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ABSTRACT

Marine concrete structures, due to proper mechanical behavior and high
durability for the world population, which are directly or indirectly related to
marine infrastructure and various industries seem essential. On the other hand,
concrete production and other related industries in marine environments are
the main agents of production of pollution and waste and excessive
consumption of the earth's natural resources and energy. Therefore, it seems
that the simultaneous use of cement replacements to reduce the generation of
greenhouse gases derived from cement production and plastic waste as fiber
can decrease environmental pollution and improve concrete mechanical
behavior. This study investigates the impact of incorporating 0.5 and 1% strip
disposable glass fibers (GF) and strip garbage bag fibers (BF) on the flexural
and cracking characteristics of reinforced concrete (RC) beams containing
10% metakaolin/zeolite. The investigation is conducted over 28 and 180 days
in the tidal environment of the Oman Sea. Considering the results, by adding
GF and BF to the green RC beams the flexural toughness (T) increased up to
47 and 27%, respectively. Furthermore, the cracking load (P,,) of glass fibers
RC (GC) and bags fibers RC (BC) beams was lower than RC up to 32 and
21%, respectively. Moreover, the incorporation of GF and BF resulted in an
increase of up to 28% and 16% in the maximum load capacity (P.x) of RC
beams, respectively. In addition, the P..., and T of GC beams were higher than
BC. Besides, it was observed that metakaolin GC and BC beams exhibited a
greater value of P and T compared with zeolite beams.).
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1. Introduction cement), low tensile force, and ductility are the most

The importance of the sea and its related industries,
and sustainable human access to food, industrial, and
energy resources, has caused an increase in maritime
regions' human population [1], [2]. Therefore, there is
a greater human demand for building coastal and
offshore infrastructure. Hence, concrete, which is a
mixture of readily available and cheap raw materials,
can be the best choice for the construction of marine
structures [3], [4], [5], [6]. Furthermore, based on the
environmental conditions of sea, concrete with high
durability and suitable strength can increase the
service life of marine structures. However, excessive
consumption of irreversible primary resources,
generation of air and marine pollution (produce less
than 1 ton of CO, greenhouse gas per 1 ton of

important weaknesses of concrete [1], [3], [7], [8], [9].
The supplementary cementitious materials (SCMs)
like metakaolin and zeolite can be used to reduce the
generation of environmental pollution and energy
consumption [1], [3].

Metakaolin is a material characterized by its smaller
particle size compared to cement and its significant
pozzolanic reactivity. It is produced through the
process of calcination, wherein kaolin is heated to
temperatures ranging from 600 to 900 °C, without
producing CO,, in a specified time. Moreover, the
mechanical and durability characteristics of mixes by
substitution of cement with metakaolin are improved
[10], [11], [12], [13]. Kavitha et al. found that
substituting cement with metakaolin in self-
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compacting concrete (SCC) mixes enhanced the
compressive (f°.) and tensile (T.) strengths [14].
Furthermore, Punitha et al. demonstrated that the
substitution of 10% of cement with metakaolin in
concrete incorporating high-density polyethylene
plastic waste resulted in an increase in the f',, T, and
flexural strength of the concrete [15].

On the other hand, zeolite is a material with a regular
crystalline structure, porous, and high specific surface
area, which has high pozzolanic activity [2], [3], [16].
By using zeolite as an SCM in concrete mixture, the
quality of microstructures improved, the mechanical
strength increased, and the porosity and permeability
of concrete decreased [3], [16], [17], [18]. Najimi et
al. reported that the use of zeolite enhanced water and
chloride ion penetration while decreasing f'. and
workability [5]. Tran et al. presented that the f’; and
T, water permeability, and capillary absorption of
concrete mixtures by use of zeolite, were decreased
over a long time [7].

