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Introduction

Infill walls are important resources of 
strength, 
stiffness 
and damping 

under lateral loads
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Contributions of infill walls may be lost by prematu re 
damage during earthquakes

Introduction
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It may be an effective strengthening technique 
to keep infill walls in place by retrofitting the 
infill and RC frame elements together and 
forcing them to work as a whole until the end of 
the earthquake.
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• FRP sheets 
+ high tensile strength, 
+ high strength-to-weight ratio, 
+ immunity to corrosion, 
+ ease and speed of installation
+ available in various dimensions
- lose strength under high temperatures,
- behave linear elastic until failure,
- high initial cost
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Purpose of the Study

An attempt to understand the behavior of 
CFRP retrofitted infilled RC frames 
experimentally and collect data to be used 
in theoretical work.
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Scope

Six two story-one bay reinforced 
concrete frames were tested under 
constant column axial load and 
reversed cyclic lateral loads.
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Specimen Preparation

The geometry, reinforcing details, expected 
ultimate strength of the specimens and the 
loading protocol were decided mainly 
considering:

the applications in practice, 
the room and loading capacities of laboratory 
and the structural features of earlier tests carried out 
at different institutions.
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Specimen Preparation
Six two story-one bay 
frames with 160 mm x 
240 mm column and 
240 mm x 240 mm 
beam cross-sections 
were cast. 
Three of the frames had 
continuous longitudinal 
reinforcement, while the 
other three had 
deficient lap splices.
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f 12 plain longitudinal bars 
of the columns had 
20f =240 mm lap splice 
length at critical sections to 
represent the lap splice 
deficiencies encountered 
frequently in practice.

Specimen Preparation
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Four of the specimens were eccentrically infilled with 135 
mm ´ 200 mm ́ 200 mm brittle bricks that were cut in half 
in transverse direction to the holes, (holes vertical).

Specimen Preparation
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• Low strength brittle bricks, 
which are widely used in 
nonstructural partitioning 
walls in Turkey, were 
selected as the infill 
material.

Specimen Preparation
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• After application of the plaster, two of the infil led 
specimens were retrofitted with CFRP sheets.

Specimen Preparation
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• Single layer of CFRP sheet was bonded in diagonal 
directions on both sides of the infill walls of upp er and 
lower stories using epoxy resin.

Specimen Preparation
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• Diagonal CFRP on both
sides of the infill wall were 
connected to each other by 
means of anchors made of 
CFRP sheets.

Specimen Preparation
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• Load to be carried by 
diagonal CFRP sheets 
were spread over a 
relatively larger area 
with additional CFRP 
sheets at the corners of 
the wall. 

• The fibers of these two 
layers of CFRP were 
oriented in two 
perpendicular directions
and they were 
connected to the 
beam/column by CFRP 
anchors.

Specimen Preparation
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• Connection of diagonal CFRP sheets to the foundation were 
maintained by CFRP anchors. 

• In order to make these connections, holes were drilled in frame 
elements and foundation, with 120 mm and 200 mm depths 
respectively.

Specimen Preparation
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• For the specimen with lap splice deficiency, some extra 
measures were taken:

Specimen Preparation
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A
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General characteristics of the specimens

Specimen f

�

c 
(MPa) 

Bare/Infill 
walls 

Longitudinal 
reinforcement 

Retrofit 

BC-0-1-14 14 Bare Continuous No 

BL-0-1-8.6 8.6 Bare Lap spliced No 

IC-0-1-11 11 Plastered 
Infill Walls 

Continuous No 

IL-0-1-17 17 Plastered 
Infill Walls 

Lap spliced No 

IC-C1-1-10 10 Plastered 

Infill Walls 

Continuous CFRP diagonals 

IL-C1-1-8.6 8.6 Plastered 
Infill Walls 

Lap spliced CFRP diagonals and 
confinement of lap 

spliced zones 
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12 mm diameter plain 
steel reinforcement 
was used for 
longitudinal beam 
and column bars.

Unidirectional high 
strength CFRP sheets 
were used during the 
retrofitting process .
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Testing Setup
MTS actuators, 
having ± 250 kN 
loading and ± 300 
mm displacement 
capacities, were used.
The point loads were 
acted at first and 
second story levels 
through a rigid steel 
adapter with hinged 
steel connections at 
beam levels.
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Testing Setup

Axial force was 
approximately 
23% of the axial 
load capacity of 
reinforced 
concrete 
columns.
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Testing Setup
Lateral displacements at 
story levels, 
foundation and specimen’s 
in-plane and out of plane 
movements, 
critical column section 
rotations 
strains of column 
longitudinal bars at critical 
column sections
and infill walls’ diagonal 
deformation values 

were measured and recorded.

