Heliyon 9 (2023) e17674

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Check for

Experimental investigation on the behavior of fly-ash based | et
geopolymer reinforced concrete beams strengthened with CFRP

Ahmed S. Eisa®, Mostafa H. Ahmed® ", Ivo Demjan ”, Dusan Katunsky ©"

@ Department of Structural Engineering, Faculty of Engineering, Zagazig University, Zagazig, 44511, Egypt
Y Institute of Structural Engineering and Transportation Structures, Faculty of Civil Engineering, Technical University of Kosice, Slovakia
¢ Institute of Architectural Engineering, Faculty of Civil Engineering, Technical University of Kosice, Slovakia

ARTICLE INFO ABSTRACT
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Fly-ash due to the corrosion of internal steel reinforcement, variations in temperature, and increasing
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loading. As a result, several experimental studies have been performed to investigate the struc-
tural behaviour of strengthening RC beams with CFRP sheets, but few for GPC beams; therefore,
Shear stren - this investigation focuses on the behaviour of strengthening GPC beams with CFRP sheets. In this
gthening

Ultimate capacity load experimental work, a set of ten specimen beams with the same cross section of 100 x 250 mm and
CFRP sheet 850 mm length with a 750 mm clear span were cast in two groups of five beams each. First group
Ductility index.) (flexural group) to study the flexural behavior, and the second one for the shear behaviour (shear
group). In each group, the first beam was carried out as an RC control beam and the second as a
GPC control beam without strengthening, while the other three beams were cast as GPC beams
and strengthened with various schemes of CFRP sheets. All specimens were tested up to failure
under two-sided static loading (four-point bending). The first cracking, yielding, and ultimate
failure loads, the deflection values at midspan, the longitudinal bar strain, and the concrete strain
were recorded for all tested specimens. The experimental results indicated that the Flextural
Strengthening of GPC with CFRP sheet increased the First Cracking, yield and ultimate load ca-
pacity by 25.33%, 15.3% and 15% respectively, as well as, deflection was decreased by 16% on
average while ductility and toughness have improved by 10% and 12% on average compared to
R.C Beam.On the other side, the Shear Strengthening of GPC with CFRP strips increased the First
Cracking, yield and ultimate load by 43%, 70% and 68% respectively, as well as, shear ductility
has improved by 8% on average compared to R.C Beam. Overall, the different schemes of
externally bound CFRP sheets have improved the flexural and shear behaviour of GPC beams.

1. Introduction

In the last century, the demand for concrete has increased daily to keep up with the development in the construction field, and so
has the production of ordinary Portland cement (OPC), the leading material for the concrete industry. Portland cement-based concrete
has become the second most widely used material worldwide after water, and it was expected that the global annual cement pro-
duction would be 5.9 billion tons in 2020 [1]. Moreover, it’s increased by 10% every year [2]. The massive production of Ordinary
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Portland Cement OPC, which consumes a lot of energy and natural resources, emits a lot of carbon dioxide CO2 into the atmosphere. It
has been discovered that producing 1 ton of OPC requires approximately 2 ton of raw materials such as shale and limestone and emits
approximately one ton of CO2. Furthermore, the cement industry emits approximately 7% of total greenhouse gas emissions GHGs that
cause global warming [3-5]. CO2 is one of the GHGs responsible for approximately 65% of global warming [6,7]. Simply put, the more
OPC produced, the more CO2 emissions there will be, as well as the decay of confined natural resources [8,9]. Therefore, researchers
around the world do their best to find an alternative binder material to replace OPC and produce eco-friendly concrete.

A new eco-friendly, sustainable, durable, and cost-effective material called “geopolymer” has attracted attention as an alternative
binder to reduce the production of OPC. It was first used by Davidovits in 1970 [10]. Geopolymer binder is a new inorganic polymeric
system of alumino-silicates that was formed by using silica and alumina that are available in clay (metakaolin) [11]. Geopolymer
binder is the result of a reaction between solid aluminosilicate powder and alkaline activator solutions. It has structural strength from
the polycondensation of alumina and silica precursors with a high content of alkali activator [12]. According to the presence of
calcium, the precursor materials are classified into two groups: low calcium and high calcium [13]. Low calcium precursors include
fly-ash Class F, silica fume (SF), metakaolin (MK), red mud (RM), and rice husk ash (RHA), while high calcium precursors include
fly-ash Class C and ground granulated blast furnace slag (GGBFS) [13]. The low-calcium fly ash has silicon and aluminium oxides that
react with the alkaline solution to form the geopolymer paste, which binds fine and coarse aggregates as well as other unreacted
components together to form the geopolymer concrete [14].

Geopolymer concrete GPC is a new generation in the construction industry. It has significant benefits, such as reducing the emission
of global warming gases and using industrial waste for the production of concrete [15]. The utilisation of GPC has reduced the emission
of CO2 by 80-90% compared to that of OPC concrete [16]. In addition, GPC has recently gained popularity among all binder materials
due to its effective cost, excellent durability, good resistance to chemicals and fire, low permeability, low thermal conductivity, less
energy consumption, eco-friendliness, as well as earlier compressive strength [17-21]. Therefore, GPC has proven its efficiency to be a
better alternative to OPC concrete. Among precursor materials, fly ash is the most popular source material that is used to produce GPC
[4,14,22]. The utilisation of low-calcium fly ash-based GPC was recommended as a replacement for OPC concrete because it performed
better and had fewer environmental disasters [2]. Fly-ash-based GPC shows many advantages. Compared to OPC concrete,
low-calcium fly ash-based GPC has excellent compressive strength, significant resistance to chemicals and acid attacks, suffers very
little shrinkage, and has low creep [7].