As a result, metakaolin and zeolite as SCMs improved
concrete  mixes' mechanical properties and
environmental impact [3], [8], [10], [14], [19], [20],
[21]. On the other hand, fine particles and high
specific surface area in SCMs increase chemical
activities, produce more heat, and finally, cause
cracking in the mixtures. Cracks' appearance in
concrete structures, especially in marine environments
are the main cause of chemical ions attacking and
deterioration [22], [23]. Therefore, using different
types of fibers can prevent and reduce cracking and
limit crack propagation. Moreover, the incorporation
of fibers into concrete mixes has the potential to
enhance resistance parameters, including flexural
behavior and ductility [8], [22], [23], [24], [25]. On
the other hand, by recycling, incorporating waste
fibers into concrete mixes, and generating green
concrete, environmental pollution from landfilling and
incineration will be reduced [26], [27]. Green concrete
is an environmentally friendly concrete that uses
waste, residual or recycled materials or requires less
energy consumption due to SCMs use in concrete.
Based on environmental conditions and the
application type of concrete structure, different types
of fibers, like synthetic and recycled synthetic fiber in
concrete are utilized [27], [28], [29], [30].
Alabduljabbar et al. concluded that green concrete
using recycled polypropylene fibers and palm oil fuel
ash (POFA) showed greater flexural strengths and T
than control specimens while having less drying
shrinkage and workability [29]. Song et al. found that
the incorporation of nylon and polypropylene fibers in
concrete resulted in increased values of ¢, T,
modulus of rupture, and impact resistance compared
to plain concrete [9]. In addition, Yap et al. reported
that the flexural strengths, T, and f’, of the concrete
by adding polypropylene, nylon, and oil palm shells
fibers will be increased [27].

Kim et al. discovered that by using beverage container
fibers in concrete mixes, the flexural behavior and
ductility increased while the f';, modulus of elasticity,
and drying shrinkage were reduced [26]. Also,
according to Alani et al. strip fibers from PET bottle
waste and POFA enhanced the f', porosity, and
chloride permeability of ultra-high-performance green
concrete [30]. In another study, Ahdal et al. showed
that the f*; of green concrete samples containing 10%
zeolite and 1% PET fibers increased than plain
concrete [28].

According to this background and little research has
been done, it seems that fibers and SCMs in green
concrete mixes may reduce pollutants and improve
maritime concrete structures' mechanical properties,
ductility, and durability. Thus, in current research, the
impact of various types and amounts of GF and BF on
flexural capacity, T, cracking behavior, and
microstructure of green RC beams that incorporate
metakaolin and zeolite in Oman Sea conditions, will
be investigated.

2. Experimental Program

2.1 Materials

Portland cement (Type IlI), metakaolin or zeolite,
aggregate (fine and coarse), water, superplasticizer,
and GF and BF were used. The concrete mixtures
were made with Kerman industrial cement. In all
concrete mixtures, metakaolin or zeolite replaced 10%
of the cement weight (Figure 1). Cementitious
materials' chemical and physical properties are shown
in Tables 1 and 2 [31].

Metakaolin Zeolite
Figure 1. The binders

Cement (Type 1)

Table 1. Binder's physical properties [31]

Cement Metakaolin Zeolite
Specific gravity 3.15 2.45 2.18
Surface area 310 1200 320
(m%kg)

Table 2. Binder's chemical composition [31]

Combination (%) | Cement Metakaolin  Zeolite
Calcium oxide 63.52 1.34 7.38
Silica dioxide 21.50 81.29 58.15

Aluminum oxide 4.95 11.32 8.18

Iron oxide 3.97 0.56 1.54
Magnesium oxide 1.75 0.59 3.92
Potassium oxide 0 0.82 0.82

Sodium oxide 0 1.04 111
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Titanium oxide 0 0.107 0.175

Manganese oxide 0 0.003 0.019

The Chabahar mines were utilized to prepare fine and
coarse aggregates with maximum diameters of 4.75
and 19 mm, respectively. Figure 2 showed the sieve
analysis of aggregates as per the guidelines of ASTM
C136 [32].
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Figure 2. The sieve analysis of aggregates [32]
Table 3. The aggregates' characteristics [31]
Aggregate | Water absorption (%)  Specific gravity
Sand 2.92 2.64
Gravel 1.84 2.42

In the laboratory, potable water was utilized for the
preparing and curing (in primary ages) of all concrete
mixes. Conversely, the utilization of both SCMs and
fibers in concrete mixtures has led to the use of Farco
Plast, a modified polycarboxylate-based
superplasticizer, for regulating the concrete's
workability. In Table 4, the main characteristics of
Farco Plast are shown.

