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ABSTRACT

The objective of this study is to evaluate the mechanical behavior of GRFP in massive concrete slabs.
The use of glass fiber reinforced polymer (GFRP) rebars in construction design has been an alternative
technique to provide more durable structures. However, there is a need to evaluate the behavior of
GFRP reinforced slabs under flexure and to compare the service state (SS) and ultimate service state
(USS) of the loaded element. Thus, reinforced concrete slabs of varying thicknesses were constructed
with steel and GFRP rebars. Results show that the applied load for maximum span deflection of the
GFRP slab under SS was 50% lower than for the one with steel reinforcement. The maximum span
deflection of the GFRP slab under USS was also 282% larger than for steel rebars reinforcement.
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Comparacéo do comportamento mecanico de lajes reforcadas com PRFV e
aco

RESUMO

O objetivo deste estudo € avaliar o comportamento mecanico do GRFP em lajes macicas de
concreto. O uso de vergalhdes de polimero reforcado com fibra de vidro (PRFV) no projeto de
construcdo tem sido uma tecnica alternativa para fornecer estruturas mais duraveis. No entanto,
existe a necessidade de avaliar o comportamento das lajes refor¢cadas com PRFV sob flexdo e
comparar o estado de servigo (SS) e o estado de servigo ultimo (USS) do elemento carregado.
Assim, lajes de concreto armado de espessuras variadas foram construidas com vergalhdes de aco
e PRFV. Os resultados mostram que a carga aplicada para a deflexdo maxima do véo da laje de
PRFV sob SS foi 50% menor do que para aquela com armadura de ago. A deflexdo maxima do
vao da laje de PRFV sob USS também foi 282% maior do que para armaduras de vergalhdes de
aco.

Palavras-chave: CRFV; estrutura de concreto; lajes; resisténcia a flexdo; comportamento
mecanico.

Comparacién del comportamiento mecanico de losas reforzadas con PRFV y
acero

RESUMEN

El objetivo de este estudio es evaluar el comportamiento mecanico del PRFV en losas de hormigon
macizo. El uso de barras de refuerzo de polimero reforzado con fibra de vidrio (PRFV) en el disefio
de la construccion ha sido una técnica alternativa para proporcionar estructuras mas duraderas. Sin
embargo, es necesario evaluar el comportamiento de las losas reforzadas con PRFV bajo flexion
y comparar el estado de servicio (SS) y el estado de servicio final (USS) del elemento cargado.
Asi, se construyeron losas de hormigon armado de diferentes espesores con acero y barras de
refuerzo de PRFV. Los resultados muestran que la carga aplicada para la deflexion méaxima del
vano de la losa de PRFV bajo SS fue un 50% menor que para la de la placa con armadura de acero.
La deflexion maxima del tramo de la losa de PRFV bajo USS también fue un 282% mayor que la
del refuerzo de barras de refuerzo de acero.

Palabras clave: PRFV; estructura de hormigon; losas; fuerza flexible; comportamiento mecénico.
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1. INTRODUCTION

The use of fiber reinforced polymer (FRP) in structures, both in reinforced concrete or structural
elements with varying profile, has been increasing (Satasivam et al., 2018). As a result, studies to
evaluate the advantages of FRP reinforced concrete have been conducted in several countries.
These studies evaluated the mechanical properties of FRP and its potential effect on performance
when incorporated in a structural element (Ahmed et al., 2020; Gajdosova et al., 2020; Gravina et
al., 2020; Zhang et al., 2021; JI.1. bounanerosa, 2013). Specific standards for FRP rebars and
reinforced structures were developed among the world such as ACI 440.1R-15 (2015), CAN/CSA
S806-12 (2012), CNR-DT 206 (2006), GOST 31938 (2014), GOST 30247.0 (1994) and GOST
32486 (2013).

