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ABSTRACT
Functional modifications of the old structures are common because existing structures must often
be adapted to comply with current living standards. Such modifications may include the addition of
new windows or doors and paths for ventilation and heating systems, all of which require openings to
be cut into structural walls. The purpose of this experimental program is to investigate the behaviour
of two-way RC walls with openings and strengthened by FRP. Nine half scale RC walls with two
opening configurations, i.e. small and large door opening, were subjected to a uniformly distributed
axial load with a small eccentricity. The paper presents the results of the experimental programme
such as the ultimate capacity and deflection profiles. Moreover, the influence of the opening and the
strengthening contribution to the overall capacity was also assessed and presented in this paper.
1

INTRODUCTION

In a reinforced concrete wall building, openings are usually avoided whenever possible in order to
diminish unfavourable effects due to discontinuous regions. However, in recent years there has been
increasing interest in creating large spaces by connecting adjacent rooms through a newly created
opening in an existing solid wall.
By cutting an opening in a concrete wall its capacity will be affected, requiring the wall to be
strengthened so that it will regain its intended design strength [1]. The common practice is to either
create a frame around the opening using RC/steel members or to increase the cross-sectional thickness
[2]. A new alternative is to use fiber-reinforced polymers (FRPs), a method that has received
worldwide acceptance during the last two decades.
A research programme was developed under a joint cooperation between Northern Research
Institute Narvik AS and Luleå University of Technology with the aim to study the effect of new
openings in solid walls and the effectiveness of the FRPs as strengthening technique. Door openings
were created in solid two-way walls and tested under uniformly distributed axial load with a small
eccentricity (according to design guidelines [3, 4] – one sixth of the wall thickness).
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2 EXPERIMENTAL INVESTIGATION
2.1 Design of experiments
The test-matrix was designed according to design of experiments (DOE) technique [5]. The
parameters that can have a high influence on the axial load capacity of concrete walls with openings
were identified throughout a literature study [2]. The current study is focused on two parameters,
namely openings size and structural condition of the wall when applying the fibers. For the first
parameter small and large opening was set as the min/max level. The minimum level represents the
width of a typical door opening in a residential building whereas the maximum level corresponds to a
double-door opening. For the second parameter, pre-cracked and un-cracked condition was set as the
min/max level. The minimum level represents the pre-cracked condition of a concrete wall whereas
the maximum level corresponds to un-cracked condition. Three specimens (i.e. walls with and without
cut-out openings) used as reference specimens were tested until failure to assess the effectiveness of
the strengthening alternative. An important factor in experiments, namely replication, was kept at low
level since experimental programmes on large elements are costly. However, the un-crackedstrengthened specimens were duplicated in order to obtain more reliable data. The test-matrix designed
according to the DOE technique is shown in Figure 1.

Figure 1 Test-matrix
2.2 Specimens design and fabrication
The specimens were designed to represent a typical wall panel encountered in residential buildings
and were built at half scale (1800 mm x 1350 mm x 60 mm). According to design codes [3, 4, 6]
minimum reinforcement is required primarily for control of cracking due to shrinkage and temperature
stresses. As a result, welded wire fabric reinforcement was used to reinforce the walls. The welded
fabric consisted of deformed bars with 5 mm diameter spaced at 100 mm in both orthogonal directions
and centrally placed in one layer. The steel reinforcement ratio resulted from this configuration is
0.327% and 0.315% for vertical and horizontal reinforcement, respectively. The specimens with
openings were detailed in such a way as to replicate cut-outs sawn into a solid wall i.e. no additional
reinforcement was placed around the corners of the openings.
The walls were cast in a long-line form in lying position rested on a steel platform (Figure 2). A
batch line can accommodate a number of five specimens. Wood members were used as spacers to
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separate the specimens and to create the contour of the opening. Steel rails were used to form the long
panel sides. In total two separate batches of specimens were built each consisting of five walls.

