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Abstract: Openings in reinforced concrete (RC) slabs are not commonly prescribed in design codes.
Even when they are, they raise concerns regards to the size of the openings and the location of
the applied loads. Lack of sufficient information about the load-carrying capacity of the slabs
with openings and performance is another concern. Hence, this research addresses the structural
behavior of slabs with openings coated with Carbon Fiber Reinforced Polymer (CFRP) sheet. In the
experimental part, ten slabs were cast with a dimension of 1000 mm x 530 mm X 25 mm, among
which nine slabs had openings and one slab was without opening (control slab). The configuration of
the CFRP sheet includes coating in the form of single, double, and triple layers. Experimental results
show that the slab with a triple coating of the CFRP layer offers the maximum resistance towards the
loading rate. Moreover, with the increase in CFRP layers, the value of deflection is minimized.
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1. Introduction

Reinforced concrete (RC) slabs are used as floors in residential buildings, industrial buildings,
decks in bridges, and many more. Slabs can be prefabricated and brought to the construction sites or can
be made in-situ at the site [1,2]. Openings in the slab are becoming common nowadays in retrofitting
of existing structures or even in new structures/buildings during the design stage due to functional
requirements from the services engineers, architects, and many more [3,4]. The functional requirements
are provision for staircases, elevators, escalators, windows, doors, electrical, heating and ventilation
systems. These require openings on floors or walls [4,5]. The effect on structural performance due to
small openings is often not considered significant as the ability of the structure to redistribute stresses is
anticipated [6,7]. However, for large openings, this is not the case. Large openings bring a lack of ability
for the structure to resist the imposed loads or to redistribute it [8]. Therefore, it requires strengthening.

The use of CFRP for strengthening of existing slabs due to openings is common nowadays [8-11].
However, only a handful of studies have been reported on the structural behavior of slabs with
openings, with or without CFRP strengthening [12]. More research into the subject matter is required.
Performance of RC slabs with openings strengthened using CFRP is one of the areas that require
attention [13]. This research will lead to a better knowledge of the failure mechanism, present design
techniques, and effective methods of strengthening the structural behavior of the slabs with an
opening [14]. Besides, CFRP reinforcement methods provide a practical cost-efficient design approach.
In the past few years, Fiber Reinforced Polymer (FRP) materials have been used extensively as a new
construction material [15,16]. They have many advantages such as being lightweight, high strength,
nonmagnetic, and noncorrosive [17-19]. They have a wide range of potential applications that covers
both new and existing structures [20,21]. CFRP is a carbon type of FRP material that is used extensively
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in the field of structural engineering. CFRP materials have been used for strengthening many structures
such as concrete slabs, beams, columns, and walls [4,22]. The flexural capacity of those structures can
be increased by bonding these material sheets to the tension side of the structure [23-26]. In the case
of a two-way slab with a low or medium reinforcement ratio, the slab tends to fail in flexure rather
than in shear [24]. The flexural capacity of two-way slabs can be increased by using FRP/CFRP [17,20].
Moreover, their use is very desirable due to the ease of handling and installation of these materials.

CFRP materials, currently produced in different configurations, are widely used for the
strengthening and retrofitting of concrete structures [12,27]. Recently, research has been directed
to characterize the use of CFRP sheets as a flexural reinforcement for strengthening applications.
In the study done by [28], CFRP sheets were used as the strengthening material to improve the shear
capacity of concrete slabs [29]. It was observed that the CFRP has increased the flexural stiffness and
improved the punching shear strength of the slabs. The increase in the flexural capacity has modified
the failure from a pure flexural mode to a combined flexure-shear mode or pure punching shear
mode [30]. By efficiently binding the CFRP layers to the tension face of slabs, the flexural resistance of
the two-way slab can be strengthened. This method of flexural strengthening offers different benefits:
minimization of structural expansion and its weight, ease of handling on-site, and excellent resistance
to corrosion [31,32]. The connection between concrete and CFRP composite reinforcement at the
interface has an important effect on the overall performance of the reinforced framework because the
CFRP sheets are attached to the concrete framework. Fewer research was, however, carried out on slab
with openings [30,33,34].

