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Research Assistant, Department of Civil Engineering, Akdeniz University,
Antalya, Turkey
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Strengthening the existing hollow brick infill walls by bonding high-strength precast concrete panels or applying

steel fibre reinforced mortar was found to be an occupant-friendly seismic retrofitting technique for the buildings in

use with deficient reinforced concrete structural systems. Both techniques convert the existing non-structural hollow

brick infill walls into load-carrying structural members. To verify the effectiveness of the techniques, 20 reinforced

concrete frames with hollow brick infill walls were tested under reversed cyclic lateral loading simulating earthquake.

In the present study, hollow brick infill walls strengthened by these techniques were modelled by means of two

equivalent diagonal struts in the analytical studies. Analytical results matched well with the experimental results. A

performance-based rehabilitation case study of an existing building showed that both techniques offer a sound and

practical solution for rehabilitation studies.

Notation
ainfill effective width of the equivalent compression strut

bw thickness of the infill

CR1 spectral displacement ratio

d diagonal length of the infill wall

E modulus of elasticity of the column

Einfill modulus of elasticity of the infill

fc compressive strength of frame concrete

fc,infill compressive strength of infill

Fc,infill axial force capacity of strut

h height of the infill

hcol height of the column measured between the beam–

column joints

I moment of inertia of the column

kinfill stiffness of infill

l length of infill

Ry strength reduction factor

Sa spectral acceleration

Sae1 elastic spectral acceleration

Sd spectral displacement

Sde1 spectral displacement

Sdi1 inelastic spectral displacement estimate for the

fundamental mode

T fundamental period

TB corner period

Vb base shear

w width of the compression strut

W total weight of the multi-degrees of freedom (MDOF)

structure

Æ contact length of infill to column

Æ1 modal mass coefficient for the first fundamental mode

� contact length of infill to beam

�s angle that has a tangent of infill height to length

1̂ modal participation factor for the first fundamental

mode

˜r roof displacement of the multi-degrees of freedom

(MDOF) structure

�r,1 amplitude of the first fundamental mode at the roof

º relative panel to frame stiffness

Introduction
More than 90% of the land area of Turkey is located over one of

the most active seismic zones in the world. Hazardous earth-

quakes frequently occur and cause heavy damage to the economy

of the country as well as human lives owing to the destruction of

deficient structures. It is essential to retrofit the existing deficient

building stock in the region, the majority of which consists of

reinforced concrete (RC)-framed buildings. In the last decade,

various numbers of economic, practically applicable and structu-

rally effective strengthening techniques for RC framed buildings

were tested experimentally in the Middle East Technical Uni-

versity (METU) Structural Mechanics Laboratory as an alterna-

tive development to cast-in-place RC infill application, which is a

time-consuming technique and involves messy construction works

necessitating the evacuation of the building and disturbing the

ongoing functions of the buildings. In addition, newly introduced

RC walls created additional mass, leading to higher seismic

loads.

Diagonal fibre reinforced polymer sheets, precast concrete panels
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(PCPs), wire mesh reinforced mortar, and fibre reinforced mortar

(FRM) are some of the occupant-friendly strengthening techni-

ques that attempt to convert the non-structural hollow bricks into

strong and rigid load-carrying infills.

Experimental studies conducted by Baran and Tankut (2011a,

2011b) and Sevil (2010) show that application of PCPs and FRM

on walls improve strength, stiffness and the lateral drift character-

istics of structures. However, it is difficult to incorporate the

strengthened hollow brick infills in the analytical models. In this

study, it was intended to idealise such strengthened infills as an

equivalent diagonal strut that was connected to the RC frame at

beam–column joints. Another suggestion for modelling of the

aforementioned strengthening applications would be a compre-

hensive finite-element method, which is far beyond the scope of

simple structural modelling. It should be kept in mind that the

aim was just to derive an acceptable and easy-to-handle solution

method that could safely be used in designing RC-framed

buildings.

Experimental and analytical studies about the infill walls have

been conducted since the 1950s. The first study was conducted by

Polyakov (1956). In the 1960s Smith (1962, 1966, 1967, 1968),

Smith and Carter (1969), in the 1970s Mainstone and Weeks

(1970), Mainstone (1974), Klingner and Bertero (1978), in the

1990s Paulay and Priestley (1992), Angel et al. (1994) and Al-

chaar (2002) conducted analytical and experimental studies on

infill walls and contributed to a better understanding of the infill

wall behaviour.

