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with experimental data.

The present study pertains to the flexural behavior of RC beams with openings and non-metallic (GFRP) reinforce-
ment. The main goal of preferring GFRP reinforcement over the conventional steel reinforcement was to safeguard
the beams against the reinforcement corrosion. The presence of multiple regular transverse openings through-

out the beam length increases the susceptibility of reinforcing bars to corrosion as the larger contact area in these
beams with the outside environment increases the ingress of corrosive agents. Within the scope of the study, a total
of 8 RC beams, including two reference beams without web openings, were tested under four-point bending. The
test parameters were the flexural reinforcement ratio, the presence of short stirrups in the chords, and the presence
of diagonal reinforcement spiraling around the openings. Since GFRP stirrups are difficult to bend, each stirrups

was formed by connecting four individual FRP bars around the longitudinal bars. The opening circular geometry
was adopted to avoid stress concentrations around the sharp corners of opening and to facilitate the placement
and fixing of different schemes of reinforcement in the beams. The present tests depicted that the diagonal reinforce-
ment around the openings have considerable contribution to the flexural behavior of RC beams with GFRP rein-
forcement and with multiple regular transverse openings. The RC beams with openings were able to approach their
analytical flexural capacities in the presence of diagonal reinforcement for both moderately and heavily reinforced
beam groups. The analytical deflection predictions of GFRP-RC beams with openings showed a good agreement

Keywords GFRP RC beams with web openings, Shear failure, Circular opening, Post, Chord

1 Introduction

Modern structures are equipped with various kinds of
services for the inhabitants, including but not limited to
power, water, sewage, and ventilation systems. The pres-
ence of all these systems can cause the use of an impor-
tant volume of the structure for various ducts, pipes,
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cables and fixtures associated with these services. In an
attempt to increase the amount of usable space of the
structure, transverse openings in the beam allowing the
passage of these service components within the floor
height are adopted in the original beam design or in the
construction stage (Fig. 1a). The random drilling of web
openings, not present in the original design, might lead
to a reduction in both rigidity and strength of RC beams.
This application may result in non-ductile failure modes,
such as shear failure or Vierendeel panel action, causing
the RC beams to collapse before reaching their bending
capacities (Wojdak, 2013). The proximity of openings
to beam—column joints increases the likelihood of the
undesirable failure modes (Amin et al., 2021). To reduce
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Fig. 1 a Randomly drilling of holes in hardened beams and passing these systems through the holes, b corrosion of steel reinforcement

the aforementioned negative effects, it is recommended
to integrate RC beams with openings during the design
phase of a structure rather than post-drilling.

Numerous researchers have conducted studies within
this scope, focusing on RC beams with either a single
or multiple openings in the shear spans. According to
Mansur et al. (1991), RC beams with a large opening in
the shear span exhibit a Vierendeel-type failure, with an
increasing tendency of this type of failure mode as the
size of the openings increases. Mansur et al. (1992) pro-
posed a reduction in both bending and shear rigidities
when predicting deflections in RC beams with a single
large opening. In addition, Tan and Mansur (1996) intro-
duced design guidelines specifying the size and location
of these openings. Mansur (1998, 1999) established dis-
tinct shear failure modes for both beam and frame types
in RC beams with web openings. Furthermore, a differen-
tiation was made between small and large openings based
on the structural behavior observed. Tan et al. (2001)
illustrated the benefits of diagonal reinforcement around
openings in T-beams. El-Kareim et al. (2020) conducted
an investigation on RC deep T-beams with rectangular
openings. The dimensions of the openings were selected
as parameters, demonstrating their significant influence
on the strength and rigidity of the flange.

Many research findings indicate that the behavior of
reinforced concrete (RC) beams with a limited number
of web openings is primarily influenced by various shear
failure modes. This is attributed to stress concentrations
around the openings. In order to prevent the mentioned
failures, it has been recommended in some studies to
create numerous regular openings along the beam and
distribute the stress around these openings. Aykac¢ and
Yilmaz (2011) and Aykag et al., (2013, 2014) investigated
the shear and flexural behavior of RC beams with dif-
ferent opening geometries and special reinforcement
details. The results obtained from tests on RC beams
with circular openings and diagonal reinforcement have
shown that it is possible to achieve flexural capacity.

Meanwhile, Kalkan (2014) proposed analytical equa-
tions for predicting the deformations of these beams.
In addition, Kalkan et al. (2021) suggested coefficients
for deformation calculations based on different opening
geometries.

Another shortcoming of the presence of the web open-
ings in the beams is the increase in the susceptibility of
RC beams to reinforcement corrosion due to the increase
in the exposed surfaces of the beams to outside environ-
ment. An effective solution for the reinforcement cor-
rosion is the adoption of non-metallic reinforcing bars,
particularly the FRP ones, in the beams with openings.
FRP fabrics have gained popularity in recent years due
to their resistance to corrosion, high tensile strengths,
and ease of application. Within this scope, recent studies
on RC beams with openings aim to increase their shear
strengths through FRP wrapping. Abdel-Kareem (2014)
applied FRP wraps in various configurations. Further-
more, a modification has been suggested for the avail-
able analytical equations. Lu et al. (2015) conducted a
study on the bending behavior of RC beams with open-
ings, strengthened through the external bonding of
CERP layers. The application of CFRP layers in the ver-
tical direction demonstrated a higher contribution to
shear strength compared to application in the horizontal
direction. Nie et al. (2018) has developed a new seismic
strengthening method for T-section RC beams with the
aim of achieving a strong column—weak beam hierarchy.
By creating an opening in the beam body, the bending
capacity is reduced, and the shear capacity is increased
through CFRP wrapping. For ductile behavior, it is nec-
essary to completely wrap the lower chord. In addition,
on the the remaining beam body without opening was
applied CFRP U-wrapping. Salih et al. (2020) conducted
tests on RC beams with circular opening under cyclic
loading. Different configurations of CFRP wrapping were
applied around the opening on the beam body. Strength
and ultimate deformation capacities increased by approx-
imately 67% and 77%, respectively. Elansary et al. (2022)
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examined the bending behavior of RC beams with rec-
tangular openings near the supports. In specimens with-
out CFRP wrapping, there was an approximately 43%
loss compared to the solid element, while shear capacity
significantly increased by approximately 95% with CERP
wrapping. Almusallam et al. (2018) investigated the effect
of CFRP wrapping on RC beams with large rectangular
opening in the bending region. Strengthening details,
opening dimensions, and loading types were defined as
parameters. In specimens where the upper chord depth
was greater than the equivalent depth of the rectangu-
lar compression block, there was no change in bending
capacity. Nie et al. (2020) investigated the effectiveness
of different types of CFRP wrapping in beams with rec-
tangular web openings. In numerical studies, elements
where the upper and lower chords and the posts around
the opening were completely wrapped yielded the best
results. Elsanadedy et al. (2019) conducted an experimen-
tal and numerical study on RC beams with large rectan-
gular openings in the shear regions. GFRP wrapping was
also applied along with CFRP, and the effectiveness of
anchoring FRP fabrics with steel plates was investigated.