Corrosion is the most relevant degradation mechanism in steel reinforced concrete structures and
has the most impact, be it from contact with carbon dioxide or chloride ions (Gajdosova et al.,
2020). Steel reinforcements under corrosion degrade, decreasing the structural stability of the entire
material (Jabbar; Farid, 2018). This phenomenon by itself demonstrates the importance of FRP
reinforcement since it does not corrode and extends the useful service life (USL) of the structure.
Studies have already proven that FRP is resistant to alkaline environments such as cementitious
matrices (Gravina et al., 2020; Manalo et al., 2020).

On the other hand, since FRP is a composite made up of fibers and resin, a specific combination of
materials must be used depending on its application to ensure certain durability characteristics of
the element (Bakouregui et al., 2021). into FRP to produce Glass Fiber Reinforced Polymer
(GFRP). However, the type of fiberglass used must also be alkali-resistant (Arczewska; Polak;
Penlidis, 2021).

Reinforced concrete slabs are important structural elements that absorb and distribute the loads of
a building and are subjected primarily to flexure (Mahroug; Ashour; Lam, 2014). Several studies
examined the effect of different types of FRP in the behavior of slabs and beams (Ahmed et al.,
2020; Ashour, 2006; Barris et al., 2013; Mahroug; Ashour; Lam, 2014; Noél; Soudki, 2014;
Satasivam et al., 2018). However, Kaszubska et al. (KASZUBSKA; Kotynia; Barros, 2017) noted
that a stumbling block in the use of FRP was that this type of reinforcement rebar had linear-elastic
behavior and low modulus of elasticity, which made it prone to fragile rupturing when subjected
to a high tensile stress leading to sudden failure.

Steel reinforced concrete projects take advantage of the potential of both materials, that is the
compression strength of concrete and tensile strength of steel. In this case, the strength of steel is
fully utilized when the reinforcing steel starts yielding and contributes to the ductility of the
structure (Shi et al., 2020). In the case of FRP reinforced concrete projects, excessive yielding of
the member is undesirable since FRP does not yield, displays a linear elastic behavior and element
deformation is larger than steel (Chu; Hossain; Lachemi, 2020).

The deformation of FRP rebars directly affected structural performance and USL (Starkova et al.,
2012). There were three stages of FRP deformation. In the first stage, deformation was observed
mostly on the resin due to its low modulus of elasticity and redistribution of stresses in the fibers
(Shietal., 2015). The second stage contained a slow increase in deformation due to the constructive
characteristics of the rebar such as void spaces in the resin and fiber. The third stage occurred when
the rebar stress exceeded 60% of its ultimate stress (Wang et al., 2014).

In the case of GFRP, the ratio between maximum deformation and initial elastic deformation
decreased when the applied stress exceeded 30% of its maximum tensile strength (Najafabadi et
al., 2018). Mechanical tests on GFRP reinforced slabs subjected to flexure at ambient and elevated
temperatures were conducted by Gao et al. (Gao et al., 2020) and Rosa et al. (Rosa et al., 2020).
However, these studies focused on the load bearing capacity and final deformation of the elements.
The aim of this study, therefore, is to enhance knowledge on the mechanical behavior of GFRP
reinforced slabs of different thicknesses under flexure. Experimental and Analytical studies were
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conducted to evaluate the SS and USS of GFRP reinforced slabs in comparison with steel. A
detailed study on the occurrence of first crack loads for different slab thicknesses was carried out
and its relation to the maximum moments was analyzed

2. MATERIALS AND METHODS

Twelve slabs were produced with 3,000 mm in length and 1,100 mm in width. Thicknesses (w)
selected were 70 mm, 100 mm and 120 mm. Reinforcement was provided from GFRP rebars 8 mm
in diameter and three test slabs set up was done or each slab thickness. For comparison purposes,
3 slabs of 100 mm thickness were manufactured with steel rebars of the same diameter. The test
samples were identified as GFRP-70 (w = 70 mm), GFRP-100 (w = 100 mm), GFRP-120 (w =120
mm) and Steel-100 (w = 100 mm). The slabs with cross sections shown in Figure 1. The concrete
strength class was 40 MPa, as recommended in standard C143-20 (ASTM, 2020).
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Figure 1. Sample cross section of slabs of this study (dimensions in mm)
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Both GFRP and steel rebars had nominal diameters of 8 mm and cross-sectional area of 40.5 mmz2.
The GFRP rebars were manufactured in a pultrusion process with type E fiberglass fibers
impregnated with epoxy resin. The external surface of the GFRP rebars had grooves matching the
type of fiber and resin used in manufacturing. Steel rebars were A615/A615M-14 carbon steel. The
mechanical properties of the rebars used in this study are shown in Table 1. The GFRP bars were
evaluated following the ASTM D7205 standard and the steel bars following the ASTM A615
prescriptions.