Among the literature available on this domain, experimental investigations conducted by [35-38]
demonstrate the advantages of strengthening slabs using rectangular CFRP sheets or thin plates
bonded to the tensile face of the slabs. Limam et al. [38] have examined the collapse mechanism and
associated load capability for CFRP sheets to strengthen the two-way slabs. Kim et al. [39] conducted
research on slabs strengthened with prestressed and non-prestressed CFRP layers. The findings of
the tests showed that the ultimate load-carrying ability of slab was increased from 4% to 18% with
the CFRP sheets, including an improvement in cracking load of 25% in comparison to the control
specimen. Similar research was carried out on slab reinforced with CFRP based on criteria for punching
failure [40,41]. Foret and Limam [42] conducted comparative research on the strengthening of two-way
slabs composite using externally bonded (EB) and near-surface mounted (NSM) techniques. The tests
showed that NSM was more ductile compared to the EB approach. There is also a cost-effective benefit
to the NSM approach in comparison with a reduced amount of carbon fibers.

Conversely, there are not many research papers that have investigated how the number of CFRP
layers which can affect the structural behavior of the RC slabs with openings. Moreover, the effect
of the size of the openings on the structural behavior is an area to be investigated. Therefore, this
work aims to evaluate experimentally how the size of openings influences the structural behavior
of slabs, and how the number of CFRP layers affects the structural behavior of slabs with various
sizes of openings. Based on this, the number of adequate layers of CFRP sheets can be determined
and recommended.

2. Methodology

2.1. Experimental Setup

For slab casting, a conventional formwork preparation is required. The formwork is prepared
with dimensions of 1000 mm by 530 mm by 25 mm. An 8 mm diameter mild steel round reinforcement
bar was fabricated following the design criteria, as shown in Figures 1-3 and the height of the concrete
cover used is 7 mm. In order to prepare the openings for all nine slabs, the steel reinforcement has
been cut as shown in Figure 4, following dimensional length variations of 160 mm by 160 mm, 230 mm
by 230 mm, and 320 mm by 320 mm. The mechanical characteristics of cement, reinforcement bar and
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CFRP used are provided below in Tables 1-3, respectively, whereas Table 4 shows the reinforcement
bar ratio of the reference RC members.

A
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Figure 1. Slabs steel reinforcement design.
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Figure 2. Cross section A-A.
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Figure 3. Cross section B-B.

Opening 530mm

M
A

1000mm

Figure 4. Slab samples needed.

Table 1. Characteristics of ordinary Portland cement.

Crad Mix Ratio Min Compressive Max Compressive
rade Cement Sand Aggregate Strengthat Day 7 (MPa)  Strength at Day 28 (MPa)
25 1 1 2 17 25

Table 2. Characteristics of reinforcement bar.
Type Grade Diameter (mm) Ultimate Tensile Stress (MPa)  Yield Stress (MPa)

Mild Steel II 8 370 225

Table 3. Characteristics of Carbon fiber reinforced polymer.
Material Tensile Strength (MPa) Ultimate Strain (MPa) Elastic Modulus (MPa)

CFRP Sheet 4300 0.0180 23,800
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Table 4. Reinforcement ratio of the RC members.

Control 160 mm X 160 mm 230 mm X 230 mm 320 mm X 320 mm
1 0.95 0.90 0.80

Furthermore, strain gauges (SGs) were also installed on the reinforcement bar of the control slab,
as shown in Figure 5. Primarily, the centerline has been marked in the reinforcement bar to provide
ease in the attachment of SGs. These SGs were attached to the reinforcement bar using super glue.
Additionally, SGs, terminal pads, and the exposed wire were covered with silicone glue in order to
avoid contact with water.

Figure 5. Attachment of strain gauges.