The corrosion of steel reinforcement (Fig. 1b) leads to
cross-sectional losses and a decrease in structural perfor-
mance (Cairns et al., 2005; Imperatore et al., 2009, 2017).
Carlo et al. (2023) investigated the flexural behavior of
beams exposed to corrosion at different rates. Due to cor-
rosion, ductility, ultimate deformation, and strength val-
ues showed significant decreases. With an increase in the
corrosion rate, bond failures and cases of steel reinforce-
ment rupture were encountered. Adhesion losses due to
corrosion also adversely affect structural behavior (Coc-
cia et al,, 2016; Coronelli, 2002). Fiber-reinforced poly-
mer reinforcements (FRP reinforcement) are considered
the most significant alternative to steel reinforcements
due to their high corrosion resistance, and their usage is
increasing day by day. In addition, FRP reinforcements
have many advantages, such as high tensile strength,
lightweight, and non-magnetic properties.

A detailed examination of the literature reveals that
using regular openings in the beam web and special
reinforcement details allow specimens to achieve bend-
ing capacity, exhibit sufficient ductility, and demonstrate
the performance at the serviceability limit state. Fur-
thermore, reinforcing the openings by wrapping them
has also yielded similar results. The corrosion occurs in
structures due to leaks, water infiltrations, and other rea-
sons in water installations. In the literature, the studies
related to RC beams with openings, steel reinforcements
were used, and an effective solution against corrosion
could not be identified.

It is known that corrosion effects are particularly pro-
nounced in basement and ground floors, where power,
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water, sewage, and ventilation systems converge. In
addition, in this region, due to seismic effects, overturn-
ing moments and shear forces are also significant. RC
beams with weakened structural performance due to
openings will experience even more pronounced losses
when exposed to corrosion. Accordingly, in the present
study, RC beams with regular circular openings were
produced using only FRP reinforcements differing from
the other studies in the literature. The main aim was to
obtain RC beams with regular openings that are effective
against corrosion and can accommodate utilities (pipes
and channels). In this context, the effects of different
parameters (longitudinal reinforcement ratio, stirrups in
the posts, and diagonal reinforcements between open-
ings) on the flexural behavior, strength, and failure mode
of GFRP-RC beams with regular circular openings were
investigated.

2 Experimental Study

2.1 Test Specimens and Material Properties

Mansur (2006) made a definition of small and large open-
ings based on structural behavior. The opening was cat-
egorized as large if the ratio of the opening height to the
beam height is greater than 0.40, and as small if it is less
than 0.40. In the present study, this ratio was selected
as 0.48 (large opening). In addition, a circular opening
geometry without sharp corners has been preferred, as it
minimizes losses in both rigidity and strength (Tan et al.,
2001; Aykac¢ & Yilmaz, 2011; Aykag et al., 2013, 2014).

In the experimental study, a total of eight RC beams
were prepared. Each beam had a width of 200 mm, a
height of 336 mm, and a total length of 3000 mm, with a
clear span of 2800 mm. The study consists of two groups
based on whether the reinforcement ratio is moderately
or heavily. The main parameters were determined as the
reinforcement ratio, the use of short stirrups in the posts,
and the use of diagonal reinforcement between openings.
Each experimental group included reference beams with-
out openings, and the remaining RC beams had a total of
10 circular openings (9160 mm) along the span. The fab-
rication GFRP stirrups in the desired dimensions could
not be obtained. Therefore, the stirrups were prepared by
connecting four individual GFRP bars (©@8) with tie wire.

Special reinforcement details were utilized in all test
specimens to prevent different types of shear failures.
All test specimens had short GFRP stirrups (?8/6 mm)
at the upper and lower chords. In the constant moment
region (Fig. 2a-a, cross section), there were a total of five
and six GFRP (@12) rebars as tension reinforcement, for
the moderately and heavily reinforcement, respectively.
In other words, the moderate (p;p;=2.57) and heavily
(pypp=3.05) reinforcement ratios were approximately
2.57 and 3.05 times the balanced reinforcement ratio (pg,)
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Fig. 2 Reinforcement details of the specimens

according to ACI 440.1R-15 (2015). In this way (pf> pfb),
the RC beams were ensured to be designed as over-rein-
forced, meaning that the crushing of concrete preceded
the rupture of FRP reinforcement. In the same region of
the upper chord, two pairs of internal and external com-
pression reinforcement were used.