Experimental study
In the experimental part of the present study, one-third scale,

one-bay, two-storey RC frames were used as test units. Both the

first and second-floor frame bays were infilled with scaled brick

walls covered with a scaled layer of plaster at both faces. Plaster

thickness was 10 mm and 6 mm for both faces, respectively, for

PCP and FRM strengthened test specimens. One-third scaled

hollow bricks were used as masonry infills. In total 20 test units

were designed and constructed to reflect the most common

deficiencies observed in local practice, such as strong beam–

weak column connections, insufficient confinement, low-grade

concrete and poor detailing such as 908 hooks and inadequate

confinement. Ordinary workmanship was intentionally employed

in wall construction and plaster application to reflect the ordinary

practice.

Because of the superior bond strength, epoxy paste adhesive

(Sikadur-31, product data sheet 2001 (Sika, 2001)) was preferred

to attach PCPs to the wall. Anchorage dowels were used in order

to transfer effectively the load of the strengthening wall to the

surrounding frame and to obtain a monolithic behaviour of the

frame and strengthened infill wall. An application example of

panels is shown in Figure 1.

A commercial normal setting plasticiser was used in the produc-

tion of FRM to increase workability of the mortar. FRM was

applied on to the plastered hollow brick infills directly. Applica-

tion of this strengthening technique is shown in Figure 1.

Compressive strengths of the materials and properties of the test

specimens are given in Table 1.

In the designation of the specimens with fibre reinforced mortar,

the first part ‘REF’, ‘SF’, ‘PPF’ or ‘HF’ stands for reference, steel

fibre, polypropylene fibre, or hybrid fibre, respectively. The last

part ‘BM’ stands for brick and mortar. The numbers ‘1’ and ‘2’

show the strengthening mortar thickness in cm. ‘A’ or ‘NA’

denotes anchored or non-anchored, respectively. The legend of

specimens with precast concrete panels starts with the letter ‘C’

to indicate that the frame has continuous column longitudinal

reinforcement or ‘L’ to indicate that the frame has lapped-splices

in column longitudinal reinforcement. The second character ‘I’ or

‘E’ indicates that the panel was applied either to the interior or

exterior of the frame as shown in Figure 1. The third letter

indicates the type of the panel used to strengthen the frame. Six

different types of PC panels with two basic shapes and two

different types (interior and exterior) were designed and tested.

One approach is to have rectangular panels (type A, C and E)

and another approach is to have full-height strip-shaped panels

(type B, D and F). In type ‘A’ and ‘B’, epoxy mortar and shear

keys were provided as well as welding of panel-projected steel

bars to each other and to epoxy-anchored dowels. Type ‘C’ and

‘D’ panels, however, were fixed only by epoxy mortar and

anchorages. Both shear keys and welded connections appeared to

be redundant in these panels. Type ‘E’ and ‘F’ panels were

designed for the exterior face of the wall and designed without

shear keys and welded connections. The last character indicates

the number of the first-storey sides, along which epoxy-anchored

dowels or bolts are used. Detailed information about the speci-

mens can be found in Baran and Tankut (2011a) and Sevil

(2010).

As can be seen in Figure 2, tests were performed in front of a

reaction wall. Reversed-cyclic lateral loading was applied by

using a double-acting hydraulic jack and on a spreader beam at

one-third of its span to ensure that the lateral load at the second

floor level always remains twice the lateral load at the first floor

level. The axial load on columns, each approximately equal to

20% or 10% of the column axial load capacity, was provided by

steel cables post-tensioned by hydraulic jacks. The axial load on

columns was continuously monitored and readjusted during the

test.

Test results indicated that both methods increased the strength

and stiffness of test frames as well as improving their seismic

behaviour. Maximum forward and backward loads along with

initial slope of the force–deformation curves are provided in

Table 2.

The connection of the entire PC panels to the columns and beams

of the frame by anchorages significantly improved the behaviour.
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Lateral load capacity, however, was not affected considerably

when the number of sides where anchorage bars were used was

reduced. For FRM applied specimens, the utilisation of an-

chorages increases lateral load-carrying capacity extensively as

compared to non-anchored specimens. Consequently, it can be

said that the success of the method mainly depends on bonding

of the panels and the use of anchorages on the surrounding

frame.