To ensure the desired strength of the prepared concrete, six cylindrical samples (150 mm x 300 mm)
were cast to obtain the test results concerning compressive strength, modulus of elasticity and Poisson’s
ratio at day 28. An additional three prism samples (100 mm X 100 mm x 500 mm) were cast to
determine the flexural strength of the concrete and subsequently tested for a two-point load system.
Afterward, concrete was poured inside the formwork, and the surface of the slab was flattened to
ensure a smooth surface finish. Before pouring concrete, the inner part of formwork was greased to
provide ease in its removal. The casted samples were then cured for 28 days. Later, CFRP sheets were
attached to the slab soffits using epoxy glue as shown in Figure 6. The CFRP sheets were sandwiched
between layers of epoxy glue for 24 h to ensure its sufficient bonding strength. As the epoxy glue
dried utterly, slabs were painted in white color (except the CFRP region) to ensure the easiness of
identifying the crack line on its surface during the testing phase. Lastly, rosettes were attached on the
CFRP sheet surface using superglue (dried for 30 min) at 45° for better configuration in all nine slabs
with openings as shown in Figure 7. Figure 8 defines the marking of these slab surfaces for two-point
load tests at the defined position.

Figure 6. Attachment of CFRP sheets on the slab soffits.
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Figure 8. Marking on the slab soffits and top.

2.2. Testing of Slabs

RC slabs are considered as supported on all sides as they were placed on top of the frame (950 mm
by 470 mm). Two-point loading system was applied at 170 mm from both ends of the slab, up to
failure, as shown in Figure 9. Figure 10 shows the uniformly varying load configuration adopted for
all slabs tested. The applied force was controlled by the loading cell, directly connected to the loading
instrument. The purpose behind SGs installation was to obtain the reinforcement strain data due to
the applied loads. Likewise, the strain rosette was installed to measure the normal strains along with
different directions on the underlying surface as shown in Figure 7. On the other hand, the deflection
was measured using LVDT, placed at every corner of the opening on each slab as shown in Figure 11.
However, in the control slab, it was placed only at its center. Dynamic Machine (capacity up to 500 kIN)
with 0.5 kN/s test speed was utilized for the testing of slabs and to measure its deflection behavior.
The attained test results were analyzed and discussed in the later section.

170mm 50mm width CFRP 170mm

|

PL1 PL2 $30mm

1000mm

Figure 9. Locations of two point loads.

PL1 PL2
CFRP Sheet

Opening

Figure 10. Uniformly varying load.
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Figure 11. Slab testing configuration.

3. Results

3.1. Load, P (kN) vs. Deflection, 6 (mm)

Based on the experimental work conducted, it was observed that the curve responses for all ten
slabs are almost similar. The load applied is directly proportional to the deflection occurred until it
reaches a point where the slabs undergo failure. Better contact between the slab and the frame support
can be seen when the load applied on the slab surface increased. At a certain point, the slab started
to crack and failed when the maximum load has reached. Hence, Hooke’s Law obeys in this region.
Figures 12-17 show the results of load applied against deflection for each of the slabs.

Based on the graphs provided below, it shows that slabs with three layers of the CFRP sheet can
take a higher load as compared to the slab with only one layer of the CFRP sheet. By taking the number
of layers of the CFRP sheet as a variable, the deflection is lower when the load is higher. On the other
hand, by taking the size of the opening as the variable, the load is proportional to the deflection. This is
due to the heavyweight of the slab with a larger surface area and smaller opening size.

60
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20 19.42, 46.03
17.90, 45.00
10
0
0 5 10 15 20 25 30 35
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———Control =160 x 160 (1L) 160 X 160 (2L) =160 x 160 (3L)

Figure 12. Graph of load vs. deflection for 160 mm x 160 mm opening size.
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Figure 13. Graph of load vs. deflection for 230 mm x 230 mm opening size.

Graph of Load, P (kN) vs Deflection, & (mm)
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Figure 14. Graph of load vs. deflection for 320 mm X 320 mm opening size.

30

30

7 of 18



Fibers 2020, 8, 25 8 of 18

Graph of Load, P (kN) vs Deflection, 8 (mm)
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Figure 15. Graph of load vs. deflection for 1 layer of CFRP sheet.
Graph of Load, P (kN) vs Deflection, & (mm)
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Figure 16. Graph of load vs. deflection for 2 layers of CFRP sheet.
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Graph of Load, P (kN) vs Deflection, 8 (mm)
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Figure 17. Graph of load vs. deflection for 3 layers of CFRP sheet.