Vierendeel panel action behavior is a brittle fail-
ure mode commonly observed in RC beams with one/
multiple openings. Before RC beams reach their bend-
ing capacity, shear forces cause the formation of a total
of four plastic hinges (resulting in additional rotations)
in the upper and lower chords of the openings, leading
to the development of a collapse mechanism. The addi-
tional longitudinal reinforcements were utilized to pre-
vent Vierendeel panel action type failure in the shear
regions (Fig. 2b-b, cross section). The use of these addi-
tional reinforcements was aimed to enhance the bending
capacity of the chords, thereby preventing the formation
of plastic hinges. The specimens with heavily and moder-
ately reinforcement ratios, there were a total of five and
three ©12 mm GEFRP longitudinal reinforcement in the

Table 1 Test specimens

250 160 100 160 100 160 100 160 100 160 100 160

100 160 100 160 100 160 100 160 250

inner and outer layers of both the lower and upper chord
members, respectively.

The diagonal reinforcement and longitudinal reinforce-
ments in the posts and chords were preferred as 12 mm
diameter GFRP bars. The details about the test speci-
mens is presented in Table 1, while the reinforcement
details is shown in Fig. 2. In the nomenclature, the initial
capital letter “R” is used for reference specimens without
openings, while “C” is used for RC beams with circular
openings. The second capital letter “G” indicates that the
specimens are reinforced with only GFRP materials. In
lowercase letters, “x” and “s” signify the use of diagonal
reinforcement between the openings and short stirrups
in the posts, respectively, while “m” and “h” indicate the
moderately and high reinforcement ratios, respectively.

All test specimens were prepared by single pouring
the concrete. Due to the use of excessive reinforce-
ment in the chords and posts, a superplasticizer admix-
ture and aggregate with a maximum size of 11.2 mm
were preferred to allow the concrete to easily set-
tle into the molds. The average compressive strength

Group No Beam Opening Type Reinforcement ratio Diagonal reinforcement  Stirrups
in the
posts

1 RGm - Moderately - -

CGm Circular Moderately - -
CGsm Circular Moderately - v
CGxsm Circular Moderately v v

2 RGh - Heavily - -

CGh Circular Heavily - -
CGsh Circular Heavily - v
CGxsh Circular Heavily v v
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Fig. 3 Tensile test setup for GFRP reinforcement

Table 2 Mechanical properties of GFRP reinforcement

Diameter (mm) Modulus of Elasticity (GPa) Tensile
Stength
(MPa)

8 42 787

12 55 924

of 20 cylindrical samples (150x300 mm) taken from
fresh concrete was 31.32 MPa. The tensile test setup
for GFRP reinforcement is illustrated in Fig. 3, and the
mechanical properties are provided in Table 2.

The stages of the specimen preparation and the
details of reinforcement are illustrated in Fig. 4. In the
first step, molds were prepared. Subsequently, circular
pipes were mounted in the molds for the openings. Sec-
ondly, reinforcement were prepared for each element
and placed in the molds. Finally, concrete was poured,
and the test specimens were cured with tap water for
seven days.

Fig. 4 Preparation stages of the test specimens: a reinforcement details, b reinforcement skeleton, ¢ batching concrete
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2.2 Test Setup

All tests were carried out at the Structural Mechan-
ics Laboratory of Kirikkale University. The load was
applied to the system through a hydraulic jack connected
to a frame with a capacity of 250 kN, and it was meas-
ured using a load cell. The simply supported beams were
loaded at two points through a load-spreader beam. The
support points were located 100 mm from the ends of the
beam, while the load points were located 250 mm from
the midpoint of the beam. In addition, a/d (shear span
to effective depth) ratio were determined to be approxi-
mately 3.8. The vertical deformations were measured by
means of six transducers with a capacity of 150/250 mm.
Four of them were connected to the beam at the load
and support points. The remaining two were connected
to the front and rear faces of the beam at midspan to
detect any twisting rotations arising from the undesired
eccentric loading. The vertical deflections at midspan
were obtained from the average of these two measure-
ment values. The load and deflection measurements were
recorded by a data acquisition system and stored on a
computer. The test setup are illustrated in Fig. 5.

3 Experimental Results and Discussion

3.1 Failure Modes

The failure mode of the test specimens are provided in
Figs. 6, and 7. The reference RGm was the only test speci-
men that reaches the bending moment capacity. In the
constant moment region, concrete had crushed, exhibit-
ing behavior of an over RC beam (p>py,). After the ini-
tiation of conrete crushing, shear and debonding cracks
developed. Similar to the findings of Kytinou et al. (2022),
the slippage of longitudinal reinforcements did not affect
the type of failure or the bending behavior.
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Fig. 5 Test setup

In the test specimen RGh, the main shear crack devel-
oped before crushing of concrete and progressed towards
the compression zone, leading to simultaneous diagonal
shear and debonding failure. This type of failure trig-
gerred concrete crushing and the compression rebars
buckled. Although stirrups (?8/60 mm) were frequently
used to reach the bending capacity, their being prepared
by connecting four individual GFRP bars did not pre-
vent shear failure. None of the RC beams with openings
reached the bending capacity. In all of them, diagonal
compression struts formed between the lower and upper
chords. resulting in crushing in the shear zone. Beam
type and debonding failure between the tensile reinforce-
ment concrete were observed. The reasons for this type
of failure include the individual of short stirrups, the low
dowel action effect of GFRP longitudinal reinforcement,
and the significant role of openings in the web. As the
load level increases, in the layer of longitudinal reinforce-
ment near the openings in the lower and upper chords,
observed losses in bond occurred due to the presence of
openings, and debonding cracks developed parallel to
the longitudinal axis of the beam. Particularly in CGm,
CGsm, CGh, and CGsh specimens, debonding failure
became prominent at failure stage. The bond failure
resulted in the pullout of small individual stirrups located
in the chords. However, there was no damage observed

in the posts. Furthermore, similar to Kartal (2024), Vier-
endeel type shear failure did not observe in any of the RC
beams with regular circular openings.