CDP5(CH52)d=14 cm

Strain 
Gauges 
(5, 8)

CDP25
(CH35)

CDP5
(CH51)

Strain 
Gauges 
(3, 2)

CDP10
(CH25)

CDP25
(CH38)

d=14 cm

d=14 cm

CDP25
(CH31)

DISP 1-4 
(CH 1 -2) CDP50

(CH53)

FORCE 1-4 
(CH 3-4)

CDP10
(CH42)

CDP25 
(CH23)

SDP200
(CH24)

CDP25
(CH34)

d=14 cm 

CDP25CH(21)

CDP10
(CH41)

CDP50
(CH54) 

SDP200
(CH22)
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Testing Setup
Total target displacement reached after each increment was imposed to the 

specimen only once at each cycle.
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Target  

Top Disp. 

(mm) 

Top Story 

Drift Ratio 

(dddd/H) 

± 0.47 % 0.016 ± 7.55 % 0.264 ± 32.90 % 1.150 

± 0.94 % 0.032 ± 9.00 % 0.315 ± 37.60 % 1.315 

± 1.65 % 0.057 ± 10.50 % 0.367 ± 47.00 % 1.643 

± 2.35 % 0.035 ± 12.00 % 0.419 ± 56.40 % 1.972 

± 3.20 % 0.111 ± 15.40 % 0.539 ± 65.80 % 2.300 

± 4.00 % 0.139 ± 18.50 % 0.647 ± 75.20 % 2.629 

± 5.05 % 0.177 ± 23.50 % 0.822 ± 84.60 % 2.958 

± 6.10 % 0.213 ± 28.20 % 0.986 ± 94.00 % 3.287 
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Test Results: continuous longitudinal reinforcement

Higher lateral stiffness for
infilled frame IC-0-1-11
~4 times higher ultimate load 
for infilled frame IC-0-1-11
This capacity increase could 
not be sustained at high 
displacement levels
BC-0-1-14: 

Damage was accumulated 
at beam-column joints 
and foundation levels of 
first story columns
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�

c 
(MPa) 

Bare/Infill walls Longitudinal 
reinforcement 

Retrofit 

BC-0-1-14 14 BARE CONTINUOUS NO 

IC-0-1-11 11 PLASTERED INFILL 
WALLS 

CONTINUOUS NO 
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Test Results: continuous longitudinal reinforcement

IC-0-1-11: 
Less damage had been 
observed at beam-column 
joints
Corner crushing at the 
infill wall of the first story
Failure of first story 
column due to shear 
cracks
There was not any 
apparent damage at the 
frame elements and the 
wall of the second story
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Test Results: lap spliced longitudinal reinforcement

The stiffness and lateral load 
capacity of infilled frame IL-
0-1-17 is significantly higher 
than bare frame BL-0-1-8.6
This capacity increase could 
not be sustained at high 
displacement levels
BL-0-1-8.6 : 

Damage was 
accumulated at beam-
column joints and 
foundation levels of first 
story columns
Significant slippage of 
longitudinal
reinforcement

Specimen f
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c 
(MPa) 

Bare/Infill walls Longitudinal 
reinforcement 

Retrofit 

BL-0-1-8.6 8.6 BARE LAP SPLICED NO 

IL-0-1-17 17 PLASTERED INFILL 
WALLS 

LAP SPLICED NO 
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Test Results: lap spliced longitudinal reinforcement

IL-0-1-17 : 
Bending cracks at the 
first story columns,
a wide diagonal crack,
corner crushing of first 
story infill wall, 
and shear cracks at the 
upper parts of the first 
story columns

were the major damages
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Test Results: CFRP retrofitted infilled frame specimens

IC-C1-1-10:
Bending cracks formed at first 
story columns
Debonding of diagonal CFRP
in vicinity of the corners had 
started at displacement level 9 
mm (d/H: %0.315)
Diagonal cracks observed at 
the second story infill wall
The plaster crushed and 
debonding of CFRP increased 
at 12 mm displacement (d/H: 
%0.419) resulting with a

decrease at peak load, (A)
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Test Results: CFRP retrofitted infilled frame specimens

IC-C1-1-10:
Shear cracks formed at the 
upper part of the first story 
columns 
Diagonal CFRP struts under
tension were broken one by 
one under tension at 
displacement level -18.5 mm 
(d/H: %0.647), (B).
The other two diagonal 
CFRP struts in other 
direction were also broken at 
the next cycle, (C)
The specimen came to
failure due to widenedshear
cracks at the upper tips of 

first storycolumns
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Test Results: CFRP retrofitted infilled frame specimens

IL-C1-1-8.6:
Shear andbending cracks 
formed at the upper part 
of the first story columns
Diagonal CFRP struts
were debonded from the 
wall and broken at 
displacement level 23.5 
mm (d/H: %0.822), (A)
and (B).

