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Abstract

This study describes the effectiveness of the behavior resulting from strengthening infill walls in existing reinforced concrete frame
systems with low resistance against earthquake effects using precast concrete panels. In this study, a strengthening method that can be
applied without building occupants having to leave the building was investigated. For this purpose, six 1/2 scale, two-story and single
span test specimens with brick infill walls and low earthquake resistance, which have common errors seen in existing reinforced
concrete buildings, were generated. The first of test frames with equivalent properties was tested as the reference specimen under
reversible repeatable lateral loads. Others were tested after high-strength concrete panels produced in different geometric shapes were
strengthened by bonding them onto existing frame infill walls. Brick infill walls strengthened using concrete panels were modeled as
shell elements by SAP2000 software package and the accuracy of experimental studies were compared with analytical results.
Experimental and analytical studies demonstrated that the reinforcement method significantly improved properties, such as resistance
to lateral loads, energy dissipation capacity, of brick infill reinforced concrete frames.
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1. Introduction

Most reinforced concrete buildings in the territory of Turkey,

almost all of which has significant seismic risk, have deficiencies

in terms of strength, rigidity and ductility. The strength of these

structures should be increased and their relative lateral

displacement should be reduced. It is clear that this large-scale

repair and strengthening work are required to be practical and

economical. 

Many methods have been developed for the strengthening of

reinforced concrete structures from past to present (Kahn and

Hanson, 1979; Kaldijan and Yüzügüllü, 1984; Frosh and et al.,

1996; Erdem and et al., 2006; Binici and et al., 2007; Akin and

Sezer, 2012; Kaltakci and Yavuz, 2014). These usually include

filling with complete or partial cast in-situ reinforced concrete

shear walls of reinforced concrete frame spaces or rendering

non-load bearing brick infill walls load-bearing as a result of

strengthening them using a variety of methods (CFRP, braided

steel reinforcement and shotcrete applications and precast panel).

If the structure has rigidity problems and the number of elements

to be strengthened is too high, applications carried out by adding

cast in-situ reinforced concrete shear walls are the most preferred

economical practices. However, these applications require

evacuation of buildings because they are laborious and take a

long time. The aim of this study was to correct such deficiency of

reinforced concrete shear walls.

The said method can be applied to reinforced concrete framed

structures with hollow brick walls, and does not require evacuation

of buildings (Axley and Bertero, 1979). The said reinforcement

method was discussed by (TEC-07, 2007), however, they failed

to provide adequate information on its design and implementation.

The first studies on this topic were conducted by (Frosch et al.,

1996). In (Frosh, 1996), non-ductile reinforced concrete frame

systems have been strengthened using precast filler panels. As a

result of that study, it was observed that the system with precast

infill walls showed a good performance, that the frame system

which is non-ductile against lateral loads was transformed into a

system with ductile shear walls, and its strength and rigidity

values significantly increased. In Turkey, the first experimental

studies on this subject were conducted in early 2000's at Middle

East Technical University, Faculty of Civil Engineering, Earthquake

Laboratory (Baran, 2005; Süsoy, 2004; Duvarc , 2003). 

As distinct from previous studies, in this study, different panel

shapes and anchoring details were applied to ½-scale reinforced

concrete frames, and the effectiveness of the reinforcement

method was investigated (Akin, 2011). The principle of the

technique is based on bonding high strength precast concrete

panels on hollow brick infill walls in the structure by employing

simple methods (Baran et al., 2010). It is not practical to

transport and apply the panel in one piece so attention was paid
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to ensuring that the panels designed in different geometric shapes

remain within certain dimensions and weight limits so that two

people can readily carry them. 

In this study, in the case of test frames with the same properties,

panel shapes were selected as a variable. The contribution of

reinforcement carried out according to panels with 5 different

geometric shapes on seismic behavior of reinforced concrete

frames with hollow brick infill was investigated comparatively. 