CGxsm and CGxsh test specimens, which include
diagonal reinforcement between openings, were the test
specimens that have yielded closest results to the bend-
ing capacities, and limited damage was observed com-
pared to other RC beams. Diagonal reinforcements
in both directions served as tension and compression
struts, delaying shear-type failure in the beam. In addi-
tion, diagonal reinforcements prevented the progression
of debonding cracks, ensuring limited damage (Tan et al.,
2001; Ayka¢ & Yilmaz, 2011; Aykag et al., 2013, 2014).

The increase in longitudinal reinforcement ratio did
not cause a difference in failure modes in RC beams with
openings, while in reference specimens, it caused the fail-
ure mode to change from bending to bond + shear failure.
This situation is thought to be due to local weaknesses in
the concrete and/or FRP reinforcement.

In the present study, first cracking was observed
at low load levels in all beams, and the crack depth
reached significant values. The low modulus of elas-
ticity of FRP reinforcement compared to steel rein-
forcement causes serviceability limit state problems
(deformation and cracking). In order to overcome this
problem in RC beams, Wei et al. (2024) and Kartal
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Fig. 6 Failure modes of the RC beams
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Fig. 7 Failure modes of the RC beams

et al. (2023) stated that FRP reinforcements should be
used together with steel reinforcements, while Yang
et al. (2024) and Koura et al. (2024) suggested that dif-
ferent types of fibers should be used. In addition, Kar-
tal et al. (2021) stated that the predicted first cracking
load of FRP-RC beams is significantly lower than the
experimental data, which poses a major drawback for
structural safety. In addition, it has been suggested that
increasing the reinforcement ratio could be a solution
to this problem.
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Fig. 8 Load-deflection curves of the test specimens
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CGm

3.2 Ultimate Loads, Rigidities and Energy Dissippation
Capacities

The load—deflection curves of the test specimens are
given in Fig. 8. All of them were approximately linear
after the first cracking. In RC beams with openings, the
load abruptly dropped due to brittle shear failure. How-
ever, in RGm and RGh, the load—deflection curve became
horizontal with the beginning of concrete crushing and
upon the completion of crushing, the load dropped
suddenly.
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The rigidities (R), energy dissippation capacities (E,)
and ultimate load capacities (P,,,,) are presented in
Table 3. The beam rigidity is defined as the slope of the
line passing through the points corresponding to the
onset of the load—deformation curve and 70% of the load
capacity. The energy dissippation capacity corresponds
to the total area under the load—deformation curve.
In the calculations, the point where a 15% decrease
observed after reaching the load capacity has been taken
into account as the limiting value. In both experimental
groups, the rigidity, energy dissippation and load capaci-
ties of the specimens without openings (RGm and RGh)
were the highest.

The rigidity of the test specimens with diagonal rein-
forcement (CGxsm and CGxsh) was approximately the
same as that of the specimens witout openings [R,/R, (%)
value 101.07 and 97.57, respectively]. The load capacities
of CGxsm and CGxsh were about to 10% and 5% lower,
as compared to the realated reference specimens, respec-
tively. The specimens without diagonal reinforcement
had the lowest rigidity and load capacities within their
respective experimental groups.

The presence or absence of short stirrups in the posts
was not shown a significant effect on the relevant param-
eters. The main reason for this can be attributed to the
low confinement effect of individual stirrups. In each
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In Fig. 9, load—deflection curves are given to examine
the effects of the longitudinal reinforcement ratio param-
eter on test specimens with the same reinforcement
details. The rigidity, load, and energy dissippation capaci-
ties of these elements have been compared in Table 4. An
increase in the longitudinal reinforcement ratio resulted
in a slight increase in rigidity for all test specimens.

In the reference specimens, an increase in the rein-
forcement ratio resulted in an approximate 6% decrease
in load capacity, an approximately 7% decrease in
energy dissippation capacity, while rigidity exhib-
ited an approximate 17% increase. In RC beams with-
out stirrups and diagonal reinforcement (CGm and
CGh), about to 16% increase in rigidity, about to 11%
increase in load capacity and about to 1.5% increase
in their energy dissippation capacities were observed
with increasing the reinforcement raito. When com-
paring the CGsm and CGsh specimens, an increase in
the reinforcement ratio resulted in an approximate 10%
increase in load capacity, approximately 23% increase
in energy dissippation capacity, and approximately
12% increase in rigidity. On the other hand, compar-
ing the test specimens with stirrups and diagonal

Table 4 Effects of longitudinal reinforcement ratio on related

experimental group, the energy dissippation capacities  parameters

of the specimens with openings were significantly lower [~ Sh/Sm Ratio of related

compared to the reference specimens as a result of the parameters

shear failure. . RO E (%) P (%)

In the first experimental group, the losses between

approximately 50% and 71%, while in the second experi-  without openings RGh/RGm 11708 9230 93.92

mental group, the losses between approximately 59% and ~ without stirrups in the posts CGh/CGm 11634 10142 110.53

65%. The reason for the lower variability in the second  with stirrupsin the posts CGsh/CGsm 11144 12257 109.50

experimental group is the occurrence of shear failure  with stirrupsinthe posts CGxsh/CGxsm 11303 7163 9930

in the RGh test specimen simultaneously with concrete ~ 2nd diagonal reinforcement

crushing. Sh—beam with high reinforcement ratio

Sm—beam with normal reinforcement ratio

Table 3 Rigidities, ultimate load and energy dissippation capacities of the test specimens

Group Beam R (kN/mm) E, (kJ) P (kN) R/R, (%) E/E, (%) P./P, (%)

1st RGm* 2.81 12.30 165.33 100.00 100.00 100.00
CGm 2.57 3.84 11524 91.46 31.25 69.70
CGsm 2.71 3.76 112.52 96.44 30.54 68.06
CGxsm 2.84 6.08 147.98 101.07 4946 89.50

2nd RGh* 329 11.35 155.27 100.00 100.00 100.00
CGh 299 3.90 127.37 90.88 34.34 82.03
CGsh 3.02 4.61 123.21 91.79 40.56 79.35
CGxsh 3.21 436 146.95 97.57 38.39 94.64

" Reference specimen in each test group

R, E, and P, is the rigidity, energy dissippation and load capacity of reference specimen in each test group

Ry E; and P is the rigidity, energy dissippation and load capacity of the specimen
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Fig. 9 Load-deflection curves of the test specimens

Load

120

reinforcement (CGxsm and CGxsh), approximately 28%
decrease in energy dissippation capacity, approximately
13% increase in rigididity were observed. The load
capacities was not almostly changed, with a small dif-
ference of 0.70%. This situation was associated with the
increase in rigidity and the limited deformability capac-
ity of CGxsh.