Analytical studies
Modelling of plastered hollow brick infills strengthened by PCPs

or FRM is different than hollow brick infill modelling, especially

when anchorages are concerned. In this part of the study,

plastered hollow brick infill wall strengthened by PCPs or FRM is

modelled as two separate compression struts where the first strut

is used to model the plastered hollow brick infill and the second

strut to model the PCP or FRM. In both models, it is assumed

that the infill is not connected to the frame. When a lateral load

is applied, the frame and the infill separate over a finite length of

the beam and the column. At this stage, a line drawn from one

corner to the other represents the direction of the principal

compression. Therefore, the panel transfers compression along

the diagonal line. Briefly stated it is assumed that the PCP or

FRM strengthened infill behaves as a diagonal strut and the

structure can be analysed with equivalent struts replacing the

infill and PCP or FRM.

Modelling the hollow brick infill wall as an equivalent

diagonal strut

During his studies, Polyakov (1956) observed diagonal cracks on

the infill, separation between the frame and the infill over a finite

length at the unloaded corners but full contact between the frame

and the infill at the loaded diagonal corners. Later, Smith (1962,

1966, 1967, 1968) and Smith and Carter (1969) modelled infills

as diagonal compression struts connected to the frame at the

beam–column joints, as the infill transferred compression along

one loaded corner to the other. Smith and Carter predicted the

lateral stiffness and strength of the infilled frames by assuming

that the members of the frame were rigidly connected together,

and the infills were not bonded to the frame and they were of a

homogeneous and isotropic material. The results obtained fit

successfully with the experimental ones obtained later by Main-

stone (1974) and Al-chaar (2002). A similar method, where brick

infills were modelled by diagonal compression struts, was also

recommended by FEMA (2000). In the studies performed in the

Structural Mechanics Laboratory of METU, RC infill walls were

modelled as compression struts (Altın et al., 1992; Sonuvar,

2001).

Precast concrete panel

Fibre reinforced mortar

Beam

Beam

Epoxy
mortar
3·5 mm�

Hollow
brick
infill

69 mm

Plaster
10 mm�

Precast
concrete

panel
20 mm

Beam

Beam

Interior Exterior

Precast concrete panel

Fibre reinforced
mortar

∅8 (8 mm)
bolts

Beam

Beam

Hollow
brick
infill

69 mm

Plaster
10 mm�

Fibre
reinforced

mortar
10/20 mm

Figure 1. Application of strengthening methods
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Specimen Frame

conc.:

MPa

Brick

laying

mortar:

MPa

Plaster:

MPa

Mortar/

panel

strength:

MPa

N/N0 Lap

splice

length

Mortar/panel type Thickness of

FRM: mm

Anc. side

Fibre reinforced mortar method

REFBM 12.7 8.4 8.2 — 0.11 — Mortar without fibre (int.) — —

REF2ABM 8.6 8.7 6.0 40.8 0.15 — 2% steel fibre (int.) 20 4

SF1NABM 9.9 7.5 6.4 17.0 0.13 — 2% steel fibre (int.) 10 —

SF2NABM 14.8 7.4 7.2 20.8 0.10 — 2% steel fibre (int.) 20 —

SF1ABM 17.0 6.0 7.2 22.0 0.09 — 2% steel fibre (int.) 10 4

SF2ABM 13.6 12.9 7.6 20.9 0.11 — 2% steel fibre (int.) 20 4

PPF2ABM 10.0 10.8 6.6 29.3 0.13 — 2% polypropylene (int.) 20 4

HF2ABM 11.6 9.9 6.2 24.8 0.12 — Hybrid fibre (int.) 20 4

Precast concrete panel method

CIA 18.2 6.5 6.5 32.5 0.17 — Type A (interior) 20 4

CIB 13.0 6.2 6.2 38.1 0.21 — Type B (interior) 20 4

CIC1 15.6 4.9 4.9 33.4 0.19 — Type C (interior) 20 1

CID1 16.2 5.4 5.4 32.0 0.19 — Type D (interior) 20 1

CIC3 17.3 3.3 3.3 47.6 0.18 — Type C (interior) 20 3

CIC4 19.4 3.3 3.3 45.6 0.17 — Type C (interior) 20 4

CEE4 18.1 2.9 2.9 39.6 0.18 — Type E (exterior) 20 4

CEF4 14.3 4.6 4.6 35.6 0.21 — Type F (exterior) 20 4

CEE1 22.2 4.8 4.8 45.8 0.15 — Type E (exterior) 20 1

CEER 15.1 6.1 6.1 37.9 0.20 — Type E (exterior) 20 4 (reduced)