Table 4. The Farco Plast superplasticizer properties [31]
Physical state Color Specific gravity
Liquid Light Brown 1.09 (kg/Lit)

Figure 3. Drinking water curing tanks [31]

The recycled strip fibers used in mixtures (hereafter
named strip fibers) were prepared by cutting
polyethylene disposable glasses and garbage bags.
The V; of fibers utilized in the production of blends
was determined to be 0.5 and 1%. Furthermore, for
fibers with a rectangular section, the fiber aspect ratio
(A.R.) formula was:

L
de 2><\/Z 2><fm @
Y Y

Where A is AR, 1 is fiber length (mm), d. is
equivalent diameter (mm), A is fiber cross-section
area (mm?), b is fiber width (mm) and c is fiber
thickness (mm) [33]. For desired strength
performance of mixtures, an A.R. of fiber more than
20 is required [34].

Table 5. The fiber properties [31]
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Figure 4. Strip fiber types: A) GF [31], B) BF

2.2. Concrete Mixtures

In this study, 18 green RC mixtures were prepared.
Throughout all concrete mixes, the W/B was always
kept at 0.5. There were 410 kg/m? of binders in all
concrete mixtures. Moreover, the Farco plast
superplasticizer was used at up to 2% of cement
weight to control and improve concrete workability.
Table 6 illustrates the concrete composition [31].

2.3. Preparation of samples

Following the preparation and measurement of the
materials, a rotary mixer was employed to blend them.
After the completion of the task, the diverse varieties
of fibers were incorporated into the homogeneous
mixture of concrete and blended for a short time.
Subsequently, concrete mixes, based on the type of
test, were cast in the relevant molds. Following 24
hours, the molds were extracted and the samples were
transferred to tanks containing potable water for a
curing duration of three days. Finally, the specimens
were transferred to the Oman Sea's tidal zone and left
to acclimate for a duration ranging from 28 to 180
days. The number of cubes (150 mm for f’;) and
beams (150%150x650 mm for four-point bending
tests) was 54 and 72, respectively. On the other hand,
for concrete microstructure analyses, 52 cubes (70
mm) were prepared.
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Table 6. The concrete composition [31]

Mix Sand  Gravel Water Binders (kg/m®) Strip Fibers (kg/m®)
(kg/m?)  (kg/m’)  (kg/m’) ~Cement  Metakaolin  Zeolite _
Garbage Bag Disposable Glass
(©) (MK) (Ze)
Bl B2 Gl G2
1 | NF1 41 --- .- .-
2 | NF2 --- 41 .- .-
3| B1 41 2.85
41 B2 41 2.85
5| B3 --- 41 2.85 --- .-
6 | B4 4 2.85
7| B5 41 57
8| B6 41 .- 57
9| B7 41 57
664 1054 205 369
10| B8 41 .- 5.7
11] &1 41 34
12| G2 41 - - . 3.4
13| G3 41 .- 3.4 -
14| G4 41 34
15| G5 41 .- 6.8 .-
16| G6 41 .- - .- 6.8
17| G7 41 - 6.8 -
18| G8 41 6.8
254+ 200————200————200——4—+25
S 4 6mm @ 60 mm 2 ¢ 8 mm @ top & bottom
. A s 1 fires SR RS RESAS
1 ! —
I_I £ mE ‘: -
—10— &
—150—+
20#+—110—¢+20
2544——600 +425
£ 650 1

Figure 5. A) The GC, B) The BC, C) Specimen’s molds,
D) Samples in the coastal zone, E and F) Samples collected
from the Oman Sea, G) Samples after preparing for tests [31]

The GC/BC beams were made utilizing steel bars
(f,=400 MPa and f,=600 MPa) with diameters of 8
mm and 6 mm for the longitudinal reinforcements and
stirrups. Figure 6 illustrated the specifics of GC/BC
beams [31].

Figure 6. The GC/BC beam [31]

2.4. Exposure conditions

In this research, due to consider the most destructive
effects of sea environment on concrete structures, the
specimens were exposed to a 180-day exposure period
in the Oman Sea's tidal zone. Figure 5 demonstrated
the state of the concrete samples located on the
shoreline of the Oman Sea. Also, Table 7 presents the
chemical characteristics of both laboratory and Oman
seawater [31].
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Table 7. The chemical properties of water (gr/Lit) [31]

PH Hardness Alkalinity S0, NO,  NO; Cl  Ca Mg NH; Zn Al Cu Mn Fe
Lab-water | 6.70 45 20 102 0.010 2820 5 4 =0 =0 ~0 032 002 0.004 =0
Seawater 7.97 225 120 =0 0.007 0222 5 68 95 129 022 032 002 =0 0.04

3. Testing methods

3.1 Compressive strength (f';)

The BS EN12390-3 standard measured the f'; value by
exposing three 150x150x150 mm cubic specimens for
28 days in the Oman Sea's tidal zone. By averaging
three specimens, the concrete mixture's f, was
computed [35].