Several researchers have studied the structural behaviour of GPC. It is determined by the bond between the concrete element
composition and the embedded length of steel bars [14]. It was found that when fly-ash-based GPC beams were subjected to flexure
loading, they behaved similarly to OPC beams in terms of first cracking load, cracking width and length, load defection curves,
stiffness, failure mode, and ultimate failure load [23,24]. Beam effective depth (d), shear span to depth ratio (a/d) [25], support
conditions, longitudinal [26], and transverse reinforcement ratio [27] are the main parameters that affected the shear capacity of GPC
beams. Sharmila [25] investigated the shear strength of fly ash-based GPC beams with various ratios of a/d and found that the inclined
angle of the diagonal crack varied with a/d values for all beams and the load deflection curve was almost linear for lower a/d ratios.
Chang [26] studied the shear capacity of fly ash-based GPC beams with various ratios of longitudinal reinforcement and found that the
shear capacity of the beams was affected by the longitudinal reinforcement ratio and increased with it.

Recently, the need to strengthen and rehab existing RC structures has increased due to corrosion of internal steel reinforcement,
variations in temperature, and increasing loading. Several experimental and numerical studies were carried out to study the structural
behaviour of RC members strengthened with FRP materials. Among different types of FRP composite materials, CFRP is the most
popular and applicable for strengthening RC structures due to its numerous advantages, including high strength compared to its
weight, durability, versatility, flexibility in application techniques, ease of handling and installation, high fatigue property, and low
thermal conductivity [28]. For strengthening beams with CFRP, several studies were carried out for RC beams but little for GPC beams.
Sherwin [29] investigated the flexural strength of GPC beams strengthened with CFRP sheet and compared them with the control GPC
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Fig. 1. (a) Fly-ash. (b) Sodium hydroxide. (c) Liquid Sodium Silicate.
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beams. They found that the first cracking load, service load, yield, and ultimate load were higher compared to GPC control beams, and
that the failure modes and crack pattern were less severe compared to GPC control beams.

2. Experimental program
2.1. Material used

Two sizes of crushed gravel (dolomite) were used with maximum nominal diameters of 9.2 mm and 18 mm and a specific gravity of
2.7. Dolomite was used as an alternative for gravel due to its coarser and more irregular surfaces, as well as its high surface area-to-
volume ratio. The aggregate was washed with water before use to reduce the wastage of mixing water and allowed to dry at room
temperature. It was then kept in stocks so that there would be no change in their properties as a result of vibration.

Natural and clean sand with a maximum nominal size of 4.6 mm and a fineness modulus of 2.77 was used as fine aggregate for all
mixes. It was free of impurities, silt, clay, and inorganic compounds, as well as washed before usage and dried at room temperature. To
achieve the desired consistency of the concrete mixture, sand accounted for 0.35 by weight of the total aggregate and dolomite
accounted for 0.65 by weight of the total aggregate in all concrete mixes.

Low-calcium fly-ash class (F) was used in this investigation, as shown in Fig. 1a. It has a grey color, a fine powder texture, and
spherical particles as well as a lubricating effect that improves the flow and pumping of concrete while reducing the amount of water
required. It was brought from SIKA Egypt, for a construction chemicals company as provided by manufacturer’s datasheet [30] and
according to ASTM 618-19 [31], as shown in Fig. 1a. Table 1 displays the physical and chemical properties of fly ash as determined by
the Zagzig University faculty of science laboratory.

Alkali activator solution is a mixture of two chemical components Sodium hydroxide (SH)and Liquid Sodium Silicate (LSS) as
shown in Fig. 1b & c. The Sodium hydroxide NaOH was used as pellets, of 490 gm in 1 L, which can be dissolved into water to have the
required molarity of 12 M and 98% purity of NaOH. The second one was Liquid Sodium Silicate Na3SiO3 which had 34.64%, 16.27%
and 49.09% of SiO, Na20 and water respectively by weight. Sodium hydroxide solution was mixed with Liquid Sodium Silicate
immediately before casting of all specimens to have the required alkaline activators. Table 2 shows the chemical properties of Sodium
hydroxide and Liquid Sodium Silicate that was tested in zagazig univeristy laboratories.

The carbon fabric that is used in the strengthening of the GPC beams is commercially known as SikaWrap® 230C and was brought
from the SIKA Egypt company, as shown in Fig. 2a. It’s a uniaxially woven CF fabric with mid-range strength that can be installed using
both dry and wet application methods. Table 3 shows the mechanical properties of the carbon fabric that was obtained by the
manufacturer and used in this research.