Since the RGh reference specimen in the second
experimental group, which has a high reinforcement
ratio, did not reach its bending capacity, the calculated
values of E/E, and P,/P, were slightly overestimated
compared to those in the first experimental group.
Detailed evaluations of the load capacity, ductility (cur-
vature) and strain analysis for the specimens in the
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second group are provided in the fourth section (Ana-
lytical Study).

4 Analytical Study

4.1 Flexural Capacities and Stress—Strain Responses

The bending capacities of tested beams were calculated
using two different codes [ACI 440.1R-15, 2015 and CSA
$806-12, 2012] along with Todeschini et al. (1964) con-
crete stress—strain model. The analytical expressions are
detailed in Table 5. In Todeschini et al. (1964) concrete
model, the stress [f.(e,)] is expressed by a single func-
tion dependent on the concrete strain (¢,) and is given
in Eq. (1). The maximum compressive stress (f’) corre-
sponds to 90% of the compressive strength of standart
cylinder concrete (f)). 8;(g,) and k,(e,) represent the width
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and depth coefficients of the equivalent rectangular stress
block, respectively, and vary depending on the concrete
strain (Table 5):
% (%)
(o)
€o

During the calculation of load capacity and stress—
strain analyses, full bond assumption between concrete
and reinforcement is considered, and equality of strain
values in both concrete and reinforcement at the same
level is assumed. In addition, it is considered that GFRP
reinforcement has a completely elastic stress—strain
relationship. The calculated and the relative bending
capacities, based on experimental data, are provided
in Table 6. For the test specimen reaching the bending
capacity (RGm), all predictions have shown a conserva-
tive approach. However, the closest results (with about
a 4% difference) were obtained using the Todeschini
(1964) concrete model. However, the predictions were
obtained to be larger than the experimental load val-
ues for the other beams that did not reach the bending
capacity.

The Todeschini (1964) concrete model were employed
for stress—strain analyses of the beams. Fig. 10 shows
the stress—strain diagrams, while Table 7 exhibits the
concrete compressive depth (c), strains of concrete (g,)
and GFRP reinforcement (sf), and curvature values (K)
obtained from the analyses at ultimate load capacity.
Similar to experimental studies, the analyses indicated
that RGm reached the concrete crushing strain value
(as reaching flexural strength), while none of the other
beams achieved this. The strain values of FRP rein-
forcement (sf) for any specimen were not reached the
rupture strain (sfu).

Je(ee) = (1)
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In the second experimental group, due to the RGh test
element not reaching its bending capacity, a theoretical
test element (RGh*t) that achieves this bending capacity
has been included in Table 7 to ensure accurate evalua-
tion. RGh reached approximately 90% of its theoretical
capacity in terms of load, 85% in terms of curvature, and
85% in terms of FRP strain. RGm without openings had
the highest curvature and GFRP strain values and the
reinforcements utilized approximately 71% (ef/efu) of
their capacity. CGxsm with openings had larger concrete
and GFRP strain values, as well as curvature, compared
to RGh without openings. In addition, CGxsm had the
largest values after RGh without openings in the sec-
ond experimental group. Within their respective experi-
mental groups, Among the specimens with openings,
CGxsm and CGxsh had concrete strains that most closely
approach the crushing strain value (ec/ecu) and had the
highest curvature (Kr/Ks) values compared to the refer-
ence specimens. Similar to the experimental data, in each
experimental group, the highest curvature and FRP strain
values among the beams with openings were obtained
in the diagonally reinforced CGxsm and CGxshh speci-
mens. These results indicates the significance of diagonal
reinforcement in GFRP-RC beams with openings.

Table 8 provides the ratios of FRP strain, curvature, and
load capacity values in relation to the changes in rein-
forcement ratio between the two experimental groups.
In over-reinforced FRP beams, the increase in reinforce-
ment ratio does not necessarily enhance the bending
capacities of beams. The main reason for this random
relationship is the decrease in the strain of the FRP ten-
sion reinforcement with increasing reinforcement ratio.
As shown for RGh*t/RGm* in Table 8, despite a 15%
increase in the reinforcement ratio, the bending capac-
ity increased by approximately 9%, while the FRP strain
value decreased by about 8%. In addition, the curvature

Table 6 Experimental and analytical flexural strength values and ratios

Group Beam Prax (kN) Paciaa0 (kN) Pcsassos (kN) Proq, (kN) Prax/Paci a4 Praax’Pcsa ssos Praax/Prod
(%) (%) (%)

1st RGm 165.33 144.45 151.56 159.18 114.46 109.09 103.87
CGm 115.24 79.78 76.03 72.39
CGsm 112.52 77.90 7424 70.69
CGxsm 147.98 102.44 97.64 92.96

2nd RGh 155.27 157.60 165.02 17313 98.52 94.09 89.68
CGh 12737 80.82 77.19 7357
CGsh 12321 7818 74.66 71.16
CGxsh 146.95 93.24 89.05 84.87

Paci 440 Calculated load capacity according to ACI 440.1R-15
Pcsa ssos Calculated load capacity according to CSA S806-12

Proq. Calculated load capacity according to Todescihini concrete model
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Fig. 10 Stress—strain analyses of the test specimens at ultimate load capacity
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Table 7 Concrete compressive depth, strains of concrete and GFRP reinforcement, and curvature values