3.2. Load, P (kN); Flexural Strength, R (MPa); and Deflection, 6 (mm)

Table 5 represents the observed data for the flexural behavior concerning load and deflection
for all ten slabs tested during the experimental work. Flexural strength (f) has been obtained using
Equation (1).

3P.a
f= o (1)

where,

f = Flexural strength

P = Maximum Load

a = Distance between Supporting and Loading Pins
b = Specimen Width

d = Specimen Thickness

Table 5. Summary of load, flexural strength and deflection of slabs tested.

Slab Load, P (kN) Flexural Strength, f (MPa) Deflection, § (mm)

Control 46.03 8.86 19.42
160 x 160 (1 L) 45.00 8.49 18.00
160 x 160 (2 L) 47.00 9.01 15.90
160 x 160 (3 L) 49.88 9.33 15.50
230 x 230 (1L) 44.60 8.45 18.03
230%x230(2L) 46.89 8.47 16.01
230 x 230 (3 L) 48.89 9.16 15.00
320 x 320 (1 L) 42.23 7.71 19.00
320x 320 (2L) 43.82 8.28 17.00
320x 320 (3 L) 47.50 9.24 16.40

3.3. Stress Concentration Factor, k

A stress concentration factor (k) is a dimensionless factor that is used to quantify how concentrated
the stress is in material, and it is defined as the ratio of the highest stress in the element to the reference
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stress. Reference stress is the total stress within an element under the same loading conditions without
the stress concentrators, meaning the total stress on the material where the material is free from
flaws such as holes, cuts, shoulders, or narrow passes. Figure 18 shows the results of the stress
concentration factor for all nine slabs tested and the values have been calculated using Equations (2) to
(11). Aside from that, Figure 19 shows the labeling on rosette strain gauge for the reading of ¢,, ¢y,
and ¢ values.

Stress Concentration Factor, k Values

9 g
8
~ 7 8.4
S
Ez Ve 7.4 o
L J
c
g4 L~ 6.9 os 52
23
£ 53 43
2 v
-
1V 34
o £

320 x 320 (1L) m230 x 230 (LL) = 160 x 160 (1L) m 320 x 320 (2L) = 230 x 230 (2L)
160 x 160 (2L) =320 x 320 (3L) = 230 x 230 (3L) * 160 x 160 (3L)

Figure 18. Summary of stress concentration factor, k.
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.I ’ll U’ |,’ [l €y
45°
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Figure 19. Rosette strain gauge.

Calculation of stress concentration factor, k, with Equations (2) to (11).
Rosette strain gauge:

Ex = Ep 2)
€y = €C @)
Yxy = 26B — €A~ £C 4
Stress estimation:
ox = (ex + Dey)+E/(1-9?) (5)
oy = (ey + Vex)+E/(1-9?) (6)
Txy = GYyxy, Where G = E/[2(1 +9)] (7)
Principle stresses:
o1 =1/2(0x + oy )+ [((ox + 0y )/2)7 + (1)2 ®)

02 =1/2(ox + oy )= [((ox + oy )/2)2+ (TXy)z]O'S o
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Stress concentration factor, k:
k = 01/ 0nom where opom = 80%Py/Acs (10)
A = Vertical Shear Plane Area (11)
4. Discussion

4.1. General

Based on the experimental testing results, in general, all ten slabs’ responses are similar. When the
load applied on the slab surface was increased, it caused a better contact between the slab and the
frame support. At a certain point, the slab started to crack and failed when the maximum load was
reached. Based on the results collected, the maximum load the slab can withstand is between 42 kN to
50 kN. Meanwhile, the deflection range is between 14 mm to 18 mm. For stress concentration factor,
k value, all ten slabs’ values are between 3 and 9, whereas the flexural strengths are between 7 MPa
and 10 MPa.

Based on the results collected, slabs with three layers of CFRP sheets can take a higher load as
compared to a slab with only one layer of the CFRP sheet. Taking the number of CFRP layers as a
variable, as the load gets higher, the deflection on the slab gets lower. On the other hand, taking the
size of the opening as the variable, as the load gets higher, the deflection gets higher as well. This is
due to the weight of the slab, which has a larger surface area but a smaller opening size. The smaller
the opening size on the slab, the weight of the slab is more significant; therefore, higher deflection
occurred. Besides, when the opening size is more significant, space/distance between the point loads
and CFRP sheet is smaller causing the propagation of the crack to be lesser.