Sikadur® 330 is a two-component system comprised of a white thixotropic epoxy-based impregnating resin and a grey adhesive.
They are combined to form a light grey paste (resin part A and hardener part B are weighted at 4:1). Sikadur® 330 was brought from
the SIKA Egypt company and used for SikaWrap® fabric installation using the dry application technique. Table 3 shows the mechanical
properties of the impregnation resin that was obtained by the manufacturer.

2.2. Specimens details and preparations

In this experimental work, a set of ten tested beams with the same cross section of 100250 mm and 850 mm length with a 750 mm
clear span were cast, and the ratio between shear span and depth (a/d) was equal to 1. All specimens were tested up to failure under
two-sided symmetric static loading (four-point bending) as shown in Fig. 3. All the tested beams consisted of two groups of five beams
each. The first group (flexural group) had 2 ¢ 10 lower reinforcement, 2 ¢ 8 upper reinforcement, and 8 ¢ 8 stirrups, as shown in Fig. 4.
The second group, to study shear behaviour (shear group), had 2 ¢ 12 lower reinforcement, 2 ¢ 10 upper reinforcement, and 3 ¢ 8
stirrups, as shown in Fig. 5. For all tested beams, the deflection and longitudinal steel strain were measured at the mid-span of beams,
as well as the surface strain at the top and bottom faces of beams, using concrete strain gauges. Table 4 describes the experimental
programme and the strengthening schemes of GPC beams with CFRP sheets in shear and flexural. Fig. 6(a,b and c¢) show the Flexural
strengthening schemes with CFRP sheets while Fig. 7(a,b and c) show the shear strengthening schemes with CFRP strips.

Table 1
The properties of Fly ash, that used in this research.
Fly-Ash
Physical Property Measured Value Chemical Property Measured Value (%)
color Grey (Blackish) Si0, 57.3
specific gravity 2.62 CaO 1.34
Al,03 30.8
Fey03 5.02
NayO 0.08
SO3 0.05
MgO 0.95
K50 1.05
LOI 0.8

Cl 0.04
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Table 2

Chemical properties of NaOH and NaySiOs.
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Sodium hydroxide NaOH

Sodium Silicate Na,SiO3

Chemical Property Value Chemical Property Value
Dry fabric density 1.82 g/em?® Dry density 1.3+ 0.1 kg/L
Dry fabric thickness 0.129 mm Tensile Strength 30 MPa
Dry Tensile Strength 4000 MPa Elastic modulus in flexural 3800 MPa
Modulus of Elasticity 230 GPa Elastic modulus in tension 4500 MPa
Elongation at Break 1.80% Elongation at Break 0.7%
() (b)
Fig. 2. (a) Carbon fiber. (b) Sikadur® —330 (Impregnation resin).
Table 3
The mechanical properties of carbon fabric and Sikadur® —330 (Impregnation resin).
Carbon fabric Sikadur® —330
Property Value Property Value
Dry fabric density 1.82 g/em?® Dry density 1.3+ 0.1 kg/L
Dry fabric thickness 0.129 mm Tensile Strength 30 MPa
Dry Tensile Strength 4000 MPa Elastic modulus in flexural 3800 MPa
Modulus of Elasticity 230 GPa Elastic modulus in tension 4500 MPa
Elongation at Break 1.80% Elongation at Break 0.7%
P/2 P/2 {A)
£ £
£ £
s s
& ]
50 mm, 250 mm N 250 mm . 250 mm ,50 mm
q A 1 1 A 1
L 850 mm

v
1

Fig. 3. Beams dimensions and loading system.

According to several studies [32,33], it has been found that the molarity of sodium hydroxide ranged from 8 M to 16 M, the alkali to
fly ash ratio ranged from 0.25 to 0.75, and the ratio of liquid sodium silicate Na2SiO3 to sodium hydroxide NaOH ranged from 0.17 to
3. It was also reported [34] that for good strength properties in geopolymer concrete, the Na2SiO3 to NaOH ratio should be 2.5, the
alkali to fly ash ratio should be 0.55, and the water to geopolymer solid ratio should be 0.25. Therefore, 12 standard cubes with 150 x
150 x 150 mm side lengths were cast and tested at the age of 28 days as trial mixes to determine the compressive and splitting tensile
strengths of geopolymer concrete according to ASTM C109 [35] and ASTM C496 [36], respectively. Table 5 shows mixture proportions
for 1 m3 of RC control beam and mixture proportions for 1 m3 of GPC beams.


astm:C109
astm:C496
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Fig. 4. Beams reinforcement details for flexural group.
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Fig. 5. Beams reinforcement details for shear group.
Table 4
The strengthening schemes of CFRP in flexural and shear groups of tested beams.
Flexural Group Shear Group
BF1 Reinforced Concrete RC control beam without strengthening BS1 Reinforced Concrete RC control beam without strengthening
BF2 Geopolymer Concrete GC control beam without strengthening BS2 Geopolymer Concrete GC control beam without strengthening
BF3 GPC beam with single flat layer width 100 mm at tension face BS3 GPC beam with single vertical U-shape layer strip width 150 mm
BF4 GPC beam with U-shape layer width 300 mm BS4 GPC beam with two vertical U-shape layer strip width 50 mm
BF5 GPC beam with double flat layer width 100 mm at tension face BS5 GPC beam with double vertical U-shape layer strip width 150 mm