2. Experimental Program

In this study, 6 test specimens were tested under the impact of

reversed cyclic lateral loads. All test specimens had the same

geometry and material properties. Specimens were two-story and

single span. 6 reinforced concrete bare frames were produced in

a horizontal position at the same time. Then, the specimens were

brought to vertical position and their hollow brick infill walls

were bonded and plastered. In order to produce frames with

weak seismic behavior, deficiencies frequently encountered in

existing structures were consciously reflected on test specimens.

Vertical load applied to the frame system was N 0.1×Ac×fc.

Dimensions and reinforcement diagram of specimens are

depicted in Fig. 1.

No bent bar is arranged in beams of frame specimens, thus

span and support reinforcement ratios were kept fixed. In the

beams, top and bottom reinforcements were extended to the

outer face of the column, and from this point, they were bent

upwards and downwards by 20φ (240 mm). Fig. 2 shows

sections of beam, column and foundation members, and Table 1

lists the mechanical properties of the reinforcement used in test

frames.

Before reinforcement elements were applied to test frames,

190 mm × 135 mm × 85 mm of commercially available bricks

were laid, and their both sides were plastered with cement lime

plaster up to a thickness of 8-10 mm. 

Within the scope of this study, five different types of precast

panels were produced. When the preparation of the molds for

panels, A and B type panels were respectively produced as the

rectangular panels close to square and the strip panels continuous

along the story height in appropriate to TEC-07. C-TP was

produced in the shape of a hexagonal honeycomb, D-TP and E-

TP were produced as interlocking paving stones in order to

transfer shear loads much effectively. The aim was to identify the

effect of the panel shape on the strengthening process. Fig. 3

presents the dimensions of the panels.While selecting panel

thickness and anchoring panels to frame elements in accordance

with ½ scale test specimens, minimum requirements in (TEC-07,

2007) were taken into consideration (Akin, 2012). While making

the panels, grout was used in order to obtain panels with high

strength as well as a more homogeneous mixture compared to

concrete and to prevent breaking up of panels while extruding

them, due to their low thickness. To avoid shrinkage cracks and

damages that may occur during the transportation and bonding

≈

Fig. 1. The Dimension and Reinforcement Scheme of Test Frames

(Dimensions are in mm)

Fig. 2. Cross-section and Reinforcement Details of Test Frame

Members

Table 1. Properties of Reinforcing Bars

Bar Diameter 
(mm)

fsy
(MPa)

fsu
(MPa)

Type 

φ8 413 522 S220

φ19 440 492 S220

φ12 394 518 S220

φ14 460 525 S220

Fig. 3. Dimensions of the Panels in mm
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processes of the panels, a welded wire mesh with 1.5 mm

diameter and 20 mm spacing in both directions was placed inside

the panels. High-strength epoxy adhesives were use to anchor the

panels to the wall and the wall anchors to frame elements.

Shapes of the specimens in the test program and concrete

strength values are given in Table 2.

The schematic representation of test setup, loading system,

and instrumentation is shown in Fig. 4 and the figure of

frames before the test was shown in Fig. 5. The testing system

consisted of a strong floor, reaction wall, loading equipment,

instruments, and a data acquisition system. The foundations

of the frames were fixed to the strong floor by using high-

strength steel bolts. 

Tests were conducted on the strong reinforced concrete wall

and rigid testing platform consisting of strong concrete flooring

in the laboratory. Foundation beam was designed rigid so that it

can meet fixed support conditions for the test element as much as

possible. Test elements were produced in such a way that they

have the foundation system, and were secured through the holes

in the existing laboratory flooring. First, load-controlled tests

were conducted, followed by displacement-controlled tests,

which were conducted after reaching nominal yield load value of

the system. Horizontal load was applied to test frames such that 2

units is applied to the top floor and 1 unit is applied to the bottom

floor, based on the assumption of triangular load which simulates

seismic load, and equal amounts of vertical load is applied to

both columns as an axial force of approximately N = 0.1~0.2.Ac.fc.

(Fig. 6).