Group Beam P C(mm) £ & £/5.,(%) £7/54,(%) K(1/m) K /K, (%) P, ax (kN) P/Ps (%)

1st RGm* 0.0095 75.90 0.0038 0.0120 100.00 7143 0.050 100.00 159.18 100.00
CGm 61.50 0.00202 0.0084 53.16 49.76 0.033 65.60 11524 7240
CGsm 61.12 0.00196 0.0082 51.45 48.53 0.032 63.89 112.52 70.69
CGxsm 70.80 0.00318 0.0110 83.68 6548 0.045 89.71 147.98 92.96

2nd RGh*t 0.0110 82.50 0.0038 0.0110 100.00 64.00 0.046 100.00 173.13 100.00
RGh* 74.77 0.00293 0.0094 76.97 56.17 0.039 84.78 155.27 89.68
CGh 6746 0.00206 0.0076 54.21 45.18 0.031 67.39 127.37 7357
CGsh 66.65 0.00196 0.0073 51.58 43.65 0.029 63.04 123.21 7117
CGxsh 72.20 0.00263 0.0089 69.08 52.76 0.036 78.26 146.95 84.88

" Reference beam
RGh*'—therotical beam
Kr—curvature of reference beam

Ks—curvature of beam

underwent an 8% decrease. In RC beams with openings,
as the reinforcement ratio increased, the load capac-
ity reached a maximum increase of approximately 11%,
while a maximum decrease of around 20% in curvature
and approximately 19% in FRP strain values took place.
Similarly, Abed et al. (2021) reported that as the rein-
forcement ratio increased for FRP-RC beams, the strain
in the reinforcement decreased.

4.2 Shear Capacities

The shear capacities of tested beams without open-
ings were calculated using two different codes (ACI
440.1R-15, (2015) and CSA S806-12, 2012). In the cal-
culations using CSA S806-12 (2012), the inclination
angle of main shear crack was assumed 45° and all
material coefficients were assumed to be 1. The analyti-
cal expressions are detailed in Table 9. The calculated
and the relative shear capacities, based on experimental
data, are provided in Table 10. The shear strengths of
reference test specimens were estimated more conserv-
atively with CSA S806-12 (2012). RGm, which reached
flexural capacity, did not reach shear capacity accord-
ing to ACI 440.1R-15 (2015) (V,,,,./V,, acs 220="76.86%).
However, it became the sole test specimen to achieve
shear capacity according to CSA S806-12 (2012) (V,,,./
V,-csa ssos=108.26%). RGh did not reach shear capacity
according to both codes; however, experimental shear
strengths very close to those predicted by CSA S806-
12 (2012) were obtained (V,,,./V,.csa ssos=97-70%).
The findings according to Liang et al. (2023) indicated
that the shear strength predictions by CSA S806-12
(2012) for RC beams with FRP stirrups, were more pre-
cise compared to different codes. Experimental shear
strengths for RC beams with openings were also more
closely estimated through CSA S806-12 (2012). For the

Table 8 Effects of longitudinal reinforcement ratio on related
parameters

(pAh/(pdm Sh/Sm Ratio of related parameters
£ (%) K (%) Pax (%)
1.15 RGh*/RGm* 91.67 92.00 108.76
CGh/CGm 9047 93.94 110.52
CGsh/CGsm 89.02 90.63 109.5
CGxsh/CGxsm 80.90 80.00 99.3

(0ph—high reinforcement ratio

(pAm—moderate reinforcement ratio

test specimens CGxsm and CGxsh, which particularly
include diagonal reinforcement, the values of V,,,./V,_
csa ssog are approximately 97% and 92.5%, respectively.

4.3 Deflection Calculations

According to the Euler-Bernoulli theory, shear deflec-
tions in RC beams are negligible compared to bending
deflections. However, in RC beams with openings, rigid-
ity decreases, and deflections tend to increase. Although
cracks and additional deflections resulting from shear
effects around openings are intended to be confined by
special reinforcement details, deflections due to shear
reach an significant level that cannot be neglected.

4.3.1 Bending Deflection Calculation of RC Beams

The moment—area theorem has been employed for bend-
ing deflections (). J; for solid RC beams are calculated
according to Eq. (2), while for RC beams with openings,
d; calculated based on the model provided in Fig. 11
using Eq. (3):
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Table 9 Shear strength calculation principle of RC beams according to ACI 440.1R-15 (2015) and CSA S806-12 (2012) codes

ACI 440.1R-15 (2015) CSA S806-12(2012)
V. (shear strength contribution Ve = 04/T:b,,d(kd) Ve = 0.05pckmkekska (F) by, d,
of concrete) k = \/2p¢ns + (prne)’ — peny VAN
m = (*d> <1
M

k=14 (orEp)/ 3

o (750N
T \450+d/)

25V
kg=(——d) <1
‘ < M ) -

Vi, (shear strength contribution Vip = Anfrd Vip = 04drAnlndy ~r g
. s s

of FRP stirrups) fa, = 0.004E4, < fryy fs, < 0.005E¢,

v, V=V+ Vi,

V, total shear strength capacity, k ratio between the depth of the neutral axis of the cracked transformed section, n,ratio of the modulus of elasticity of FRP bars (E)
to the modulus of elasticity of concrete (E,), Ay, cross sectional area of transverse reinforcement, f;, transverse reinforcement stress, E;, modulus of elasticity of the FRP
stirrups, s spacing of stirrups, k,, moment-shear interaction factor, k, longitudinal reinforcement stiffness factor, k; size effect factor, k, effect of arc action coefficient,
¢, resistance factor for concrete, A concrete density factor, M, factored moment, V;factored shear force, d, =max(0.9d; 0.72 h) effective shear depth, Q inclination angle
of main shear crack, ¢, resistance factor for FRP reinforcement

5 = 4.374 x 108£ @) E. = 4700\/f. (4)
‘ In Eqs.(2-3) before the first cracking, the uncracked

transformed moment of inertia (/) is utilized. In this
(3) model, the modular ratio (n=E/E,) is used to transform
all reinforcements into an equivalent concrete area. I, is
calculated for RC beams with/without openings accord-

ing to Egs. (5, 6), respectively:

1.698 x 108 2.676 x 108
5f =P +
E.l El,

where P and E, represent the applied load in Newton and
the modulus of elasticity of concrete in MPa, respectively.