LIC1 19.3 2.9 2.9 39.8 0.17 20�a Type C (interior) 20 1

LID1 13.5 2.7 2.7 49.8 0.22 20�a Type D (interior) 20 1

a 20� ¼ 160 mm (lap-splice length on column longitudinal bar at both storeys)

Table 1. Compressive strengths and properties of the test

specimens

Strong wall

Cross-beam

Spreader beam

Ram

Load cell

Pins

Prestressing
cable

Ram

Foundation beam

Universal base

Figure 2. Test set-up
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The modelling is shown in Figure 3. The width of the equivalent

diagonal compression strut modelling the plastered hollow brick

infill can be calculated by using Equation 1 and Equation 2,

which are proposed by FEMA (2000)

ainfill ¼ 0:175(ºhcol)
�0:4d1:

º ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Einfillbw sin(2�s)

4EIh

4

r
2:

where ainfill is the effective width of the equivalent compression

strut, hcol is the height of the column measured between the

beam–column joints, d is the diagonal length of the infill wall,

Einfill is the modulus of elasticity of the infill, E is the modulus of

elasticity of the column, bw is the thickness of the infill, �s is the

angle that has a tangent of infill height to length, I is the moment

of inertia of the column and h is the height of the infill.

The thickness of the equivalent strut should be the same as the

thickness of the infill that it models. The modulus of elasticity of

the frame concrete is calculated by Equation 3 given by the

American Concrete Institute (ACI 318-11 (ACI, 2011))

E ¼ 4750
ffiffiffiffiffiffi
f c

p
(MPa)3:

In this equation, fc is the compressive strength of frame concrete.

Plastered hollow brick infill panel tests

In the analysis, plastered hollow brick infills are modelled as

diagonal compression struts, and represented by elastic–brittle

bars in compression without tensile resistance. Axial strength and

stiffness of the strut are calculated according to Equation 4

(Baran et al., 2010)

Fc,infill ¼ f c,infillainfillbw4:

Specimen Max. forward load:

kN

Max. backward load:

kN

Initial slope:

kN/mm

Remarks on performance

CIA 186.2 192.5 123.5 Wall behaviour, intact panel

CIB 201.3 198.2 123.4 Wall behaviour, intact panel

CIC1 195.7 195.7 118.7 Damage in panel and frame

CID1 192.7 186.5 109.8 Damage in panel and frame

CIC3 207.1 210.6 112.7 Damage in panel and frame

CIC4 212.9 218.5 125.3 Wall behaviour, intact panel

CEE4 206.6 198.2 112.8 Smeared cracking, light damage

CEF4 201.6 204.3 124.6 Smeared cracking, light damage

CEE1 177.0 176.5 133.7 Separation, unsatisfactory performance

CEER 184.5 185.4 124.7 Smeared cracking, light damage

LIC1 174.0 173.1 101.8 Damage in panel and frame

LID1 172.4 169.5 117.1 Damage in panel and frame

REFBM 66.59 66.59 21.39 Typical infilled frame behaviour

REF2ABM 104.52 101.52 61.08 Typical infilled frame behaviour

SF1NABM 80.56 80.69 101.31 Light damage in panel and frame

SF2NABM 96.58 90.51 34.25 Damage in panel and frame

SF1ABM 125.66 116.84 53.91 Heavy damage in panel and frame

SF2ABM 140.42 134.17 67.12 Damage in panel and frame

PPF2ABM 123.85 113.34 93.82 Damage in panel and frame

HF2ABM 122.04 119.03 93.70 Damage in panel and frame

Table 2. Test results and behaviour improvement in the strengthened specimens

l
�

α

h

w

a

Stress
distribution

Effective
stress

Infill

Stress
distribution

Figure 3. Equivalent diagonal compression strut modelling
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The rigidity of the equivalent compression strut can be calculated

using Equation 5 given by FEMA

kinfill ¼
bwainfillEinfill

d5:

In Equation 4, fc,infill is the compressive strength and Fc,infill is the

axial load-carrying capacity of plastered hollow brick infill,

respectively. In Equation 5, the width and modulus of elasticity of

the equivalent strut is assumed to be the same as that of the infill

it models.