2.3. Mixing and curing process

All tested specimens were cast in two groups (flexural and shear groups). Each group consists of five beams, six standard cubes, and
three standard cylinders. All required materials were prepared at room temperature. Firstly, the wooden forms, cubes, and cylinders
were cleaned and painted with oil to prevent concrete sticking, then the reinforcement steel was fixed in the wooden forms with a
concrete cover for it. Fly ash, sand, and dolomite were placed in the mechanical mixer and mixed for about 2-3 min. After that the
liquid solutions (Sodium hydroxide and sodium silicate) were added with additional mixing water to the mixture pan with continuous
mixing for about 3 min to have the required workability. All specimens were poured in layers and vibrated on a laboratory vibration
table for 10-15 s. Then they were left for 24 h in the wooden form after the end of the casting process, as shown in Fig. 8a. After that, all
GPC specimens were removed from the wooden form as shown in Fig. 8b and c and cured in a dry oven at a temperature of 100 C for 24
h as shown in Fig. 8d, while RC specimens were curdled by covering them with wet towels until the age of 28 days. Finally, GPC
samples were removed and placed at room temperature for a total of 28 days.

2.4. Installation of carbon FRP sheets

The CFRP sheet, which is known commercially as SikaWrap® 230C, was cut to the required size as shown in Fig. 9a. The surfaces of
the beam that would be strengthened were roughed and cleaned of dust, as shown in Fig. 9b. The sikadur® —330 was mixed to make
the light grey component (resin part A: hardener part B = 4:1, respectively, by weight), then applied to the required surfaces of
strengthening beams where CFRP sheets will be installed and pressed to remove inside voids and make sure that the sheet was fully
saturated with resin as shown in Fig. 9c. Before testing, concrete strain gauges were installed at mid-span of the upper and lower
surfaces for all beams after roughing it with sand to achieve coherence between gauges and concrete surfaces, as shown in Fig. 9d.

2.5. Testing setup

Initially, all beams were painted white to aid in the observation of crack propagation with necked eyes. The available hydraulic
testing machine (Avery Denison-England, 1000 KN) was suitable based on the dimensions and span of the tested beams. The tested
beam was installed on two roller supports with a clear span of 750 mm and 50 mm of free space on each side. The applied load of the
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Fig. 6. Strengthening schemes with CFRP for flexural group. (a) Beam BF3 with single flat layer
width 100 mm at tension face. (b) Beam BF4 with u-shape layer width 300 mm. (c) Beam BF5 with double flat layer width 100 mm at tension face.

hydraulic machine will be transmitted to the tested beam through a spreader beam or steel I-beam that is welded to two cylindrical
rods from the bottom with 250 mm spacing between the two rods to ensure that the load is transmitted to the tested beam at two points
(four-point loading according to ASTM C78), as shown in Fig. 10a. After that, the electrical strains and load cells were connected to the
data logger to record load and strains, respectively. The LVDT was fixed at mid-span for all tested beams and connected to a data logger
to measure deflection in mm. Finally, with the beginning of loading, the applied load will be transmitted to the tested beam through a
steel I-beam to make the data logger start recording and storing readings. Fig. 10b shows a schematic for loading and set-up.

3. Results and discussions

The trail mixes of RC and GPC cubes and cylinders were tested at 28 days of age to make sure that all beams have achieved the
required compressive and splitting tensile strengths. It was found that the average compressive strength of RC cubes was about 35.2
MPa, while it was about 37 MPa for GPC cubes. The splitting tensile strength of RC cylinders was about 2.42 MPa, and it was about

2.65 MPa for GPC.

3.1. Flexural strengthening

Results were discussed and presented in terms of first cracking load, ultimate failure load, deflection at mid-span, longitudinal bar
strain at mid-span and transverse stirrup strain at mid-shear span zone, concrete strain at top and bottom faces, crack pattern, and
mode of failure for flexural group beams.

3.1.1. The cracking, ultimate load and failure mode

As shown in Fig. 11(a-e), the flexural beams had failed under flexural mode of failure. For beams strengthened with CFRP sheets,
the failure mode starts with small tension cracks at mid-span zone, then, yielding of steel followed by rupture of CFRP sheet, and
crushing of the concrete at the compression zone. Table 7 shows the first cracking, yield, and ultimate load of flexural beams. It was
observed that the first cracking load of the GPC control beam (BF2) is increased by 18% compared with (BF1). By using CFRP sheets,
the first cracking loads were increased by about (20% & 32% and 24%) for strengthened beams (BF3 & BF4 and BF5) respectively,
compared with (BF2). It was also observed that, the ultimate failure load of GPC control beam (BF2) has increased by 11% compared to
RC control beam (BF1). By using CFRP sheets, the ultimate failure loads were increased by (10% & 16% and 19%) for strengthened
beams (BF3 & BF4 and BF5) respectively. This indicated that, the various schemes of CFRP sheets have enhanced the failure load
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Fig. 7. Strengthening schemes with CFRP for shear group. (a) Beam BS3 with single vertical u-shape layer strip width 150 mm. (b) Beam BS4 with
two vertical u-shape layer width 50 mm. (c) Beam BS5 with double vertical u-shape layer width 150 mm.

Table 5
Mixing Proportions for 1m3 of RC and GPC beams.