I'and I, represent the moment of inertia (in mm?) of the by i3 h 2
solid and sections with openigs, respectively. In deflec- I = ot bwh (2 - )’1> +n-1)
tion calculations, the modulus of elasticity of concrete E,, (5)
according to the ACI (2019) calculated using the follow- Af(d — y1)2 + (n— DAy (dp — y1)2
ing equation:
Table 10 Experimental and analytical shear strength values and ratios
Group Beam Vinax (kN) Vir-aciaa0 (kN) Vir-csassos (kN) Vinax'Vi-aci 440 Vinax/Vi-csa ssos
(%) (%)
1st RGm 82.67 107.55 76.36 76.86 108.26
CGm 57.62 53.58 7546
CGsm 56.26 5231 73.68
CGxsm 73.99 68.80 96.90
2nd RGh 77.64 110.65 79.46 70.16 97.70
CGh 63.69 57.56 80.15
CGsh 6161 55.68 77.53
CGxsh 7348 66.40 9247

V. nax Maximum experimental shear force
v,

n

v,

n

_aci440 Calculated shear strength capacity according to ACI 440.1R-15 (for RC beams without openings)

_csa ssos Calculated shear strength capacity according to CSA (for RC beams without openings)
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by h? h 2 )
== +mm<2—yg + (1 — DA (d — )
boh?
+ (1 — DAy (dp —y1)” — 12q

(6)
where /,, (equivalent opening depth) is calculated as the
ratio of the circular opening area to the opening width
(b,). In other words, the circular opening area has been
transformed into an equivalent rectangular area at the
center of the section. d and d, represent the depths from
the outermost compression face to the center of the ten-
sile and compressive reinforcements, respectively. y,
shows the depth of the transformed section center rela-
tive to the outermost compression face. A;and A, sym-
bolizes the total tensile and compressive reinforcement
areas, respectively.

The effective moment of inertia expression by Bischoff
(2005) (Eq. 7) has been employed for the calculation of
bending deflections after the first cracking:

1 M\ 1 Mo \?| 1
=< cr>+ 1_( cr> 1 @)
Ly \M.) I M) |1
where M, and M, represent the first cracking and
the applied moments, respectively. The experimental

first-cracking loads have been used in the calculation
of deflections for each beam. I, exhibits the cracked

‘_‘_ S N
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Fig. 11 a Details, b flexural rigidity model, ¢ bending moment
diagram, d M/El diagram for the beams
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moment of inertia and is calculated for both RC beams
with and without openings using the following equation:

b

3
wsc +nAr(d — ¢)* + (n — DAy(c — dp)* (8)

]cr -

4.3.2 Shear Deflection Calculation of RC Beams

with Openings
Mansur and Tan (1999) developed Eq. (9) to calculate
deflections (9,) resulting from shear forces around open-
ings in RC beams with limited number of web openings:

Vi3

T 12E.(I, + 1)) ®)

v
where V represents the shear force, while /, symbolizes
the effective distance between the plastic hinges. I, and
I, are the effective moments of inertia of the upper and
lower chords, respectively. It was assumed for deflection
calculations, the upper chord remains uncracked, while
the lower chord is considered cracked. The uncracked
and cracked moments of inertia expressions were
employed for the calculation of I, and I, respectively.

[, is the effective length of the hinging location which is
utilized instead of the actual length (/). The main reason
for this is to include the deflections arising from addi-
tional rotations in the beam due to cracks at the end of
the chords. Mansur and Tan (1999) suggested Eq. (10) for
l, using the experimental data of Huang (1989) and Man-
sur et al. (1992):

Lo
15
= ()
Ayka¢ and Yilmaz (2011), Aykag et al., (2013, 2014)
indicated, similar to the present study, that the plastic
hinge mechanism does not occur in RC beams with cir-
cular openings. Kalkan et al. (2021) on the other hand,
studied on deflection calculations in RC beams with
openings. [, was proposed by calculating the value by
considering the length of the group of openings remain-
ing under the maximum shear load in RC beams that
Virendeel panel action type of shear failure does not
occur, According to this approach, in the present study,
a value of 940 mm for /, has been included in the calcula-
tions to encompass four openings and the posts between
them. In addition, in the group of openings located in the
shear zone, the shear force is constant and equal to P/2.
Accordingly, shear deflections have been calculated tak-
ing into account V=_P/2 as in Eq.(9).

le = (10)
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4.3.3 Total Deflection Calculation of RC Beams
with Openings

Kalkan et al. (2021) demonstrated that the total deflec-
tion resulting from shear and bending (6=09,+46,) devi-
ates from experimental data in RC beams with regular
web openings. In this context, Kalkan et al. (2021) uti-
lized experimental studies available in the literature to
develop the principle of deflection equality at the service
load level and proposed magnifying the total deflections
(6) for each geometry of opening with a different coeffi-
cient. The coefficient (&) proposed for RC beams with cir-
cular openings is 1.18. The increased total deflection (§*)
values have been calculated [Eq. (11)] with the coefficient
of a (1.18) Experimental and analytical load—deflection
curves of the beams are presented in Fig. 12. In Fig. 12,
"(e)" represents the experimental curve. "(f)", "(f+s)" and
"*" are the predicted curves correspond to only bending
(6f), the total of bending and shear (), the increased total
deflection (&%) values, respectively.