3.2 Flexural behavior

The ASTM C78 standard's four-point bending test
was used to evaluate the flexural behavior of concrete
beams. A universal testing machine was used, with a
constant rate of 100 N/s [36]. During the loading
process, the deformation of the beams was recorded
by a mobile camera and computer. Based on the
recorded information, the behavior and characteristics
of beam cracks were investigated. Moreover, the
maximum deflection of mid-span for beams was
terminated to 20 mm [31].

In the following, the load-deflection curve for various
types of GC/BC beams was drawn and then some
characteristics of flexural behavior of beams such as
Pe, Pmax, @nd T were calculated. Moreover, flexural
toughness was calculated by integrating the load-
deflection curve.

4. Results and Discussions

4.1. Specific gravity (y)

The v of green concrete, both with and without fibers,
is presented in Figure 7. Also, Table 8 compares the
influence of fiber types on the y of concrete samples.
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Figure 7. The green concrete's specific gravity (y)

Table 8. Comparison of specific gravity (y) at 28 days
Mix | v Mix] v Mix] v Mix| v
NF1 1 NF2] 1 NF1] 1 NF2 1
Gl |0976 G3|0.981 B1|0.988 B3| 0.992
G2 0972 G4 (0975 B2 |0.984 B4 | 0.989
G5 |0972 G7|0977 B5|0.971 B7 | 0.976
G6 |0.970 G8|0.973 B6 |0.967 B8 | 0.970

The results show that fibers in green concrete mixes
reduce the y of concrete. Moreover, by increasing the
V¢ of fibers in mixes, the y decreased more. At 28
days, the vy of concrete with 0.5% GF was observed to
be higher than that of concrete with 0.5% BF.

However, increasing the V; of fibers up to 1% resulted
in equal y for both types of fibers. It seems that adding
fibers and augmentation of V; within mixes resulted in
an increase in the volume of pore space and porosity,
while concurrently leading to a decrease in y [2], [28],
[37], [38], [39], [40], [41], [42], [43].

4.2. Compressive strength
In Figure 8 and Table 9, the results of f'¢ in different
mixtures containing various types of strip fibers and

SCMs are shown at 28 days.
Mixtures

Figure 8. The f’; of specimens
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Table 9. Comparison of f';

Mix | f.' Mix ' Mix f' Mix f'

NF1 1 NF2 1 NF1 1 NF2 1

Gl | 086 G3 097 Bl 091 B3 098
G2 | 084 G4 089 B2 0.88 B4 0091
G5 | 080 G7 0.6 B5 0.80 B7 0.88
G6 | 077 G8 0.80 B6 079 B8 0.82

By comparing the results, it is evident that the
combining of fibers and augmentation of the V; in
green concrete led to a rise in the volume of pore
space, thereby causing a reduction in the density,
adhesion between fibers and cement paste, integrity,
and f'¢. Similarly, through the augmentation A.R. and
dimensions of fibers in mixtures, porosity increased
but adhesion and f'. decreased [44], [45], [46], [47],
[48], [49], [50], [51], [52]. Adding 0.5 and 1% GF
resulted in a reduction of up to 16 and 23% in the f';
of the green concrete specimens, respectively. While
concrete samples containing 0.5 and 1% BF had lower
f'c than simple ones about 12 and 21%, respectively.
In contrast, it was noted that the f; of concrete
samples with 0.5% BF was greater than that of those
containing 0.5% GF. However, the addition of 1% BF
or GF fibers to plain concrete resulted in equivalent f';
values among the specimens.

The enhanced flexibility of BF in comparison to GF
has improved the homogeneity and integrity of the
concrete. Conversely, GF mixtures exhibited higher
porosity, leading to reduced fiber-cement paste
adhesion, ultimately resulting in a lower f'¢ [9], [23],
[27], [44], [49], [50], [51], [53], [54], [55].
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Furthermore, at 28 days, in mixtures with an equal
amount of fiber, . of metakaolin concrete specimens
had up to 12% lower than zeolite ones. The
hydrophilic structure of zeolite appears to result in
heightened water absorption and reduced workability,
decreasing concrete porosity and increasing f';c [7],
[22], [25], [56], [57].