Mixing proportions for 1m3 of RC control beams (Kg/m>)

Sand Kg/m3 Dolomite Extra water Kg/m3 Cement Fly ash Kg/m3 Sodium Silicate Kg/m3 Sodium Super plasticizer
Kg/m3 Kg/m3 Hydroxide Kg/m3
4.7-10 10-15 Kg/m3

650 650 650 190 400 - - - -

Mixing proportions for 1m3 of GPC control and strengthening beams (Kg/m®)rowhead

580 590 590 95 - 410 165 41 8

capacity of flexural GPC beams and using double flat layer of CFRP at tension face is the best technique for improving the load capacity
of GPC beams. The failure modes of Flexural group beams is presented in Fig. 11(a—e).

3.1.2. Load-deflection curves

As shown in Fig. 12, All tested beams have the same behaviour in linear and nonlinear stages especially for controls beams BF1 &
BF2 while strengthened beams exhibited a higher post stiffness and increase in the first cracking, yield and ultimate load capacity as
well as a significant decrease in deflection copmared to control beams. The deflections were measured at mid-span of all tested beams
and indicated that, under the same value of GPC Control beam Load at different stages, the deflection had decreased significantly for
strenghtened beams. As shown in Table 6 that, the deflection at yield load of GPC control beam BF2 has a lower value by 6% compared
to R.C beam BF1, while strengthening beams with CFRP sheets it was decreased by (9% & 5% and 8%) for (BF3 & BF4 and BF5)
respectively compared to GPC beam BF2 with about 7.33% decrease on average. Also it was found that, the ultimate failure deflection
of the RC beam (BF1) equals 3.62 mm while the ultimate failure deflection of the GPC beam (BF2) equals 4.20 mm, and this shows that
the ultimate failure deflection of the GPC has increased by 16% compared with the RC control beam BF1. By applying CFRP sheets, the
deflection of strengthened beams has decreased by about (23%, 11%, and 16%) for beams BF3 & BF4 and BF5, respectively, compared
to the GPC control beam BF2 with about 16.66% decrease on average. It was also observed that GPC beams strengthened with U-shape
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(a)

K

@ ) (@

Fig. 8. Casting and curing process for all specimens. (a) Beams immediately after casting. (b) GPC Beam after 24 h from casting. (c) Cubes
specimens after 24 h from casting. (d) Curing of specimens in the dry oven.

Fig. 9. Installation process of CFRP sheets. (a) Cutting the CFRP as the required size. (b) Roughing the concrete surface of tested beams. (c)
Installation of CFRP with epoxy resin. (d) Concrete strain gauges for tested beams.

(b)

Speared Beam

Roller support

VL /]

Fig. 10. Testing setup. (a) Loading Procedures for tested beams. (b) A schematic for loading and test set-up.
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(o) (d)

(e)

Fig. 11. Crack Pattern for Flexural group beams. (a) Crack Pattern for RC control beam BF1. (b) Crack Pattern for GPC control beam BF2. (c) Crack
Pattern for strengthened GPC beam BF3. (d) Crack Pattern for strengthened GPC beam BF4. (e) Crack Pattern for strengthened GPC beam BF5.

250 -
200

150

Load (KN)
8

50

Deflection (mm)

Fig. 12. Load-deflection curves for Flexural group beams.
layer BF4 and Double flat layers BF5 had stiffer behaviour when compared to control GPC beams.

3.1.3. Steel and concrete strains

As shown in Fig. 13a, the longitudinal bar strain of GPC control beam has increased slightly compared to RC beam. By using CFRP
sheets, the longitudinal bar strains of strengthened GPC have decreased significantly at the same value of the applied load, and the
same for transverse stirrup strain, as shown in Fig. 13b. For concrete strain, as shown in Fig. 13c¢ & d, the concrete strain at top and
bottom faces of GPC control beam has increased slightly compared to RC beam. By using CFRP sheets, the concrete strains of
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Table 6
Stiffness characteristic of Flexural group beams.
Beam Symbol Pc (KN) Pc/Pc* Pu (KN) Pu/Pu* S¢ (mm) du (mm) Pre-cracking Post cracking E.A1 KN.mm E.A2 KN.mm
Stiffness KN/mm  Stiffness KN/mm
BF1 103 1.00 166 1.00 1.51 3.62 68.21 45.85 110 370
BF2 122 1.18 185 1.11 2.08 4.20 58.65 44.04 138 397
BF3 146 1.20 204 1.10 2.12 3.22 68.86 63.35 146 254
BF4 161 1.32 214 1.16 2.29 3.72 70.30 57.52 198 358
BF5 152 1.24 220 1.19 2.02 3.50 75.24 62.85 154 362

(,pc, pu): Cracking and ultimate failure load.
(pc*, pu*): Cracking and ultimate failure load for GPC control beam (BF2).
E.A1, EA2: Pre and Post cracking energy absorption.
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Fig. 13. Load verse steel and concrete strains for Flexural group beams. (a) Longitudinal bar strain at mid-span of flexural beams. (b) Stirrup strain
at mid-shear span zone of flexural beams (c) concrete strain at bottom face of flexural beam. (d) concrete strain at top face of flexural beam.

strengthened GPC have decreased significantly at the same value of the applied load. Overall, flexural strengthening of GPC with CFRP
sheets has proved its efficiency in decreasing steel and concrete strains.