To determine the axial strength and stiffness of the strut of the

plastered hollow brick infill, panels having dimensions of

700 mm 3 700 mm were tested in the laboratory under diagonal

compression. The average strength and modulus of elasticity in

the diagonal direction were calculated as fc,infill ¼ 4.5 MPa and

Einfill ¼ 7000 MPa. These values are varying between 1.85 MPa

to 3.0 MPa and 5750 MPa to 8250 MPa in the literature (Paulay

and Priestley, 1992). The high value of brick strength can be

attributed to the scaling of the bricks. Bricks were specially

produced with 1/3 dimension scale but the wall thickness of the

bricks could not be scaled down similarly. Therefore, the void

ratio of the specially produced bricks decreased and caused an

increase in strength.

The height to width aspect ratio of the tested panels and the RC

frame infill walls are different. While this ratio is 1.00 (700 mm 3

700 mm) for panels, it increases to 1.73 (1300 mm 3 750 mm) for

infill walls. A study (Marjani, 1997) conducted in METU showed

that the effect of the aspect ratio is less than 10%. Therefore, the

results of the square panel tests were used in the analytical study for

simplicity.

Using Equations 4 and 5, the strength and initial stiffness of the

compression strut used to model the plastered hollow brick infill

were calculated as 62.50 kN and 69.44 kN/mm, respectively. The

load–deformation curve of the compression strut modelling the

plastered hollow brick infill is given in Figure 4.

Modelling the PCP and FRM as an equivalent diagonal

compression strut

The second compression strut models the PCP and steel FRM or

polypropylene FRM, as a strengthening layer. The strengthening

layer can be considered as a homogeneous and isotropic material;

so the geometrical properties of the second strut will be

calculated by using the method proposed by Smith and Carter

(1969).

Smith and Carter defined the relative stiffness of the infill to the

column by a non-dimensional parameter, ºh. º can be calculated

by using Equation 2. The contact length of the infill and the

column was derived using ‘free beam on an elastic foundation,

subjected to a concentrated load’ analogy as in Equation 6

Æ

h
¼ �

2ºh
(Æ < h=2)

6:

The assumption made in this derivation are that the infill has no

rotation, there exists a triangular stress distribution along the

contact length of the column and the infill, the infill is not

connected to the frame and � is equal to the half of the infill

length. Table 3 gives theoretically calculated wpanel/d ratios for

Fc

Fo
rc

e

F

k
c 0·003d

0·006d

Deformation
0·020d

PCP, one-side
anchored

Plastered hollow
brick infill or FRM,

non-anchored

PCP, four-side anchored
or FRM anchored

Figure 4. Load–deformation curves of the compression struts

Interaction distribution Panel proportions: l/h

Æ/h �/l 1:1 1.5:1 2.0:1 2.5:1

Values of w/d

1/8 1/2 0.24 0.22 0.18 0.16

1/4 1/2 0.30 0.27 0.23 0.18

3/8 1/2 0.35 0.32 0.26 0.22

1/2 1/2 0.38 0.38 0.30 0.25

Table 3. Theoretical values of ‘w/d’ (by Smith)
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different panel proportions, l/h, and different contact ratios, a/h.

In this table, wpanel is the width of the compression strut.

To compare the results obtained from RC frame tests with the

analytical ones, pushover analyses were conducted. Pushover

analysis is a type of non-linear static analysis method that

examines the performance of the structures under lateral loads. In

this method, a predefined load pattern is applied to the structure

in small increments. The inelastic plane frame program DRAIN-

2Dx (Allahabadi, 1981) was used for the pushover analysis of the

frames used in the experiments. The software accepts the axial

load–moment interaction curve as yield surface for columns and

elasto-plastic moment hinges for beam ends. For the struts,

compression/tension link element with zero tensile capacity was

used.

The load-carrying capacity of the equivalent compression strut

used to model PCP and FRM strengthened hollow brick infill

wall can be calculated using Equation 7 below

Fc ¼ º f cbww7:

where Fc is the lateral load-carrying capacity of the equivalent

compression strut, º is a constant dependent on the PCP or FRM

strength, fc is the compressive strength of PCP of FRM, bw is the

thickness of the equivalent compression strut (10 or 20 mm) and

w is the width of the equivalent compression strut that should be

taken from Table 3.

Displacement controlled non-linear pushover analyses were per-

formed for different values of º. Figure 5 gives º values for every

test that best matches the experimental results. The same panel or

mortar strength cannot be produced consistently for each test.