4.2. Cracking and Yield Lines

For each slab, it is observed that the first crack started to appear near the point loads due to the
high concentration of stress at both points, as shown in Figures 20-23. As the applied load increases,
the crack propagation continued to increase. In contrast, some researchers stated that the first crack
appeared diagonally near a corner due to the openings. For the control slab, it was observed that the
crack propagated from two points until it reached the middle part of the slab as shown in Figure 20.
This is in contrast with other research papers that stated the first crack of a homogenous slab appears
in the middle of the slab. The difference is deduced due to the position and the number of point load
used for this particular experimental study. Other than that, the load configuration adopted for this
experiment is uniformly varying load (UVL), meaning that the load is spread over the slab in such a
manner that the rate of loading varies from each point along with the slab. Therefore, the load is zero
at one end and increases uniformly to the other end. This type of load is known as a triangular load.
On the contrary, based on previous research studies, most researchers experimented by adopting a
uniformly distributed load (UDL) during the testing.

Figure 20. Control slab.
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Figure 23. 320 mm X 320 mm (2 L).

Besides, the yield line pattern observed is not like any other typical two-way slab which consists
of negative and positive yield lines due to negative and decisive moments. Instead, the yield lines that
appeared on the slab were highly dependent on the location of the two-point loads on it. When the
applied load increased, this caused the slab to experience stress concentration at the two-point loads.
The cracks under the loading area indicate punching failure of the slab under the loading surface.
With the presence of the CFRP sheet at the edge of the opening, the crack stopped propagating to every
corner of the opening. As stated by past researchers, the crack propagation and crack size continued to
increase with the increase of loading. For the CFRP strengthened slabs, the cracks were narrower and
more widely spread in comparison to the cracks in the steel-reinforced slabs. This depends mainly on
the existing openings, and accordingly, a decreased total available loading area gives a lower total load.

Furthermore, it is observed that cracking stopped until it reached the CFRP sheets, as shown in
Figures 21-23. Based on the experimental test, the worst part of the slab that failed was at the point
where the two-point loads and frame support were perpendicular to each other. Referring to Figure 23,
this condition can be explained in such a way that both the frame and the two-point loads exerted
pressure on one another as the load increased, hence causing the slab to fail badly at that particular
point. In smaller opening sizes, the cracks spread more commonly as compared to the bigger size of the
opening. The reason for such a condition is because the slab with a smaller opening has a larger surface
area for the crack to propagate as compared to a slab with a larger opening, which has a lesser surface
area. Hence, the deflection is lesser, and therefore, the cracks appeared to be narrower. However, it can



Fibers 2020, 8, 25 13 0f 18

be concluded that the size of opening, the number of CFRP layers, and the location of the point loads
influenced the cracking and yield lines pattern.

4.3. Load Carrying Capacity and Deflection

In general, all slabs with opening strengthened with CFRP layers show similar load-deflection
behavior up to failure. However, the failure mode differs in comparison with the control slab.
The control slab demonstrates a more ductile response; however, the failure mode of slabs strengthened
with CFRP was a bit more brittle. Based on the data produced by the load cell, slabs that were
strengthened using CFRP sheets can be increased in terms of their load-carrying capacity, but it only
worked when the CFRP layer is more than or equal to two. Slabs with only one layer of the CFRP sheet
have a lesser load-carrying capacity in comparison to the control slab. On the other hand, slabs with
two and three layers of CFRP sheets have higher load carrying capacity in comparison to the control
slab as shown in Figures 24 and 25. When the number of CFRP layers increases, the load-carrying
capacity also increases as shown in Figures 26 and 27. This is because concrete is good in compression
but poor in tension.

Figure 26. 230 mm X 230 mm (3 L).
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Figure 27. 320 mm X 320 mm (3 L).