3.1.4. Stifness and energy absorption

As shown in Table 6, the experimental results indicated that, By using CFRP sheets, the first cracking loads were increased by about
25.33% on average while the ultimate failure loads were increased by about 15% on average compared to GPC control Beam (BF2).
Also it was found that, the pre and post cracking stiffness of Strengthening GPC beams have increased by 21.8% and 39% on average
respectively, compared to GPC beam BF2 and this prove the stiffer behavior of Strengthened GPC beams. The energy absorption is
described as the area under the load mid span deflection curves, it was concluded that, the Pre cracking energy absorption of
Strengthening GPC beams have increased by 20.36% on average compared to GPC control Beam BF2 while with the onset of CFRP
sheet, the Post cracking energy absorption was decreased by 18.2% on average compared to GPC control Beam BF2. Oveall, Flexural

10



A.S. Eisa et al. Heliyon 9 (2023) e17674

Strengthening of GPC Beams with externally bounded CFRP sheets has proved it’s efficiency for increasing Ultimate Failure Load and
Stiffness as well as decreasing the Post Cracking energy absorption.

3.1.5. Ductility index and toughness

The ductility is described as the ratio of deflection at ultimate failure load to yield load. As shown in Table 7, the ductility index for
RC beam (BF1) was 1.06, and the ductility of GPC control beam (BF2) was 1.31; this mean that, the ductility of GPC beam increased by
24% compared to (BF1). Strengthening GPC beams with CFRP sheets has remarkable effect on ductility as it was increased by (4% &
15% and 11%) for beams BF3 & BF4 and BF5 respectively compared to (BF1). As shown in Table 7, toughness of GPC beam (BF2) in
flexural is increased by 11% compared to RC beam (BF1). By using the CFRP sheets, the toughness has decreased by 20% for (BF3) due
to sudden rupture of CFRP sheet, but it has increased by (16% & 8%) for beams BF4 and BF5, respectively, compared to (BF1). This
indicated that, GPC toughness in flexural is affected by strengthening system and increased with it.

3.2. Shear strengthening

Results are discussed and presented in terms of first cracking load, ultimate failure load, deflection at mid-span, longitudinal bar
strain at mid span, concrete strain at top face, crack pattern, and mode of failure for shear group beams.

3.2.1. The cracking, ultimate load and failure mode

As shown in Fig. 14, all shear beams had failed under the shear mode of failure except for beam BS5, as it was strengthened enough
to change the failure mode from shear to flexural with crushing of concrete at compression zone. For beams strengthened with CFRP
strips, the failure mode starts with small and narrow diagonal shear cracks at shear span zone then, yielding of steel followed by
rupture of CFRP strips until failure. Table 7 shows the first cracking, yield, and ultimate load of shear beams. It was found that, the first
cracking load of GPC control beam (BS2) was increased by 44% compared with (BS1), While using CFRP strips the first cracking loads
was increased by about (51% & 22% and 58%) for strengthened beams (BS3 & BS4 and BS5) respectively, compared to (BS2). It was
found that the ultimate failure load of GPC beam (BS2) has increased by 23% compared to RC control beam (BS1). By using CFRP
strips, the ultimate loads were increased by (57% & 69% and 79%) for strengthened beams (BS3 & BS4 and BS5) respectively. This
indicated that, the various schemes of externally bound CFRP strips have enhanced the cracking and ultimate load capacity of shear
GPC beams, and using double U-shape layer strips of CFRP is the best technique for improving the shear behavior of GPC beams. The
failure mode for Shear group beams is presented in Fig. 14(a-e).

3.2.2. Load-deflection curves

The experimental results as shown in Fig. 15 indecated that, Control beams BS1 and & BS2 have a similar behavior in pre and post
cracking stages while GPC strengthened beams had a significant higher stiffness. It was also noticed from Fig. 15 that, the various
shemes of externally bonded CFRP strips at shear span zone has proved it’s efficiency for increasing the first cracking, yield and ul-
timate failure load capacity as well as decreasing deflection copmared to control beams. Accordig to experimental results it was found
that, the yield load of GPC control beam BS2 was equal 133 KN with a corresponding deflection of 2.36 mm and at the same load value,
The deflections of strengthened beams BS3, BS4 and BS5 was equal (1.19,1.24 and 1.32 mm) respectively and this indicates that, the
deflection of strengthened beams has decreased by about (49% & 47% and 44%) for BS3, BS4 and BS5 respectively compared to GPC
control beam (BS2) with about 46.6% decrease on average. Also it was found that, The ultimate failure deflection for RC beam (BS1)
equals 2.32 mm, while the ultimate failure deflection of GPC beam (BS2) equals 2.6 mm, and this shows that, the ultimate deflection of
GPC has increased by 12% compared to RC control beam (BS1). As well as, using externally bonded CFRP strips increased the ultimate
failure load, and therefore the ultimate deflection has increased to reach (3.29, 2.56 and 3.60 mm) for BS3, BS4 and BS5, respectively.
The deflections of strengthened beams BS3, BS4 and BS5 was equal (1.82,1.56 and 1.71 mm) respectively, at the ultimate failure load
value of GPC beam (BS2) and this indicates that, the deflection of strengthened beams has decreased by about (30% & 40% and 34%)
for BS3, BS4 and BS5 respectively compared to GPC control beam (BS2) with about 34.6% decrease on average.