The tests began as a load control and continued as the

Table 2. Properties of Test Specimens

Specimen no Configuration
fc (MPa)

Frame Precast Panel

1 (RF) 13.24 -

2 (A-TPF) 14.73 55.53

3 (B-TPF) 13.48 60.44

4 (C-TPF) 13.67 58.44

5 (D-TPF) 14.88 58.25

6 (E-TPF) 14.76 58.29

Fig. 4. Schematic Shapes Test Set-up and Instrumentation

Fig. 5. The Figure of Frame and Instrumentation before the Test

Fig. 6. The Variation of Axial Load During the Test
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displacement control after the nominal yield load value of the

system (Fig. 7). The loading history was applied to:

a. The RF specimen as a 10 kN load controlled until yielding

load (40 kN) and then, followed by 10 mm displacement

controlled up to failure (100 mm).

b. The A-TPF specimen as a 10 kN load controlled until yield-

ing load (110 kN) and then, followed by 10 mm displace-

ment controlled up to failure (61.53 mm).

c. The B-TPF specimen as a 10 kN load controlled until yield-

ing load (85 kN) and then, followed by 10 mm displacement

controlled up to failure (60 mm).

d. The C-TPF specimen as a 10 kN load controlled until yield-

ing load (140 kN) and then, followed by 10 mm displace-

ment controlled up to failure (61.2 mm).

e. The D-TPF specimen as a 10 kN load controlled until yield-

ing load (76 kN) and then, followed by 10 mm displacement

controlled up to failure (50 mm).

f. The E-TPF specimen as a 10 kN load controlled until yield-

ing load (98 kN) and then, followed by 10 mm displacement

controlled up to failure (72.5 mm).

3. Discussion of Test Results

Figure 8 indicates the envelope curves of test specimens. In

general, strengthened test specimens showed strength values

varying by several ratios compared to reference specimen no.1.

All strengthened specimens showed approximately the same

behavior in terms of maximum displacement ratio they reached

at the end of the test (2%). 1., while with a displacement ratio of

3.6%, test specimen no.1 made more displacement compared to

strengthened specimens. This suggests that strengthening performed

using high-strength precast concrete panels significantly increased

lateral rigidity of reinforced concrete frames. 

Total energy dissipation graphs of test specimens are shown in

Fig. 9.

For numerical comparison of the test results, maximum

horizontal loads carried by the specimens and corresponding

displacement ratios are given in Table 3, their stiffness properties

Fig. 7. Loading History of Test Specimens: (a) Loading History

According to Lateral Load, (b) Loading History According to

Lateral Displacement

Fig. 8. Load-displacement Envelope Curves of Specimens

Fig. 9. Energy Dissipation Capacity Graphs of Specimens

Table 3. A Comparison on the Horizontal Load Bearing Capacity

of Test Specimens

Specimen no
Ultimate load 

(kN)
Drift ratio at max. 

load (%) (δ/Σh)
*

1 40 0.00256 1.000

2 121 0.0065 3.025

3 87.48 0.0023 2.187

4 153.49 0.0051 3.837

5 101.38 0.0034 2.534

6 162.77 0.0041 4.069

*Ratio of ultimate lateral load of infilled frame to that of bare frame
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are listed in Table 4 and energy values dissipated by the

specimens at maximum load and at the end of the test are

tabulated in Table 5.

4. Analytical Studies

Displacement-controlled pushover analysis was applied

using SAP2000 software package to perform analytical

calculation of frame specimens (Akin, 2013). During

modeling of test specimens, bearing system elements were

modeled as bar elements, whereas during modeling of infill

walls, infill walls of reference specimen were incorporated

into the model as equivalent pressure bars. In the case of

strengthened test specimens, the impact of brick infill was

neglected and precast panel elements were modeled as shell

elements. In Fig. 10, the results of analytical work carried out

by SAP2000 package are given.