4.3. Flexural behavior

After four-point bending test on RC and fiber RC
beams at 28 and 180 days, flexural properties
consisting of P, Pnax, T, and cracking behavior were
examined. The flexural properties are demonstrated in
Tables 10-12.

Table 10. Four-point bending test results

Pcr . (kN) A Pmax (mm) Pmax - (kN) T - (kNm)

Mixes| '»g "180 |28 180 | 28 180 | 28 180

N1 |28.40 37.20{4.04 4.53 |80.15 90.5 [1133.41 1250.62
N2 |27.10 36.20({3.86 4.36 |71.9 84.2 |1035.07 1210.24

G1 |22.10 28.87|6.18 6.48 |89.6 104.2 |1432.09 1594.07
G2 |24.40 30.88|7.64 7.76 |97.8 115.6 |1601.39 1785.50
G3 |21.41 2983|586 6.16 |80.4 96.6 |1261.13 1493.18
G4 |22.17 32.29|6.46 6.72 |88.7 107.6|1425.28 1707.09
G5 |20.16 25.37|6.78 7.02 |84.9 99.0 (1499.22 1671.75
G6 |21.07 27.08|8.32 8.48 |94.3 108.9 |1648.13 1842.20
G7 |18.67 26.06/6.08 6.38 |76.3 90.8 |1326.87 1568.42
G8 [19.35 27.87|7.12 7.32 |83.5 101.7 [1460.39 1745.28

Bl |25.21 3432|1496 556 |82.6 951 [1223.72 1358.53
B2 |26.56 36.42|5.94 6.64 |87.6 100.4 |[1303.67 1450.88
B3 [23.88 33.98|4.74 532 |764 922 |1114.17 1323.39
B4 |[25.17 35.78|5.16 5.78 |80.8 97.2 |1202.41 1413.93
B5 [23.02 29.51|5.36 6.00 |80.6 92.8 |1304.35 1475.84
B6 [23.87 31.02|6.42 7.16 |846 96.8 |1426.25 1581.67
B7 [21.07 3044|488 548 |734 88.6 |1188.51 1393.77
B8 [22.01 32.01|5.60 6.26 |78.8 94.6 |1287.14 1508.75

A pmax: Mid-span deflection of beams at P

Table 11. Comparison of P, for beams
Age[Mix]| P, [Mix]| P, [Mix| P, [Mix] P

NF1 1 NF2 1 NF1 1 NF2 1

G1 0.778 G3 0.790 B1 0.888 B3 0.881
X G2 0.859 G4 0.818 B2 0.935 B4 0.929
G5 0.710 G7 0.689 B5 0.811 B7 0.777
G6 0.742 G8 0.714 B6 0.841 B8 0.812
NF1 1 NF2 1 NF1 1 NF2 1
G1 0.776 G3 0.824 B1 0.923 B3 0.939
G2 0.830 G4 0.892 B2 0.979 B4 0.988
G5 0.682 G7 0.720 B5 0.793 B7 0.841
G6 0.728 G8 0.770 B6 0.834 B8 0.884

180

4.3.1. The GC beams' load-deflection behavior
Figures 9-12 illustrate the load-deflection curves for
GC and RC beams incorporating metakaolin or
zeolite.
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Figure 9. Metakaolin GC beam load-deflection curve
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Figure 10. Zeolite GC beam load-deflection curve
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Table 12. Comparison of P, and T of RC beams