Table 1. Mechanical properties of GFRP and steel rebars of this study

Property Steel GFRP
Compression strength (MPa) 500 300

Tensile strength (MPa) 500 1,000
Shearing strength (MPa) 500 150
Modulus of elasticity (GPa) 210 50

The slabs were subjected to 4-point static flexural bending tests as shown in Figure 2. The load
capacity of the apparatus was of 300 KN monitored by a 50 kN load cell of 0.01 kN resolution. Slab
deflection was measured with two linear variable displacement transducers (LVDT) with 0.002
mm resolution placed at the ends of the middle of the span. Load and deflection data were recorded
with a rate of 10 Hz. Test methodology was prescribed displacement at a rate of 5 mm/min.
Experimental maximum loads were analyzed and compared to nominal moments calculated
analytically in accordance with standard ACI 440.1R-15 (ACI 440.1R-15, 2015). The GFRP slabs
were evaluated for two failure modes: (a) failure governed by concrete crushing and (b) failure
governed by FRP rupture as shown in Figure 3.

OO0 00O OL{0
O OO O O 040

bo100 L joo L 100 )
10pp 280 1110

i 300
(a) (b)
Figure 2. Flexural bending test apparatus dimensions in centimeters: (a) test body placement and
instrumentation and (b) actual test under way.
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a) Failure governed by concrete crushing
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Figure 3. Flexural rupture conditions for FRP reinforced concrete.
Source: ACI 440.1R-15 (2015).

The resulting flexural rupture mode depended on the relation between reinforcement ratio and
balanced reinforcement ratio. The reinforcement ratio (pf), shown in Eq. 1, is the ratio between the
effective cross-sectional area of the reinforcement with respect to the effective cross-sectional area
of concrete. The balanced reinforcement ratio (pfb), shown in Eq. 2, is the reinforcement ratio at
which failure mode transition occurs. If pf was less or equal than pfb (pf < pfb), rupture was
controlled by stress on the FRP rebar. If pf was 1.4 times greater or equal than pfb (pf > 1.4 pfb),
rupture occurred from concrete crushing. But if pf was less than pfb and less than 1.4 pfb (pf < pfb
< 1.4 pfb), rupture occurred both from concrete crushing and FRP stress.

A
. i
Pr = bxd

Eq.1
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From the analysis of rupture mode with respect to reinforcement ratio, the nominal moment
strength of the slabs (M,,) could be determined. In the case of concrete crushing rupture, the
moment is given by Eq. 3. In the case of FRP rebar rupture, the moment is given by Eq. 4. The
nominal moment of either failure modes must be multiplied by a reduction coefficient (&) given
by Eq. 5. Calculations were done as per ACI 440.1R-15 (ACI 440.1R-15, 2015) and compared with
maximum moments and deformation limit moments from experimental data. From these results,
the safety coefficients of each of the tested structural slab element was evaluated.
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3. RESULTS

3.1. Experimental GFRP flexural bending behavior
The results from the 4-point flexural bending tests on the GRFP slabs are shown in Table 2.