Table 7
Strength characteristic of Flexural group beams.
Beam Pc (KN) Pc/ Py (KN) Py/ Pu (KN) Pu/ dy (mm) dy/ Su (mm) du/ du/ Toughness KN.
Symbol Pc* Py* Pu* Sy* du* Sy mm
BF1 103 1.00 164 1.00 166 1.00 3.40 1.00 3.62 1.00 1.06 480
BF2 122 1.18 177 1.08 185 111 3.20 0.94 4.20 1.16 1.31 535
BF3 146 1.20 198 1.12 204 1.10 2,92 0.91 3.22 0.77 1.10 400
BF4 161 1.32 202 1.14 214 1.16 3.05 0.95 3.72 0.88 1.22 556
BF5 152 1.24 212 1.20 220 1.19 2.96 0.92 3.50 0.83 1.18 516

(pc, py, pw): Cracking, yielding and ultimate failure load.

(pc*, py*, pu*): Cracking, yielding and ultimate failure load for GPC control beam (BF2).
8y, & u: Deflection at yield and ultimate load.

8 u/8 y: Ductility index.
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(e)

Fig. 14. Crack Pattern for Shear group beams. (a) Crack Pattern for RC control beam BS1. (b) Crack Pattern for GPC control beam BS2. (c¢) Crack
Pattern for strengthened GPC beam BS3. (d) Crack Pattern for strengthened GPC beam BS4. (e) Crack Pattern for strengthened GPC beam BS5.

3.2.3. Steel and concrete strains

The longitudinal bar strain at mid span of as well as concrete strain at top face of shear tested beams were recorded, as shown in
Fig. 16a &16b. The longitudinal steel strain of GPC control beam (BS2) has increased slightly compared to RC beam (BS1). While using
CFRP strips, it was greatly decreased at the same value of the applied load, as shown in Fig. 16a. For concrete strain as shown Fig. 16b,
At the same value of applied load, the concrete strains at top faces of GPC and RC beam were almost similar. By using CFRP sheets, the
concrete strains of strengthened GPC have slightly decreased at the same value of the applied load. Overall, shear strengthening of GPC
with CFRP strips has proved its efficiency in decreasing concrete and steel strains.

3.2.4. Stifness and energy absorption

The experimental results that shown in Table 8 indicated that, Using externally bounded CFRP strips has increased the first cracking
loads and ultimate failure loads by 43% and 68% on average compared to GPC control Beam BS2. Also it was conducted that,
Strengthening GPC beams with CFRP strips in shear has increased the pre and post cracking stiffness by 47.7% and 41% on average
respectively, compared to GPC beam BS2 and this describe the stiffer behavior of Strengthened GPC beams. The Pre and Post cracking
energy absorption was calculated to find that, shear Strengthening of GPC beams has increased slightly the Pre cracking energy ab-
sorption by 37.6% on average compared to GPC control Beam BF2 while the Post cracking energy absorption had increased highly by
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Fig. 15. Load -deflection curves for Shear group beams.

350 350 -
300 300 A
250 250 A
=200 Z200 4
= o]
T 150 A ——BS1 8150 - /,/' e BS 1
9 — RS2 -
100 — B S
—B53 100 o BS3
50 A BS4 504 £ Bs4
BS5 s BS5
0 T T T T o 0 T T T T T ]
Y 5 10 15 20 25 0 5 10 15 20 25 30
Longitudinal bar Strain (ue) Concrete Strain at top face (pe)

(a) (b)

Fig. 16. Load verse steel and concrete strains for Shear group beams. (a) Longitudinal bar strain at mid-span of shear beams. (b) Concrete strain at
top face of shear beam.

Table 8
Stiffness characteristic of Shear group beams.
Beam Symbol  Pc (KN)  Pc/Pc*  Pu(KN) Pu/Pu* §c(mm) Su(mm) Pre-cracking Post cracking E.A1 KN.mm  E.A2 KN.mm
Stiffness KN/mm Stiffness KN/mm
BS1 92 1.00 140 1.00 1.18 2.32 77.96 60.34 56 209
BS2 133 1.44 172 1.23 1.94 2.60 68.55 66.15 138 159
BS3 201 1.51 292 1.69 2.16 3.29 93.05 88.75 226 449
BS4 162 1.22 270 1.57 1.50 2.56 108 105.46 142 441
BS5 210 1.58 309 1.79 2.04 3.60 102.9 85.83 202 574

(,pc, pu): Cracking and ultimate failure load.
(pc*, pu*): Cracking and ultimate failure load for GPC control beam (BS2) 182.3 1.77 261.
E.A1, EA2: Pre and Post cracking energy absorption.

206% on average compared to GPC control Beam BS2 as energy absorption has affected greatly by using CFRP strips which increased
the ultimate load capacity by 68% on average. Oveall, Various Schemes of externally bounded CFRP strips has proved it’s efficiency for
increasing Ultimate Failure Load, Stiffness and Cracking energy absorption.