5. The Comparison of the Experimental and Ana-
lytical Results

Figure 11 presents total horizontal load-2nd story displacement

envelope curve obtained from analytical modeling of test

specimens and total horizontal load-2nd story displacement

hysteretic curves obtained as a result of experimental work. As

can be seen in these figures, the lateral drift was reduced, but

strength and rigidity values of the frames were significantly

increased by strengthening of infilled reinforced concrete frame

using precast panels. 

Figure 12 shows the actual damage distribution and Fig. 13

shows schematic representations of damage in test specimens at

the end of the experiment. In the Fig. 13, the incline seen on the

foundations of samples, in reality, did not exist in the test sample.

In test specimen no. 1, damage occurred at low loads, while

hinges in strengthening test specimens were concentrated in

more advanced load levels. 

6. Conclusions

In this study, the behavior of RC frames, hollow brick infill

walls of which were strengthened using high-strength precast

panels, under reversible repeatable horizontal loads was

studied. The tests conducted brought a perspective on

contribution, applicability to infilled RC frames under

horizontal loads of the method of strengthening frame walls

using precast panels.

During the tests, six 2-story, single span, 1/2-scale RC frames

with hollow brick infill walls having designed and construction

deficiencies, which is common in practice, were produced. One

of these was tested as the reference specimen and the remaining

5 were tested after their walls were strengthened by bonding

Table 4. A Comparison on the Stiffness of Test Specimens

Specimen no
Stiffness values (kN/mm) Drift Ratios (δ/Σh) 1. Cycle

Stiffness ratio
Max. Load

Stiffness ratioFirst Cycle Max. Load Last cycle Max. Load Last cycle

1 26.32 5.530 0.237 00.00256 0.036 1.000 1.000

2 184.44 7.920 1.87 0.0065 0.024 7.000 1.43

3 524.20 13.900 0.617 0.0023 0.0236 19.90 2.51

4 197.65 11.112 1.98 0.0051 0.02 7.510 2.01

5 159.57 11.073 0.908 0.0034 0.02 6.060 2.00

6 382.45 14.630 1.933 0.0041 0.025 14.530 2.645

Table 5. A Comparison on the Energy Dissipation Capacity of Test Specimens

Specimen no
Energy dissipation values (kN.mm) Energy dissipation ratios

At max. load At the end of the test At max. load At the end of the test

1 509.810 13220.58 01.000 1.000

2 7961.470 23367.54 15.61 1.76

3 4029.037 18965.26 07.9 1.43

4 11176.240 27550.56 21.92 2.08

5 6331.019 20789.66 12.42 1.57

6 6250.336 29197.83 12.26 2.21

Fig. 10. The Strength Envelope Curves after Analytical Modelling

of the Test Specimens
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panels designed and produced in different geometric shapes onto

them. As a result of the tests, the specimens were found to give

better results in terms of maximum horizontal load-bearing

capacity, initial rigidity and energy dissipation capacity. During

the tests, damage occurred in brick infill walls of the reference

specimen, whereas no major damage was observed on the walls

of strengthened specimens. The damage was concentrated in the

1st story columns, connection points of columns and beams. This

is thought to arise from inadequate anchorage length between the

panels and frame elements and from notably high panel concrete

strength compared to frame concrete strength. In fact, considerable

rigidity of the walls is not desirable. However, it allowed the

system to stand, although connection points between columns

and beams crumbled toward the end of the test. E-TPF (specimen

6), one of strengthened test specimens, gave better results than

other strengthened test specimens with respect to strength,

rigidity and energy dissipation capacity. This demonstrated that

whether panel geometry is smooth or recessed is effective in

strengthening RC frames using precast concrete panels against

lateral loads. In general, the findings of this study suggest that the

Fig. 11. Load-displacement Hysteresis Curve of Test Specimens



A Study on Strengthening of Reinforced Concrete Frames using Precast Concrete Panels

Vol. 20, No. 6 / September 2016 − 2445 −

strengthening method utilizing precast high-strength panels are

preferable compared to other strengthening methods in

consideration of ease of application, the fact that it does not

require evacuation of the building, the fact that it can be applied

to adjacent structures and adequately increases the strength of the

structure against horizontal loads. 
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