Table 2. Average values and standard deviation of properties measured on GFRP reinforced

slabs.
P . Slabs
OPETY ™ GRFP-70 (70 mm) | GRFP-100 (100 mm) | GRFP-120 (120 mm)
f1 (KN) 0.2+0.01 6.5+ 0.99 12.6 £ 0.80
61 (mm) 0.2 +0.05 3.8+0.54 7.1+0.86
féss (KN) 0.3+0.03 7.5+0.54 13.3+0.60
fu (KN) 5.8 +0.27 42.8+2.20 457 +0.11
&8ss (mm) 255 + 180 209 + 139 116 + 040
Mer (KN.m) 0.2+0.01 6.4 +0.97 12.3+0.78
Mmax (KN.m) 5.7+0.27 42.0+2.16 448 +0.11
MLp initial/ Mer 0.9+ 0.00 0.5+ 0.00 0.2 £0.00
M b final/ Mmax 0.0 +£0.00 0.0 £ 0.00 0.0 £ 0.00
f1— maximum load at first crack; 81— deflection at first crack; fé&ss. — maximum load for
SS; fu — maximum load ; 6ss — maximum deflection for SS; M¢— moment at first crack;
Mmax — maximum moment, Myp,initial — moment at initial load decrease, MLp final —
moment at final load decrease

Table 2 shows that f1 for all slabs was lower than the displacement load of L/250 for 11.2 mm,
considering the specimen size. The values of f1 and f8SS also increased as slab thickness increased
but at a low rate. Nonetheless, the formation of the first crack was delayed and the gain in rigidity
was basically due to the slab thickness.

The f1/ f6SS ratio approached 1.0 as slab thickness increased: 0.66 for GFRP-70, 0.87 for GFRP-
100 and 0.95 for GFRP-120. Decreased rigidity of an element was linked to premature occurrence
of the first crack, as noted by Jabbad and Farid (Jabbar; Farid, 2018). Consequently, thinner slabs
with less concrete present relied on the reinforcement ratio to resist concrete cracks (Ebead,;
Marzouk, 2004). Thus, in the case of the 70 mm GFRP slab, increases in reinforcement ratio would
bring more relevant by increasing the Mcr than increasing the slab thickness.

Increases in slab thickness limited deformability, which was expected from reference studies
(Peled; Bentur; Yankelevsky, 1998). The GRFP-120 slabs had the least deflection, of up to 116
mm, which was less than half of the maximum span deflection measured for GRFP-70. Moments
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Mcr and Mmax also increased with increasing slab thickness, with a 70% increase in thickness
resulting in a 7 fold increase in Mmax. As the loading decreased with respect to increase in centre
line deflection (verified in a deflection curve), the instantaneous moments at load decrease (MLD)
were determined. In the case of GRFP slabs, higher deformability was a consequence of the 50
GPa modulus of elasticity of the reinforcement, which made MLD more important in the first 1/3
of the loading curve due to cracking.

Also noticeable in Table 2 was that the MLD, initial/Mcr ratio decreased as slab thickness increased.
The value of MLD was substantial for GFRP-70 slabs, representing nearly 90% of the load for the
first crack to occur. This ratio decreased to 50% for GFRP-100 and 20% for GFRP-120. Even for
thicker slabs, this load decrease resulting from the further formation or propagation of cracks would
be of interest, as noted by Zheng, Yu (Zheng; Yu; Pan, 2012).

Thicker slabs had more control over cracking since reinforcements were closer to the edges being
stressed. In the case of the thinner GRFP-70 slab, the concrete cover was 20 mm, reinforcements
were closer to the center of gravity of the element rather than the edge and the thinner slab also had
a smaller moment arm. These characteristics resulted in a delay in redistributing of the loads and
more significant drops in stress.

Figure 4 shows the data points and curve fits of cracking moment (Mcr), maximum moment
(Mmax) and moments at initial and final load decreases (MLD, initial/Mcr and MLD,final/Mmax)
with respect to slab thickness for all GRFP slabs.

14- - -50 1 00 -0.05

124 41983, A44.77],-45 - -, .
- 7 42348 [40 = B 0.84 -F0.04 .2
2 10- Tl L35 E E ~o 003 o g
Z 2l aite L 30 E = 0.64 ™ - é =" A0.03 F0.03 E
<) < . )5 = .8 ®-49--~ E
5 6 ~7 637 (50 & 5044 R L 0.02 .5
Z 4] -7 152 5 L ~ A

) e 10 = S 0.24 ’ = ~90.206 }0.01 =

i ” -
0 P67 163 . I 0 At , 0
70 100 120 70 100 120
Thickness (mm) Thickness (mm)
(a) (b)

Figure 4. (a) Cracking and maximum moments and (b) MLD ratios with respect to thickness of
GRFP reinforced slabs of this study.