Figure 2 Casting of walls in a long-line form
The specimens damaged by cut-out openings were strengthened with the aim to recover the full
capacity of a solid wall. In a previous study [7] it was shown that the dominant failure mode for this
type of walls is by crushing of concrete. Thus, the specimens were strengthened by confinement. The
confinement highly effective when the strengthening is applied on rounded or square cross-sections.
For rectangular cross-sections the confinement is less effective with marginally effects for cross
section aspect ratios higher than 2. Therefore, in the current study the aspect ratio was virtually limited
to 2 by using steel anchor bolts. The design of the strengthening was carried out based on the work of
Lam and Teng [8]. Two and three layers of CFRP were used to strengthen the specimens with small
and large openings, respectively.
2.3 Material properties
The concrete mix design used to cast the specimens was a self-consolidating concrete that could be
poured without need to vibrate the concrete. For determining the actual mechanical characteristics
concrete compressive cubes and fracture energy beams were taken from each concrete batch. The
average cubic compressive strength of concrete (fcm) was determined based on 10 cube tests carried
out after 28 days. Five cubes were tested for each concrete batch and the average compressive strength
was 63 and 64 MPa for the first and second concrete batch. The results from fracture energy tests were
not available at the time of writing this paper.
The steel reinforcement has yield strength of 500 MPa. Five coupons were taken from steel
reinforcement for tensile test; however, the results were not available at the time of writing this paper.
Intermediate high strength/modulus uni-axial CFRP sheets with 0.17 mm thickness, 5500 MPa
tensile strength and 290 GPa modulus of elasticity were used to strengthen the specimens.
2.4 Test setup and loading strategy
Panels restrained along four sides are referred to as two-way (TW) action panels. Walls restrained
in this way deform along both the horizontal and vertical directions and are usually encountered in
monolithic concrete structures. The restraining elements that were applied along the top and bottom
edges were designed as hinged connections that prevented translation while allowing free rotation. The
restraining elements applied along the lateral sides were also fixed to prevent translation without
restricting rotation.
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Four hydraulic jacks were connected together which enabled a single operator to control them from
a single point. The hydraulic fluid was supplied from a power steering pump with user adjustable
relief valves, allowing operators to easily set working pressures. Hydraulic load cells were used to
measure the load. The load was applied in force control at an increment of 30 kN/min with breaks at
every 250 kN in order to monitor the cracks in the specimens. A general view of the test-rig is shown
in Figure 3.

Figure 3 General overview of the test setup
Load, displacements, strains in steel, concrete and CFRP were all recorded in several locations
during the specimen loading. Due to space limitations, however, only selected measurements are
presented herein.
3

EXPERIMENTAL RESULTS

3.1 Reference specimens
In the reference series, three specimens were tested up to failure namely a solid wall, a wall with
small opening and other with large opening (stage I, Figure 1). In this way the effect of introducing
new openings in a solid wall is evaluated. The results of the tests are given in Table 1. The specimens
showed no visible cracks until 85%, 42% and 21% of their ultimate capacity for the solid wall, the one
with small and large opening, respectively. As expected, all specimens deformed in both vertical and
horizontal directions.
In terms of ultimate capacity it can be seen that by reducing the cross-sectional area with 25%
(small opening) and 50% (large opening) of a solid wall the capacity decreases with nearly 36% and
50%, respectively. Moreover, the stiffness is also greatly reduced for specimens with openings but not
with much difference when varying the opening size. The energy dissipated is highly influenced by the
opening size. All specimens had a brittle failure due to crushing of concrete with no forewarning prior
to failure. Crack patterns and load-displacement diagrams for the reference specimens are shown in
Figure 4 and Figure 5, respectively.
Table 1 Test results
Reference specimens
Pre-cracked and strengthened
Un-cracked and strengthened

Specimen
Ultimate load (kN)
Specimen
Ultimate load (kN)
Specimen
Ultimate load (kN)

I-C
2363

I-S
1500
II-S
2241
III-S1 III-S2
2178
2009

I-L
1180
II-L
1497
III-L1 III-L2
1334
1482

Compression side

Tension side

The 12th International Symposium on Fiber Reinforced Polymers for Reinforced Concrete Structures (FRPRCS-12)
& The 5th Asia-Pacific Conference on Fiber Reinforced Polymers in Structures (APFIS-2015)
Joint Conference, 14-16 December 2015, Nanjing, China

Figure 4 Crack patterns of the reference specimens

Figure 5 Load-displacement diagrams for unstrengthened specimens

Figure 6 Failures of the strengthened specimens

3.2 Strengthened specimens
The next stage comprises the strengthened specimens both pre-damaged and un-damaged. The predamaged specimens were loaded until a certain damage level was acquired (75% of its ultimate
capacity), unloaded and then strengthened and tested again until failure.
The test results are given in Table 1. The failure mode was crushing of concrete followed by
debonding of the CFRP in the areas between anchorages. The failure was concentrated in small
regions, i.e. at the bottom of one pier. Some details of the failure regions are shown in Figure 6. The
strengthened specimens had lower deformations (thus increasing the stiffness) and higher capacity
when compared with the un-strengthened ones as can be seen from Figure 7 and Figure 8. The
increase in capacity was in range of 34 – 50% and 13 – 27% for specimens with small and large
opening, respectively.
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Figure 7 Load-displacement diagrams for
strengthened specimens with small opening
4

Figure 8 Load-displacement diagrams for
strengthened specimens with large opening

CONCLUSIONS

By introducing new door openings in a solid wall its capacity and stiffness is significantly
decreased. The application of the CFRP confinement greatly increases the capacity and the stiffness
of the specimens with small openings but not to the same extent for those with large openings. The
anchorage system worked as intended, however, being less effective in between the bolts rows where
the failure occurred. This disadvantage may be avoided by using bidirectional CFRP sheets. To
validate this assumption more tests are required on this subject.
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