Therefore, Figure 5 gives variation of º values with respect to

panel or mortar compressive strengths ( fc,PCP or fc,FRM). On the

figure, best fit curves for PCP, anchored FRM, and non-anchored

FRM specimens are given. Equations 8, 9 and 10 give the best fit

curves of º for varying strengths.

º ¼ 7( f c,PCP)�0:75
8:

º ¼ 4( f c,FRM)�0:75
9:

º ¼ 2( f c,FRM)�0:75
10:

Consequently, the lateral load-carrying capacities can be calcu-

lated by substituting Equations 8, 9 and 10 into Equation 7.

Load–deformation curves of the second compression strut model-

ling PCP, which is anchored at four sides or at fewer sides on the

first-storey bay and modelling FRM, which is anchored or non-

anchored, are presented in Figure 4, respectively.

Discussion of analytical results

Comparison of experimental and analytically obtained lateral

load–displacement curves is given in Figure 6, Figure 7 and

Figure 8. Evaluation of pushover curves shows that the analyti-

cally obtained curves fit the experimental curves satisfactorily.

Estimated lateral load-carrying capacity and initial stiffness

values obtained from pushover analyses were compared with the

experimental ones in Table 4. Lateral load-carrying capacities

were estimated with acceptable accuracy. The deviation in the

estimation of maximum forward load was in the range of

+12.9% to �8.4% whereas this range came out to be +13.9% to

�9.8% in the maximum backward loading estimation for PCP

strengthened specimens. For FRM strengthened specimens, the

maximum forward load estimation varied from +25.9% to

�20.0% and from +29.7% to �14.0% for the maximum back-

ward load estimation. The deviation in the initial slope estima-

tion stayed in the range of +8.3% to �18.6% for the PCP

strengthened specimens and in the range of +58.0 to �29.8% for

FRM strengthened specimens.

Displacement-based PCP and FRM
strengthening design example
In this section, the performance-based design of a building

located in Zeytinburnu district, which is one of the highest

seismic hazard zones of Istanbul will be evaluated by using the

two strengthening techniques described in the previous section.

Figure 9 shows plan view, column and beam cross-sectional

details and retrofitted bays of the building. In Figure 10,

elevation view and computer model of the building is provided.

The building is a RC-framed structure with one basement, three

floors and a penthouse. Performance assessment evaluation of

the existing building is based on non-linear pushover analysis.

Following the assessment procedure, the strengthening of the

building based on the methodology described herein is per-

formed. In order to obtain the performance point, Turkish

Earthquake Code (TEC, 2007) and the Duzce ground motion

(DGM) are employed. The peak ground acceleration, velocity

0·1

0·2

0·3

0·4

0·5

0·6

15 20 25 30 35 40 45 50

λ

Compressive strength: MPa

PCP
FRM, anchored
FRM, non-anchored

FRM, non-anchored

λ 2( )� fc,FRM
0·75�

FRM, anchored

λ 4( )� fc,FRM
0·75�

PCP
λ 7( )� fc,PCP

0·75�

Figure 5. Panel compressive strength against º values
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and displacement of the DGM were 375.54 cm/s2, 47.62 cm/s

and 108.57 cm, respectively.

Mechanical properties of concrete and steel were determined

from concrete core samples and steel coupons taken from each

floor. For concrete, a uniaxial compressive strength of 14 MPa

and a modulus of elasticity of 18 880 MPa, were obtained,

whereas the yield strength of reinforcing steel was found to be

220 MPa. The dimensions of the building in the x and y direction

are 6.8 m and 10.2 m, respectively. The building consists of

200 3 500 mm beams and 250 3 400 mm columns. The stirrup

spacing is 230 mm for all beams and 260 mm for all columns

with a clear cover of 25 mm. It is important to note that the

stirrup spacing of columns and beams does not satisfy the

provisions of the current TEC (2007). Moreover, the in situ

concrete strength is lower than the code-specified minimum.