Figure 4(a) shows that Mcr increased as slab thickness increased, and the values were correlated
since the curve fit had R2 = 1. The same analytical result was observed for Mmax. As for the ratios
of Fig. 4(b), MLD,initial/Mcr decreased as slab thickness increased. This behavior was attributed
to the increase in rigidity of the element, which was directly related to the change in inertia as
thickness increased. The My p initiq; femained proportional between the slabs as a result of all slabs
being produced with the same type of concrete with a tensile strength of approximately 3.2 MPa.
On the other hand, MLD, final/Mmax remained essentially at zero for all slabs. This was
representative of the lack of or negligible drop in loads at the last 1/3 of the deflection curves of
Figure 5. Figure 5 also shows that, at the initial and final stages of the test, there were formation
and propagation of several cracks, respectively as observed by (Ahmed et al., 2020). This was a
result of reinforcement stretching across the crack and was an expected behavior also observed in
the studies of (Barris et al., 2013; Erfan et al., 2021).
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Figure 5. Deflection curves for GFRP reinforced slabs of this study, a) Useful service life; b)
Design service life.

Figure 5(a) shows SS loads and their fluctuations up to a deflection of 11.2 mm. Slabs GFRP-100
and GFRP 120 presented reduction in load and high deflections, with similar behavior,
characterizing the multiple cracking behavior. Slab GFRP 120 showed a reduction in both the
major cracking and span deflection. Only the slabs identified as GFRP-70mm did not behave
similarly, due to the propagation of a single crack. The SS loads presented several peaks indicative
of early cracks before the deflection limit in the analysis was reached. This was a result of the
relation between cracking load and SS deflection limit. As slab thickness increased, the curves
became more similar but the number of drops in load decreased. This was in agreement with the
hypothesis of increased element rigidity and delayed crack nucleation at larger thicknesses (Jabbar;
Farid, 2018).
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The USS results of Fig. 5(b) show distinct initial and final stages for all slabs. In the case of GFRP-
100 and GFRP-120, the occurrence of drops in load and number of peaks dampened once loading
reached 50% of the maximum value. These behaviors were due to GFRP rebars having modulus
of elasticity of similar value as the type of concrete used. Drops in load and increase in deflection
were indicative of the formation of new cracks without activity from the rebars, which acted as
passive reinforcement at this stage. Reinforcement became active once concrete crackd and
stretched the fibers across the openings. This required higher loads to be applied to form new cracks
as higher stresses were needed to open new cracks. If the load limit for new cracks were not
reached, propagation of the older cracks occurred.

Shear force

Thensile strain Rhenddstriat

Shear force

Figure 6. Stress distribution in the interface region between GFRP rebar and crack which led to
shearing rupture.

It should be noted that rupturing occurred suddenly in the elements despite high flexibility. Figure
6 shows the stress distribution in the interface region between GFRP rebar and propagated crack.
As cracks propagated, rebars rotated with respect to the crack inducing combined tensile and
shearing stresses in the interface region. This occurred at the detached segment of the opening and
at the end of the crack, where the rebar remained bonded to the concrete and followed the same
angle of deformation as the element. The measured deflections exceeded acceptable values for
concrete elements set by standards ACI 318, EN1992-1-1, ABNT NBR 6118 and others.
Misalignment between the crack walls induced shearing on the GFRP rebar. This was noticeable
in the visual appearance of the GFRP rebar after slab rupture shown in Fig, 7. Thus, the sudden
rupture of the elements was a result of the combined stresses due to tension and shearing of the
rebars.
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Figure 7. Visual appearance of GFRP rebar after rupture from internal shear caused by crack
propagation in the slab

3.2. Comparison between steel and GFRP reinforced slabs

The 100 mm thick slab with steel reinforcement was compared with GFRP-100 and the results
shown in Table 3. Both slabs had similar performance in that they crack before the applied load
reached f6SS. However, as shown in Table 3, the specific values of f8SS were distinct for each
type of reinforcement. Steel had a higher modulus of elasticity then GFRP and, by extension, higher
f6SS. While this presented superior and predictable behaviors, the maximum load (fu) of the steel
slab was lower and the maximum deflection (8USS) was 65% lower than the value for GFRP-100.