Age | Mix | Ppy | T [ Mix | Ppo | T | MiX [ Py | T [ Mix | Ppp | T
NF1 1 1 NF2 1 1 NF1 1 1 NF2 1 1
G1 1.118 1.264 G3 1.118 1.218 B1 1.031 1.080 B3 1.063  1.076
& G2 1.231 1.413 G4 1.234 1.377 B2 1.093 1.150 B4 1124  1.162
G5 1.059 1.323 G7 1.061 1.282 B5 1.007 1.151 B7 1.021  1.148
G6 1.177 1.454 G8 1.161 1.411 B6 1.056 1.258 B8 1.096  1.244
NF1 1 1 NF2 1 1 NF1 1 1 NF2 1 1
G1 1.151 1.275 G3 1.147 1.234 B1 1.051 1.086 B3 1.095  1.093
§ G2 1.277 1.428 G4 1.278 1.411 B2 1.109 1.160 B4 1154  1.168
G5 1.094 1.337 G7 1.078 1.296 B5 1.025 1.180 B7 1.052  1.152
G6 1.203 1.473 G8 1.208 1.442 B6 1.070 1.265 B8 1124  1.247
140 140 %
10% Mk, V; = 0,0.5,1%, L; = 25 (mm), 180 Days 10% Ze, V, = 0,0.5,1%, L, = 50 (mm), 180 Days
120 120 +
100 100 +
— — SURL 1] RRY g TTE TR T
= =
= g0 = g0 +
[T 'S
60 60 |
40 40 +
—NF1-180 —NF2-180
20 —G1-180 20 + —G4-180
G5-180 G8-180
0 } t t t t } } } t | 0 4 t } t t } + t } t |
2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Mid-span Displacemenet (mm) Mid-span Displacemenet (mm)
140 Figure 12. Zeolite GC beam load-deflection curve
10% MK, V; = 0,0.5,1%, L; = 50 (mm), 180 Days
120 4.3.1.1. The GC beam cracking load
100 In Tables 10-11 and Figure 13, the P, of GC beams
G T
- are presented and compared at 28 and 180 days.
= g0
« 10% Mk, V. 0-0.5-1%, L: 25-50 mm 10% Ze, Vy: 0-0.5-1%, Ly: 25-50 mm
60 828 Days @180 Days 828 Days @180 Days
40 2 9 2, w
~—NF1-180 ~ o 8
20 G2-180 236 N . P
G6-180 £ 30 &g Ey
0 R o 8 sa g °
2 4 6 8 10 12 14 16 18 20 2" - 5 2
Mid-span Displacemenet (mm) 18 = E = 18
Figure 11. Metakaolin GC beam load-deflection curve N e & B 66 NF2 63 G4 67T CB
Mixture Mixture
140 = Figure 13. The Cracking load
10% Ze, V; = 0,0.5,1%, L; = 25 (mm), 180 Days
120 + Based on the result, the P, was reduced when 0.5 and
1% GF were added to metakaolin/zeolite RC beams at
100 1 il all ages. By combining 0.5 and 1% GF to metakaolin
Z o0l ol e RC beams after 28 days, the Py dropped by 22 or
w o 29%, respectively. Moreover, depending on whether
60 + ',“." the beams included 0.5 or 1% GF, the P, of the
40 4 I metakaolin GC beams after 180 days was 24 and 32%
i . .
NF2-180 lower than RC beams. Besides, the P, of the zeolite
20 1f G3-180 GC beams was 21 and 31% lower than RC beams at
o [ ] |—amse | 28 days, respectively, based on that the beams

2 4 6 8 0 12 14 16 18 20
Mid-span Displacemenet (mm)

included 0.5 or 1% GF. At 180 days, the P, was
reduced by either 0.5 or 1% GF when added to RC
beams, respectively. According to the results, it seems
that by adding GF to RC beams, pores in cement
matrixes and porosity are increased which may lead to
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a decrease in cohesion and the P [15], [26], [55],
[58], [59], [60], [61].

Conversely, the GC beams P, was enhanced by
augmentation of the GF A.R. For instance, in 10%
metakaolin/zeolite GC beams and 0.5 and 1% GF, the
P.. demonstrated an increase, reaching a maximum of
6 and 9% for A.R. of 40 and 80, respectively. The
enhancement of adhesion and bonding length in the
cement matrix can be achieved by increasing the A.R.
of fibers. As a result, it is feasible to enhance the
fiber's resistance to extraction and the occurrence of
cracks in beams [33], [48], [62].

Results and Figures 9-12 reveal that the P, of GC
beams including metakaolin was approximately 10%
greater than those of zeolite, after a curing period of
28 days. Also, the P, of Zeolite GC beams exhibited a
similar trend to that of the Metakaolin at long time
(81, [16], [31], [60].

4.3.1.2. The GC beams peak load

Based on the data displayed in Table 12 and Figure
14, it is evident that an increase in the V¢ of GF in the
metakaolin/zeolite GC beams resulted in a decrease in
Pmax at all days.