Kalkan et al. (2021) calculated the coefficient @ con-
sidering long-term loads (0.60f,;) for serviceability limit
state as specified in Eurocode 2 (CEN, 2004). f,; repre-
sents the characteristic compressive strength of concrete.
Accordingly the strain of concrete, deflection and load
values for the serviceability limit state were estimated
using the Todeschini (1964) concrete model in the pre-
sent study. The experimental and anayltical deflections at
the service load level are given in Table 11.

Deflections at the service load level were predicted with
an average approximate accuracy of about 97% (Table 8).
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estimates according to various structural concrete codes.
The obtained results are listed as follows:

+ In each test group, the rigidity, load-carrying capac-
ity, and energy dissippation capacities of the refer-
ences are the highest within their respective test
groups. However, in specimens with openings,
decreases are observed in all mentioned parameters.

+ The only specimen reaching the flexural capacity is
RGm. In GFRP-RC beams with regular web open-
ings, concrete crushing in the diagonal direction and
bond failure at the level of openings were observed
simultaneously in the lower and upper chords in the
shear zone. Therefore, none of them could reach the
flexural capacity. It can be attributed to the low depth
of the chords, the contribution of low shear strength
of the short individual stirrups, and the low dowel
action of the longitudinal GFRP reinforcement. With
the beginnging of concrete crushing in reference
specimens, the load—deflection curve flattens hori-
zontally, whereas in specimens with openings, the
load values dropped abruptly due to brittle shear fail-
ure.

+ With an increase in the reinforcement ratio, the
rigidity of RC beams with openings has shown a
slight increase. Generally, there is a tendency for
an increase in both the load-carrying capacity and
energy dissippation capacities. However, exceptions
to this general trend include RGh not to reach the
flexural capacity and the lower energy consumption

. 1.698 x 108
"=axd=ax |P +
E.l E.l,

2.676 x 108)

P/2(le/2)° ) )

12Ec(1u + Il)

5 Conclusions

The present study is an attempt to unfold the flexural
behavior of RC beams with multiple regular web open-
ings and non-corroding GFRP reinforcement. The study
focused on the load—deflection behavior of these beams
with a special emphasis on the flexural reinforcement
ratio and special reinforcement schemes (short stirrups in
the chords and diagonal reinforcement around the open-
ings) against various shear failure modes (beam-type,
frame-type and Vierendeel panel action) in RC beams
with openings. Within this scope, a total of 8 RC beams,
including two reference ones, were tested to failure under
four-point bending. The effects of these parameters on
the failure mode, load and energy dissippation capaci-
ties were examined. In addition, the prediction of load—
deflection curves of the beams and stress—strain analyses
have also been conducted. Finally, the experimental fail-
ure loads of the beams were compared to the analytical

of CGxsh compared to CGxsm in cross-reinforced
specimens.

o As a result of stress—strain analyses, it has been
demonstrated that the maximum strain values in
both concrete and FRP reinforcement, as well as the
maximum curvature values, occur in the reference
test specimens. However, these analyses have also
showed that the use of diagonal reinforcement in RC
beams with openings provides significant strength
and strain capacity as compared the other RC beams
with openings.

« It has been concluded that the presence of short stir-
rups in the posts has no effect on the rigidity, load-
carrying capacity, and energy dissippation capacities.
This situation can be explained by the low confine-
ment effect of the short stirrups.
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Table 11 Experimental and anayltical deflections at the service

load level
Group Beam P (kN) &, (mm) &, (mm) &, /5 ., (%)
Tst CGm 5303  18.08 1873 96.53
CGsm  53.03 18.99 18.73 101.39
CGxsm  53.03 17.51 18.73 93.49
2nd CGh 58.15 17.77 18.28 97.21
CGsh 58.15 17.62 18.28 96.39
CGxsh 5815 17.65 18.28 96.55

P, load at service limit state
6.exp €xperimental deflection at service limit state

8, ., analytical deflection at service limit state

The present study constitutes the first stage of the
research on RC beams with openings against corrosion
effects. In the second stage, the use of new non-corrosive
materials with higher shear strength as shear reinforce-
ment is planned. In addition, accelerated corrosion tests
will be included in the subsequent stages of research to
determine the effects of corrosion on structural behavior.

6 Future Research Needs

FRP reinforcement is generally more costly than tradi-
tional steel reinforcement. Due to their great corrosion
and chemical resistance, FRP reinforcing bars can sig-
nificantly reduce maintenance costs over time. Therefore,
FRP bars are widely used in aggressive environments
such as the conditions in the marine structures, bridges,
and chemical plants. FRP bars are lighter than steel bars,
making transportation and installation of these bars eas-
ier. However, they are also more brittle and must be han-
dled with care. Unlike steel, GFRP bars cannot be easily
bent or cut on-site. Special tools and pre-shaped bars
(stirrups) are required. Due to the different mechanical
properties of GFRP bars, some adjustments in structural
design may be needed. Many countries do not have spe-
cific structural codes and standards for the use of FRP
reinforcement. Therefore, project managers and engi-
neers must ensure compliance with local codes.

FRP reinforcement research topic involves gaps such
as long-term durability, economic analysis and large-
scale corrosion tests. In addition, structural health
monitoring for diagnosing damage in RC structural ele-
ments have become popular recently. This topic is also
important for structural members reinforced with FRP
and it has the potential to be investigated in the future
studies, as the one conducted by Chalioris et al. (2021).
In this study, a low-cost wireless monitoring system
was used to detect concrete cracking and steel rein-
forcement yielding and the effectiveness of this method
was shown. In order for the use of FRP reinforcement
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to become more widespread and increase its preva-
lence, similar innovative studies regarding FRP-rein-
forced structural elements are necessary.

The current codes predominantly address GFRP
(extensive research has been conducted on GFRP-related
topics) and a large percentage of all published papers is
related to the performance of FRP in concrete beams
and columns. Therefore, further research is necessary to
establish a basis for incorporating the other types of FRP
and other structural elements into future code revisions.
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