Table 3. Average values and standard deviation of properties of 100 mm thick slabs with steel or
GFRP reinforcement.

P ¢ Slab with h=100 mm
roperty Steel GFRP-100
f1 (KN) 10.2 +1.02 6.5+ 0.99
61 (mm) 2.41 +£0.04 3.8+0.54
féss (KN) 15.0 + 0.60 75+0.54
fu (KN) 37.2+0.43 42.8+2.20
duss (mm) 7.4+1.93 20.9+1.39
Mer (KN.m) 10.0 +1.00 6.4 +£0.97
Mmax (KN.m) 36.5+0.42 42.0+2.16
M_pinitiat/ Mcr 0.0 £0.00 0.5+0.00
MLD,finaI/Mmax 00 + 000 00 + 000

The modulus of elasticity of each type of reinforcement affected the deformability of the element.
Steel has a modulus of elasticity 3 to 4 times higher than GFRP and, by extension; steel elements
should have deformations of around 3 times smaller. However, results showed that the maximum
load (fu) was lower for the steel slab due to GFRP having higher tensile strength than steel.

Comparisons of the deflection curves between steel and GFRP reinforced slabs are shown in Figure
8 for SS and USS. Results are shown for each of the 3 samples of each type of slab. The drop in
loads for SS, when evaluated as MLD along the curves, showed that the steel slab had variations
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of Mcr around 13 times smaller and Mmax around 2 times smaller than GFRP-100. This result was
also attributed to the difference in modulus of elasticity between the materials. For the USS curve,
the steel slab also presented an upwards gain in strength which, after stabilizing, represented the
yield of the material. In contrast, the behavior of GFRP-100 presented a steady increase in load
until sudden rupture. This linear behavior between stress and deformation was noted on individual
rebars by Sadraie, Khaloo and Soltani (Sadraie; Khaloo; Soltani, 2019) and shown in this study to
also apply to reinforced slabs.
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—GFRP-70mm -1 ---GFRP-70mm -2
— - -GFRP-70mm - 3 ——GFRP-100mm -1
17,50 - — — GFRP-100mm - 2 — - GFRP-100mm -3
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Figure 8. Deflection curves of slabs with steel reinforcement and GFRP-100, a) Useful service
life; b) Design service life.

The SS curve of Fig. 8 also shows drops in load of less than 1 kN for the steel slab which became
more intense in the final 1/3 of the curve. In comparison, GFRP-100 presented more relevant drops
in the initial 1/3 and final 1/3 of the curve. This indicated that the steel slab had better control over
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cracking and had more cracks with small openings, which explained the smoother drops in load. In
the last 1/3 of the curve, the steel reinforcement was at the creep limit which amplified drops in
load as the response time of the material was already compromised by stretching. The visual
differences in cracking on the stressed face of the steel reinforced slab and GFRP-100 are shown
in Figure 9.

TR

STEEL GFRP-100
Figure 9. Crackd face of the steel reinforced slab and GFRP-100.

Overall, it could be stated that the magnitude of reduction in load due to cracks and the number of
peaks in the load curve were related to the modulus of elasticity of the reinforcement, while Mmax
was related to the stress limit of creep of the reinforcement. Since the GFRP rebars had higher
strength, GFRP-100 was able to reach higher Mmax than the steel slab even if the rebars were
ruptured from shearing.

3.3 Experimental and analutical comparative analuysis

Table 4 presents the maximum flexing bending moment (Mmax) obtained from experimental data
and the nominal moment (Mn) calculated from Eq. 3 and Eq. 4 of standard ACI 440.1R-15 (ACI
440.1R-15, 2015).

Table 4. Comparison of experimental and analytical moments for GFRP reinforced slabs.