Therefore, CFRP sheets need to be attached to the tension surface of the slab as it will offer ease
in the uniform dissemination of tensile forces. This will result in reduced deflected and delay in
crack propagation. Based on the observed result, the theory is confirmed that a higher load capacity
causes a lower deflection. That is why the data shows the maximum load with minimum deflection.
There is a noticeable difference in the load-carrying capacity between the CFRP strengthened small
and large opening where it carried 4% to 9% higher loads. The main reason for this is most likely that
the behavior of the slabs with a large opening is closer to a system of beams than a slab. Moreover,
the load-carrying capability between the smaller and larger size openings strengthened with CFRP
sheets is significantly different; as shown in Figures 25-27. However, the size of the opening, CFRP
layers number, and location of point loads influenced the load-carrying capacity.

4.4. CFRP and Failure Characteristics

Based on Figures 28-30, the CFRP sheet is still in good condition even though the slab has already
failed. The CFRP sheet has not teared up or even broken. This shows that the concrete has failed in
flexural, not the CFRP sheet. In summary, the CFRP sheet is able to carry the tensile forces, delay the
crack propagation, and enable the slab to experience a higher load-carrying capacity. It is evident
that the CFRP materials contributed to an increased load-carrying capacity until the bond between
CFRP material and concrete failed as shown in Figures 29 and 30. Based on past research studies,
normally the rule of thumb states that the bond development length for CFRP reinforcement needs not
to be greater than 0.2 m. De-bonding cracks appeared at the late stage of loading that resulted in a
separation or detachment of the CFRP material as shown in Figure 29. These cracks were located along
the edges of the strengthening material. This shows that the end anchor section is to some degree
preventing a premature bond failure at the cutting end of CFRP. After the appearance of these cracks,
the slab failed due to accelerated concrete flexural phenomenon, and the CFRP layer de-bonded from
the slabs without any rupture present at the CFRP.

Figure 28. 160 mm X 160 mm (1 L).
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Figure 30. 320 mm X 320 mm (1 L).

5. Conclusions

The scope of the research work presented in this paper is limited to two-way RC slabs with a
fixed support at four ends and subjected to two-point loads with a uniformly varying load distribution.
There are ten slabs in total; nine slabs with opening and another slab acting as a control slab. CFRP
sheets are used for the strengthening of slabs with opening, and epoxy glue is the bonding mechanism
between the slab and CFRP sheet. Furthermore, the size of the opening is numerical; 5%, 10%, and 20%
of the total area of the slab. On the other hand, the number of CFRP layers is varied in this way: one
layer, two layers, and three layers of CFRP sheet. The aims of this research are to evaluate how the
openings influence the structural behavior of the RC slabs and how the number of CFRP sheet layers
affect the structural behavior of RC slabs with various sizes of opening. The structural behavior of
each slab with and without opening was investigated at the end of this research.

It can be concluded that slabs with three layers of the CFRP sheet can take a higher load as
compared to the slab with only one layer of the CFRP sheet. Taking the number of layers of the CFRP
sheet as a variable, as the load gets higher, the deflection occurring on the slab gets lower. On the
other hand, taking the size of the opening as the variable, as the load gets higher, the deflection gets
higher as well. This is due to the weight of the slab with a larger surface area and a smaller opening
size. When the opening size on the slab is smaller, the weight of the slab is greater, therefore higher
deflection tends to occur. Besides, when the opening size on the slab is larger, the distance between the
point loads and the CFRP sheet is smaller causing the propagation of crack to be lesser. On top of that,
the effective number of layers of CFRP sheet is three because it has the highest ultimate load-carrying
capacity as compared to others, hence the deflection is at the lowest.

Based on the experimental program conducted, it was observed that with the increment for each
layer, the percentage of load carrying capacity for each slab is within 4% to 9%. On the other hand,
the load-carrying capacity decreases as the opening size increases. Load carrying capacity decreases
up to 7% when the size of opening increases to its maximum (as considered during the experimental
study). Equally important, when the size of the opening is greater, the value of the stress concentration
factor will be lesser or lower. This shows that a larger opening tends to experience more stress as
compared to the smaller opening. The higher the number of CFRP layers, the lower the value of the
stress concentration factor. This shows that the number of CFRP layers will cause the slabs to have a
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higher load-carrying capacity. As a result, it is confirmed that CFRP sheets can be used to maintain
and even increase the original load carrying capacity of slabs with openings.
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