPa).

Compressive strength (MPa)

Specimen First series Second Series

Reference mortar
1 42.20 22.49
2 42.27 23.45
3 40.11 24.02
4 42.12 29.59
5 43.20 30.37
6 a 29.13

Average 41.99 26.51

Mortar with 1% volumetric ratio of steel fiber
1 42.13 28.45
2 41.71 24.56
3 31.66 32.55
4 42.84 26.19
5 37.19 26.58
6 42.87 32.83

Average 39.73 28.53

Mortar with 2% volumetric ratio of steel fiber
1 40.83 32.53
2 39.67 31.28
3 38.13 27.62
4 40.84 30.85
5 38.06 30.41
6 36.84 33.34

Average 39.06 31.01

a Discarded due to damage during preparation.
for reference mortar and mortars with 1% and 2% steel fibers. These
values were 0.97 MPa, 1.77 MPa, and 1.90 MPa, respectively, for
the second series. When the values are examined, it can clearly
be observed that adhesion strengths of mortars are enhanced with
the steel fiber addition, proportional to the volumetric ratio of steel
fiber in the mixture. In addition, the increase in the adhesion
strength of mortars is not very different for both mortars prepared
by either plasticizer or bonding agent. Twenty eighth day adhesion
strength increase ratio in mortar with 1% steel fiber was 70% and
83% for the first and second series, respectively whereas these val-
ues were 88% and 96%, respectively, for mortar with 2% steel fiber.
Although, strength increase ratios are lower for plasticizer as com-
pared to those for mortar with bonding agent, the flexural
strengths are quite higher. Consequently, it can be said that the
group showing the best mechanical performance is observed as
the first series containing 2% steel fiber. The mixture design of this
group was chosen in the production of the mortar for strengthen-
ing of RC frames.

4.5. RC frame performance

After the flexural strength, adhesion strength, and compressive
strength tests using portions of prisms broken in flexure performed
at 7 and 28 days of age using two series of mortars, it was observed
that the first series’ test results done with the mortar containing
cement, fine aggregate, water, and plasticizer were higher compared
to the second series. In other words, mechanical properties of
the first series were better than those of the second series. The
mortar used in the first series, which was the optimum mortar giving
the required strength, was selected to be used in the main tests.

Test results are evaluated considering the seismic performance
indicators such as lateral strength, initial stiffness, and energy
dissipation capacity in Fig. 6. In seismic strengthening, providing
adequate lateral strength is very important. Strength is one of
the most important parameters for the effectiveness of the
strengthening technique. The ratio of lateral strength values with
respect to the reference frame was 1.53 and 2.02 times, for spec-
imens strengthened with reference mortar and with 2% SFRM,
respectively. The values were 2.86 and 3.14, respectively for the
initial stiffness. The initial stiffness was calculated using the slope
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of the linear part of the first forward load excursion. It was used as
a relative indicator in improvement of the rigidity of a test frame.
The ratio of total dissipated energy value with respect to that of
the reference frame was up to 2.40 and 2.10 times, respectively
for the strengthened specimens. Energy dissipation capacity is
an important indicator of a structure’s ability to withstand severe
ground motions. It can be determined from the area enclosed by
the hysteretic loops of the load deformation relationship. These
values show the effectiveness of SFRM both as a strengthening
material and as an occupant friendly strengthening technique.

5. Conclusions

The main objective of this study was to develop a feasible, effec-
tive, and yet economical strengthening technique that does not
disturb the inhabitants. In this scope, steel fiber reinforced higher
strength mortar was applied on the plaster of hollow brick walls.

Maximum of 2% volume content of steel fiber with plasticizer
was concluded to be used in strengthening applications. Higher
steel fiber content cause bonding problem of mortar on wall. The
following conclusions are based on the results and analyses from
the tests in this study:

� Strengthening by the application of SFRM on plastered infill
walls of frames was found to be an effective, practical, and occu-
pant friendly technique for strengthening seismically vulnera-
ble RC structures.
� Necessary strength and lateral rigidity were provided to the

structure by this newly developed strengthening method.
Seismic behavior of the frame specimens was improved.
� After performing several trials, the mixture proportions giving

optimum workability of mortar were obtained. Ratio of aggre-
gate to binder was determined as 2.75. Ratio of water to binder
was obtained as 0.57. Application dosage of the plasticizer was
0.15% by weight of cement. The bonding agent was applied at
water to agent ratio of 1.0.
� Mortar having 20 mm thickness was applied on a wall with no

steel fibers as reference and mortars having 1%, 2%, and 4% vol-
ume contents of steel fibers. The reference mortar stuck to the
wall easily. However, in the 4% volume content case the mortar
did not stick to the wall, and in the 1% and 2% volume contents
cases, the mortar could hardly be fixed to the wall.
� Use of diagonal CFRP sheets, PC panels, wire mesh reinforced

mortar, and SFRM are some strengthening techniques studied
by researchers. In all, the aim is to convert the hollow brick infill
walls into strong and rigid infills. Among all, use of SFRM is
observed to be very effective from economy, structure, and
applicability points of view.
� The use of SFRM is advantageous from economy point of view,
since it involves the use of traditional and cheap materials.
When relatively high prices of CFRP sheet, epoxy mortar used
in bonding precast panels onto the infill, and wire mesh are
taken into account, the cost effectiveness of the proposed
method can clearly be observed.
� When compared to the other occupant friendly strengthening

techniques such as wire mesh reinforced mortar, FRP sheets,
and RC panels applied on the brick walls, the SFRM application
offers similar enhancements in terms of strength and displace-
ment [42].
� Practical applicability makes SFRM application an advantageous

strengthening technique. The production and application of
SFRM is almost similar to ordinary mortar. CFRP application
surely requires skilled workers.
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