The Ppax 0f GC beams was greater than that of RC
beams, nevertheless. For instance, the addition of 0.5
and 1% GF to the RC beams resulted in a significant
increase in Ppax by 23 and 18%, respectively, within a
brief period. Moreover, GC beams with 0.5 and 1%
GF had P« 28 and 21% greater than RC beams after
180 days. Focusing on the obtained findings, it can be
concluded that by increasing porosity and reducing
the integrity of concrete, which occurs due to the
increase of volume fraction in the mixtures, the Px
decreases [23], [30], [53], [59], [62], [63].
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Figure 14. P, of the GC beams

On the other hand, it was observed that the P, of the
GC beams enhanced on all days as the A.R. of the GF
was increased. For example, the Py values of G2/G8
beams having an A.R. of 80 were 11% greater than
those of G1/G7 beams having an A.R. of 40, across all
observed days. The length and aspect ratio of GF
seems to increase fiber resistance to pull out, slip, and
Prmax [33], [48], [49], [62].

Besides, Table 10 demonstrated that at 28 days, the
Pmax Of metakaolin GC beams exceeded that of zeolite
GC beams by up to 13%. However, at 180 days, there
was a reduction in the disparity between the P

values of GC beams including metakaolin, and those
of zeolite, amounting to approximately 8%.

4.3.1.3. The GC beams flexural toughness
Considering Figures 9-12, 15, and Table 10, obvious
that the incorporation of GF into the RC beams
resulted in a notable increase in T.
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Figure 15. T of the GC beams
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The GC beams, which were composed of 0.5 and 1%
GF, exhibited significantly higher T values of up to
41% and 45%, respectively, compared to the RC
beams after 28 days. While a combination of 0.5 and
1% GF to the RC beams resulted in a respective
increase of 43 and 47% for T after 180 days. The
bridging phenomenon of GF on the surface and edges
of cracks is evidently responsible for the dispersion of
the applied loads and constrains the propagation of the
initial cracks. Moreover, the V; of GF in the mixes
increased the interfacial bonding between fibers and
cement matrix, toughness, and ductility of GC beams
[42], [45], [46], [54], [64], [65], [66], [67], [68], [69].
Also, in Figure 16, the crack bridging of GF in
bending tests of the GC beams has been presented.

Figure 16. Crack bridging of GF in the GC beams

Based on Table 12, it can be observed that the GC
beams with an A.R. of 80 exhibited a higher T value
in comparison to those with an A.R. of 40. At 28 days,
the T value of the 0.5% GC beams with A.R. of 40
and 80 demonstrated an increase of 27 and 41%,
respectively, in comparison to the RC beams. Also,
the incorporation of 0.5% GF with A.R. of 40 and 80
resulted in a significant enhancement of the T of RC
beams, with an increase of up to 32 and 46% at 180
days, respectively. Furthermore, it was observed that
in GC beams with an 80 A.R. and 1% GF content, the
highest rise in T, as compared to the 40 A.R., was
approximately 11%. The augmentation of length and
aspect ratio amplifies both the contact surface and the
developmental length of GF. The T of GC beams can
be increased by enhancing the adhesion and pull-out
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resistance of the cement matrix [28], [43], [45], [47],
[54], [58].

On the other hand, it was observed that metakaolin
GC beams overtook zeolite ones in T. However, in the
long term, zeolite’s unigue pozzolanic properties
reduce the T difference between metakaolin and
zeolite in GC beams. The pozzolanic reactivity and
finer particles of metakaolin are more effective than
that of zeolite, resulting in increased speed of the
hydration process. This, in turn, enhances the
adhesion between fibers and cement paste, ultimately
leading to higher T values at 28 days. However, after
180 days, zeolite outperforms metakaolin due to its
ability to produce C-S-H secondary gels, which
improve the microstructure of the concrete and
accelerate the rate of T growth [8], [10], [13], [16],
[22], [25], [31], [38], [60].

4.3.2. The BC beams' load-deflection behavior
Figures 17-20 present the load-deflection curves of
the metakaolin or zeolite BC and RC beams.
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Figure 17. Metakaolin BC beam load-deflection curve
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Figure 20. Zeolite BC beam load-deflection curve

4.3.2.1. The BC beams cracking load
In Tables 10-11 and Figure 21, the P, of the BC
beams at 28 and 180 days are shown.
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Figure 21. The Cracking load

The P, of RC beams by adding 0.5 or 1% BF
decreased. Furthermore, the P, of the BC beams was
reduced significantly due to the increase in the V; of
BF in the concrete mixtures.