Specimen f
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Bare/Infill 
walls 

Longitudinal 
reinforcement 

Retrofit 

IL-C1-1-8.6 8.6 PLASTERED 
INFILL 
WALLS 

LAP SPLICED CFRP DIAGONALS 
AND CONFINEMENT 

OF LAP SPLICED 
ZONES 
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Test Results: CFRP retrofitted infilled frame specimens

IL-C1-1-8.6:

Bricks were crushedafter the last diagonal CFRP strut was broken
The specimen came to failure due to widenedshear cracks at the lower tip of first

storycolumns

������������������������ 	
���
���	
���
���	
���
��� ��
�
��
����
�
��
����
�
��
�� ������������������������������ ������������������������



General Observations and Conclusions
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General Observations and Conclusions

1. Application of two point 
lateral loads at story levels by 
a rigid beam controlled the 
failure mechanisms of 
specimens and as a result, no 
significant damage had been 
occurred at frame elements 
and infill walls of second 
story. 
The critical sections were the 
columns and infill walls of 
first story.
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General Observations and Conclusions
2. The lateral strength and stiffness of 

the infilled specimens are 
significantly higher than bare frame 
specimens. 
The damage accumulated at the 
beam-column joints and lower 
parts of the first story columns at 
bare frame specimens, while 
bending cracks were spread along 
the columns of infilled specimens. 
This damage formation indicates 
that bare frame specimens’ frame 
type behavior changed into shear 
wall type behavior by the 

introduction of infill walls.
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General Observations and Conclusions

3. Although one or two 
diagonal cracks were formed 
on the infill walls, crucial 
damage of the infills, for
infilled specimens, was 
corner crushing. The 
contribution of infill walls to 
the lateral load capacity of 
specimen seemed to end 
after corner crushing.
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General Observations and Conclusions

4. Retrofitting the specimens by 
CFRP prevented corner 
crushing and diagonal cracks 
spread over the whole infill. 
Although the infill walls were 
severely damaged at the end 
of the tests, total collapse of 
infill walls was not observed.

������������������������ 	
���
���	
���
���	
���
��� ��
�
��
����
�
��
����
�
��
�� ������������������������������ ������������������������



General Observations and Conclusions

5. CFRP anchors placed into 
the foundation and frame 
elements worked properly 
until the end of the tests. 
CFRP anchors that 
connected diagonal CFRP 
sheets on both sides of the 
infill walls, prevented CFRP 
from debonding.
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General Observations and Conclusions

6. Retrofitting infilled 
frame specimens by 
CFRP increased lateral 
load capacities and 
lateral stiffness. 
The sudden load drops, 
observed at base shear 
versus top displacement 
curves due to diagonal 
CFRP rupture, showed 
that the contribution of 
diagonal CFRP on 
overall behavior is 
substantial.
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General Observations and Conclusions

7. It should also be noted that 
even all the diagonal CFRP 
sheets were broken, the 
specimens continued 
carrying lateral load and the 
base shear versus top 
displacement curves moved 
closer to curves of bare 
frame specimens.
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General Observations and Conclusions

8. The energy dissipation capacity of the system was increased with the 
introduction of CFRP application.

9. The initial stiffness of unstrengthened infilled specimens IL-0-1-17 
and IC-0-1-11 were very close to each other but the ultimate lateral 
load of IL-0-1-17 was approximately %15 higher than IC-0-1-11. 
Although this proportion was expected to be vice ve rsa, as IL-0-1-
17 had lap splice deficiency, it should be noted that the compression 
strength of the concrete used at IL-0-1-17 was higher then IC-0-1-
11.
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General Observations and Conclusions

10. The test results of IL-C1-1-8.6 indicate that the behavior of the 
specimen at pulling and pushing was not symmetrical. Simpl y 
because of that, the results of IL-C1-1-8.6 can not be generalized for 
lap splice improvement.

11. Two more CFRP retrofitted infilled frame specimens, one with lap
splice deficiency and the other without, will be tested as t he final 
part of this study. CFRP sheets will be applied only on one side of 
the specimens.
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