3.2.5. Ductility index and toughness

As shown in Table 9, the ductility index of RC control beam (BS1) was 1.11 and that of GPC control beam (BS2) was 1.10 this means
that, the ductility of GPC beam is almost similar to RC control beam (BS1). While using the CFRP strips, the ductility has increased by
(9% & 5% and 12%) for beams BS3 & BS4 and BS5 respectively, compared to beam (BS1). As shown in Table 9, the toughness of GPC
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Table 9
Strength characteristic of Shear group beams.
Beam Pc (KN) Pc/ Py (KN) Py/ Pu (KN) Pu/ dy (mm) dy/ 8 u (mm) du/ Su/ Toughness KN.
Symbol Pc* Py* Pu* Sy* Su* Sy mm
BS1 92 1.00 134 1.00 140 1.00 2.09 1.00 2.32 1.00 1.11 265
BS2 133 1.44 156 1.16 172 1.23 2.36 1.13 2.60 1.12 1.10 297
BS3 201 1.51 265 1.69 292 1.69 2.72 1.15 3.29 1.26 1.21 675
BS4 162 1.22 250 1.60 270 1.57 2.21 0.94 2.56 0.98 1.16 583
BS5 210 1.58 286 1.83 309 1.79 2.9 1.23 3.60 1.53 1.24 776

(pc, py, pw): Cracking, yielding and ultimate failure load.

(pc*, py*, pu*): Cracking, yielding and ultimate failure load for GPC control beam (BS2).
8y, & u: Deflection at yield and ultimate load.

8 u/8 y: Ductility index.

beam in shear (BS2) is increased by 12% compared to RC control beam (BS1). The toughness has affected greatly by using CFRP strips
as it was increased (255% & 220% and 292%) for BS3 & BS4 and BS5 respectively compared to (BS1) due to the CFRP strips has
increased the ultimate load capacity by 68% on average and flexural failure mode of (BS5). This means that, shear strengthening of
GPC beams with different schemes of externally bound CFRP strips has worked efficiently for increasing GPC toughness, respectively,
compared to (BS1). As shown in Table 9, the toughness of GPC beam in shear (BS2) is increased by 12% compared to RC control beam
(BS1). The toughness has affected greatly by using CFRP strips as it was increased (255% & 220% and 292%) for BS3 & BS4 and BS5
respectively compared to (BS1) due to the CFRP strips has increased the ultimate load capacity by 68% on average and flexural failure
mode of (BS5). This meant that, shear strengthening of GPC beams with different schemes of externally bound CFRP strips had worked
efficiently for increasing GPC toughness.

4. Conclusions

The objective of this experimental study is to investigate the structural response (shear and flexural) of GPC beams strengthened
with CFRP sheets. A set of ten tested beams with the same cross section were carried out and tested up to failure under two symmetric
static loading. Depending on the experimental results presented in this research, the following conclusions are drawn:

1. The mid-span deflection for flexural GPC beams strengthened with (single flat layer & u-shape single layer and double flat layer)
of CFRP sheets had decreased by (23% & 11% and 16%) respectively, with about 16% an average decrease in deflection.

2. The first cracking load of flexural strengthening GPC beam with (single flat layer & u-shape single layer and double flat layer) of
CFRP sheets had increased by (20% & 32% and 24%) respectively, with about 25.33% an average increase in first cracking load.

3. Theyield load of flexural strengthening GPC beam with (single flat layer & u-shape single layer and double flat layer) of CFRP
sheets had increased by (12% & 14% and 20%) respectively, while the ultimate failure load had increased by (10% & 16% and
19%) respectively.

4. The Flexural behavior of strengthened GPC beams exhibited a higher stiffness in pre and post cracking stages and increased by
21.8% and 39% on average respectively compared to control GPC beams BF2.

5. The flexural ductility of GPC beams had increased by 24% compared to RC control beam. By using various strengthening
schemes of CFRP sheets, it has improved and increased by 10% on average compared to RC beam.

6. The flexural toughness of GPC beam had increased by 11% compared to RC control beam. By using the CFRP sheets, the
toughness has increased by 12% on average compared to RC beam.

7. The mid span deflection of shear GPC beams had increased by 12% compared to RC control beam. By using (single u-shape layer
& two u-shape layers and double u-shape layer) of CFRP strips, the deflection had decreased by (30% & 40% and 34%)
respectively, at the same value of the ultimate load for GPC control beam.

8. The shear first cracking load for GPC beam with (single u-shape layer & two u-shape layer and double u-shape layer) of CFRP
strips had increased by (51% & 22% and 58%) respectively, while the yield load had increased by (69% & 60% and 83%)
respectively.

9. The shear ultimate load for GPC beam strengthening with (single u-shape layer & two u-shape layer and double u-shape layer) of
CFRP strips had increased by (69% & 57% and 79%) respectively, with about 68 %an average increase in ultimate failure load.

10. The shear ductility of GPC beams is almost similar to RC control beam. While using CFRP strips, it has increased by 8% on
average compared to RC beam.

11. The Shear behavior of strengthened GPC beams has a significant increasing in the pre and post cracking stiffness by 47.7% and
41% on average respectively, compared to GPC beam BS2.
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