Non-linear static pushover analyses were performed in order to

estimate displacement capacity of the building. The three-

dimensional (3D) computer model of the building was generated

using SAP2000 (version 8.1. 2001) (CSI, 2001). All the joints on

each floor were constrained in order to model the diaphragm

effect. A lumped plasticity model was used for the pushover

analysis. Hence, moment–rotation properties derived from sec-

tional analyses with a plastic hinge length equal to half the

member depth in the direction of loading as suggested by TEC

(2007) were assigned to the beam and column ends. Axial force–

moment yield surfaces obtained from interaction diagrams were

used for column plastic hinge regions. Triangular load distribu-

tions were used for pushover analysis. First, gravity loads and

30% of the live load were applied on the structure. The

displacement-controlled pushover analysis was then conducted to

obtain performance point of the building and plastic rotations of

the members. The results of the pushover capacity curves are

presented in Figure 11. After obtaining the capacity curves, the

performance points of the deficient and strengthened buildings

were calculated using two different methods as single degree-of-

freedom (SDOF) approach employing the DGM and TEC (2007).

Pushover curves were converted into the acceleration displace-

ment response spectrum (ADRS) representation of demand,

Figure 12, by using Equation 11

Sa ¼
V b

Æ1W
Sd ¼

˜r

ˆ1�r,111:

where W is the total weight of the multi-degrees of freedom

(MDOF) structure, Vb is the base shear, ˜r is the roof displace-

ment of the MDOF structure, Æ1 is the modal mass coefficient for

the first mode (first fundamental mode), and 1̂ is the modal
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participation factor for the first fundamental mode. �r,1 is the

amplitude of the first fundamental mode at the roof, Sa is spectral

acceleration and Sd is the spectral displacement.

For the SDOF approach, the elastic and post-yield stiffness of the

building are evaluated from bilinear idealisation of the load–

deformation curve. The masses corresponding to the governing

modes were considered for the mass of the building and 5%

critical damping is assumed. The performance point (top displa-

cement) was obtained by using the SDOF approach and the

DGM. In Figure 11, the top displacement at the performance

point is marked on the pushover curves.

TEC (2007) with the response spectrum defined for zone 1 with

the soft soil type Z2 was used as the second method of

evaluation. Figure 12 shows the capacity curve and acceleration

displacement response spectrum format converted from the

response spectrum (TEC, 2007) by using Equation 11. According

to TEC (2007), if the period is greater than the corner period, TB,

which is approximately 0.40 s, then the equal displacement rule

is employed, otherwise an equal energy approach is used. There-

fore, the inelastic displacement demand is estimated by using the

following equation

Sdi1 ¼ CR1Sde112:

in which Sdi1 is the inelastic spectral displacement estimate for

the fundamental mode. The spectral displacement ratio CR1 and

spectral displacement, Sde1, are computed by

Sde1 ¼
Sae1

2�

T

� �2

13:

CR1

1 if T > T B

1þ Ry � 1ð Þ
T B

T
Ry

8>><
>>: otherwise

14:

where Sae1 is the elastic spectral acceleration, T is the funda-

mental period, Ry is the strength reduction factor.

For both deficient and strengthened buildings, the modal mass

participation of the mode corresponding to the pushover direc-

tions was greater than 70%, hence the non-linear-static procedure

is applicable for the seismic evaluation with respect to TEC

(2007). The performance points according to TEC (2007) and

DGM are shown on the pushover curves in Figure 11. It can be

observed that the building experiences an overall drift ratio of

about 1.2% prior to strengthening. A member-by-member evalua-

Specimen Max. forw.

load: kN

Max. backw.

load: kN

Analy. max.

load: kN

Deviation

in forw.

load: %

Deviation

in backw.

load: %

Initial slope:

kN/mm

Analy. initial

slope: kN/mm

Deviation

in initial

slope: %

CIA 186.2 192.5 186.7 +0.3 �3.0 123.5 108.0 �12.6

CIB 201.3 198.2 186.0 �7.6 �6.2 123.4 110.5 �10.5

CIC1 195.7 195.7 186.1 �4.9 �4.9 118.7 104.5 �12.0

CID1 192.7 186.5 185.3 �3.8 �0.6 109.8 111.0 +1.1

CIC3 207.1 210.6 195.7 �5.5 �7.1 112.7 114.4 +1.5

CIC4 212.9 218.5 197.0 �7.5 �9.8 125.3 103.6 �17.3

CEE4 206.6 198.2 191.6 �7.3 �3.3 112.8 102.9 �8.8

CEF4 201.6 204.3 184.7 �8.4 �9.6 124.6 135.0 +8.3

CEE1 177.0 176.5 199.9 +12.9 +13.3 133.7 108.9 �18.6

CEER 184.5 185.4 188.8 +2.3 +1.8 124.7 107.4 �13.9

LIC1 174.0 173.1 193.2 +11.0 +11.6 101.8 94.5 �7.2

LID1 172.4 169.5 193.0 +12.0 +13.9 117.1 99.1 �15.4

REFBM 66.6 66.6 60.8 �8.7 �8.7 21.4 28.4 +32.7

REF2ABM 104.5 101.5 131.6 +25.9 +29.7 61.1 57.7 �5.6

SF1NABM 80.6 80.7 79.6 �1.2 �1.4 101.3 71.1 �29.8

SF2NABM 96.6 90.5 94.3 �2.4 +4.2 34.3 54.2 +58.0

SF1ABM 125.7 116.8 100.5 �20.0 �14.0 53.9 58.4 +8.3

SF2ABM 140.4 134.2 127.2 �9.4 �5.2 67.1 75.7 +12.8

PPF2ABM 123.9 113.3 129.9 +4.8 +14.7 93.8 66.7 �28.9

HF2ABM 122.0 119.0 128.1 +5.0 +7.6 93.7 66.6 �28.9

Table 4. Comparison of experimental and analytical values
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tion according to the strain limits suggested by TEC (2007) is

conducted to identify the damage level of the members. Figure

13 shows the number of columns and beams at different perform-

ance levels. The evaluation of the deficient building indicated that

all columns were within the immediate occupancy (IO) perform-

ance level for the third, fourth and fifth storey. On the other hand,

75% of the first-storey columns were at the total collapse

performance level. As a result, this residential building needs

strengthening with respect to TEC (2007). Due to weak columns

and strong beams in the building, the beam plastic hinges did not

form at critical beam sections; hence beam plastic hinges were

not fully exploited.

In order to prevent collapse and decrease the member damage

levels of the deficient building, the two strengthening techniques

were applied. The locations of strengthened infill walls are shown

in Figure 9. In order to satisfy the target performance level of

life safety, concrete strength and thickness were determined as

25 MPa and 30 mm for PCPs, 20 MPa and 40 mm for FRM by

trial. Anchored connections were assumed for PCP and FRM. It

can be observed from Figure 11 that as a result of both

strengthening methods, the strength of the retrofitted buildings

increased about three times that of the deficient building. In

addition, the deformation demand at the roof level corresponds

to about 0.5% overall drift. It can be seen from Figure 13 that

there was no column within the collapse prevention and total

collapse stage. The inter-storey drift profiles obtained from

pushover analysis at performance points of DGM are shown in

Figure 14. It can be observed that the highest inter-storey drift

ratio, which was 2%, occurred in the second floor level of the

deficient building. Upon strengthening, the drift ratio reduced to

0.57% and 0.59%, for the PCP and FRM retrofitting, respec-

tively. This result shows that the PCP and FRM strengthening

schemes were successful in controlling drift deformations and

reducing the demands in the columns and herewith prevents

collapse of the building. In this way, the life safety limit state,

required by the residential building with respect to TEC (2007),

was satisfied for the strengthened building.

Conclusions
In this study, RC one-bay, two-storey frames with hollow brick

infills were strengthened with PCPs and steel FRM. The conclu-

sions are limited to the results of 20 specimens and generalisation

of the conclusions should be made carefully.
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j The PCP and FRM seismic strengthening techniques

significantly increased lateral load capacity and rigidity of the

deficient frames.

j In order to improve the behaviour of strengthened frames,

anchored PCP or FRM application should be followed.

j Hollow brick infills strengthened by PCP or FRM can be

adequately modelled by two equivalent diagonal compression

struts on the top of each other where one strut models the

plastered hollow brick infills and the other models the PCP or

FRM layer.

(a) Computer model
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�0·00 m

(b) Elevation

Figure 10. (a) Computational model and (b) elevation view of the

building
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j Analytical pushover results with two diagonal compression

struts matched experimental curves adequately. Both ultimate

strength and post peak regions can be captured acceptably.

j A case study conducted on an existing seismically deficient

building showed that the two strengthening methods can

significantly increase the lateral strength and stiffness of the

building. PCP and FRM strengthening schemes were

successful in controlling drift deformations and in reducing

the demands in the columns. Collapse of the building can be

prevented and life safety limit state can be achieved for some

deficient buildings.

j The proposed method can easily be adapted into the elastic

analysis of RC framed structures and a considerable amount

of time and work might be saved.
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