Moments Slab thickness
70 mm 100 mm 120 mm
Mmax (kN.m) 5.7 42 44.8
Mn (KN.m) 5.99 10.94 13.86
Mmax
M, 0.95 3.84 3.23

The comparative analysis of Table 4 shows that the experimental flexural bending moments for
thicker slabs were higher than the analytical values. In contrast, for the thinner 70 mm slab, the
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analytical moment was higher than the experimental value. In terms of the Mmax/Mn ratio, it could
be stated that the thicker 100 mm and 120 mm slabs had a higher margin of safety than the 70 mm
slab.

Figure 10 shows a graphical comparison of the experimental and analytical flexural bending
moments. The analytical moment had a proportional behavior between Mmax and slab thickness,
indicating that slab thickness had little effect in gains in strength. On the other hand, experimental
moments showed clear gains in strength as slab thickness increased. It should be noted all slabs
had the same reinforcement ratio regardless of thickness.

50 1
® Mn ° ¢
40 )
 Mmax ey = 76.573In(x) - 317.35
— ot 2_ 006G
2 50 R>=0.9264
2
g
S 20 y = 14.502In(x) - 55.676
R'=0.9986 .o
104 e
‘ .
0 . . . . .
70 80 90 100 110 120

Slab thickness (mm)
Figure 10. Experimental and analytical flexural bending moments with respect to slab thickness

The comparative analysis demonstrated an elevated margin of safety. However, the maximum
applied load that resulted in the maximum flexural bending moment should not be considered an
effective moment under normal operating conditions since it did not include creep effects and long-
term loading. This is due to conditions of use of the structure, since if the deformation exceeds the
limit, the structure is considered inoperative. On the other hand, calculated nominal moments were
lower since they included creep effects and other factors in their analytical expressions. Standards
ACI 318, EN1992-1-1, ABNT NBR 6118 and others defined an upper limit to specific
deformations of rebars in order to prevent excessive deflection of structural elements. Also, Fakoor
and Nematzadeh (Fakoor; Nematzadeh, 2021) stated that above 8% specific deformation, the
structural element is no longer planar and consequently no longer compatible with Hooke’s law.
Another analysis could be done considering that, for the 70 mm slab, the calculated reinforcement
ratio is lower than the balanced reinforcement ratio. Consequently, the thinner slab ruptured from
concrete crushing while thicker slabs ruptured from rebar stresses. Thus, for thicker slabs, the
decrease in load capacity must account for the creep of the rebar material. Since GFRP rebars had
a relatively low modulus of elasticity, deformation from long-term loads were lower (Gonilha;
Correia; Branco, 2013; Mias et al., 2013).

The effects of short and long-term loading on beams with GFRP reinforcement were evaluated by
Mias et al. (Mias et al., 2015). Results showed that flexing-induced cracks had openings 25%
larger for beams subjected to long-term loads.
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4. CONCLUSIONS

The conclusions obtained in this study are:

- The increase in the thickness of GFRP-reinforced slabs resulted in an effective linear increase in
load capacity and a decrease in deflection, due to the greater stiffness of the element;

- The deflection curves of the GFRP slabs, especially those related to the USS, reflected the same
linear behavior as experiments conducted only with reinforcing bars;

- The comparison between the types of reinforcement determined that the GFRP-reinforced slabs
presented greater deflection than the steel-reinforced slabs. This was attributed to GFRP having a
modulus of elasticity approximately 4 times lower than steel,

- The load of the first crack evidenced in the steel-reinforced slab and in the GFRP-reinforced slab,
both with the same thickness and number of bars, was 10.2 kN and 6.5 kN, respectively. However,
if the slab thickness is increased by 2 cm, the first crack load is increased, reaching a value of 12.6
kN;

- The experimental results were compared with analytical calculations of international standards.
Since the experimental analysis did not include all the coefficients in the mathematical expressions,
it was expected that the experimental results would be superior to the analytical calculations, and
this was correctly proven in the results of this study. Showing that the technical standard used to
calculate GFRP reinforced structures is too conservative, and the mitigation coefficients can be
revised.
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