Results revealed that the P, of the BC beams, which
contained 0.5 and 1% BF, exhibited a reduction of up
to 11 and 19% as compared to the RC beams,
respectively, after 28 days. While the addition of 0.5
and 1% BF resulted in a reduction of P, in RC beams
by 8 and 21%, respectively, at 180 days. In addition,
the inclusion of 0.5 and 1% BF in the zeolite RC
beams resulted in a reduction of P, by 12 and 22%,
respectively, after 28 days. At 180 days, the P of the
0.5 and 1% BC beams exhibited a respective increase
of 6 and 16% compared to the RC beams. The
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inclusion of BF in mixtures has been observed to
result in an augmentation of void space and porosity,
ultimately leading to a reduction in the integrity and
P, of specimens [9], [27], [49], [50], [51].
Furthermore, the increase in the A.R. of the BF
resulted in a rise in the P, of BC beams. The increase
of P, for 80 A.R. metakaolin/zeolite BC beams was
about 7% more than 40 A.R. ones, at 180 days.

The higher A.R. of BF led to increased bonding length
within the cement matrix and greater adhesion
compared to the 40 A.R. Consequently, the P of the
80 A.R. BC beams was higher than that of the 40 A.R.
[91, [27], [33], [49], [50], [51].

Based on the obtained results, the findings suggest
that, after 28 days, the P, of metakaolin BC beams
was greater than that of zeolite BC beams. However,
at 180 days, the same results were obtained for zeolite
and metakaolin mixtures [8], [16], [60]. For instance,
at 28 days, metakaolin BC beams with 0.5 and 1% BF
exhibited P, up to 6 and 10% greater than zeolite
ones.

4.3.2.2. The BC beams peak load
Table 12 and Figure 22 illustrate the impact of fibers
and SCMs, such as metakaolin or zeolite, on the P .
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Figure 22. P,a 0Of the BC beams

The findings indicated that the P, of the
metakaolin/zeolite BC beams was higher than the RC
ones. While the GRFC beams containing 1% BF had
lower P, than 0.5% BF. The beams containing 0.5
and 1% BF exhibited greater P, at 28 days, with
increases of up to 13 and 10% compared to those of
RC. Furthermore, at 180 days, the P« increased up to
16 and 13% by adding 0.5 and 1% BF to the
metakaolin/zeolite RC beams, respectively. According
to extracted results, as the V¢ of BF in the mixes
increases, there is a parallel rise in hole volume and
porosity, while the integrity and P,.x of RC decrease
[91, [27], [49], [50], [51], [34], [61].

Besides, the augmentation of the BF A.R. led to a rise
in the P, of the BC beams. The BC beams with an
A.R. of 80 exhibited a P that was approximately
8% greater than that of the beams with an A.R. of 40,
at all days. Through the enhancement of BF's length
and A.R., cement paste-fiber adhesion, as well as the
development length of fibers, and Py, are enhanced
[91, [27], [33], [49], [50], [51], [54]. [62].
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Moreover, considering the results presented in Tables
10 and 12, it is evident that the P, of the metakaolin
BC beams surpassed that of the zeolite ones by up to
10 and 5% at 28 and 180 days, respectively.

The results reveal that metakaolin BC beams with
finer particle size and higher pozzolanic activity
exhibit a greater Pn. than their zeolite ones at 28
days. However, at 180 days, the completion of the
hydration process and the enhancement of
microstructure and bond strength lead to a reduction
in the disparity between the Pn. Vvalues of
metakaolin/zeolite BC beams [8], [16], [60].

4.3.2.3. The BC beams flexural toughness

The T value of RC beams was observed to increase
upon the use of BF, as evidenced by the data
presented in Figures 17-20 and 23, as well as Tables
10 and 12.
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Figure 23. T of the BC beams

Furthermore, by increasing the V¢ of BF in BC beams
from 0.5 to 1%, the T rose. For instance, the
combination of 0.5 and 1% BF to RC beams resulted
in an increase in T to 17 and 27% at early and long
times, respectively. Also, the 1% BC beams had
higher T up to 9% than the 0.5% BC ones. Despite the
higher strength of GF compared to BF, the BF has a
role in helping to control and distribute loads through
the crack bridging. Therefore, the increase of the T
will be expected [45], [46], [48], [49], [54], [61], [67],
[68], [69].

Figure 24. The BC beams crack bridging

Crack bridging is a fiber performance to delay and
prevent from distribution of cracks in the concrete
beams. The T and ductility of beams are enhanced by
strengthening ~ fiber  bridging.  Therefore, by
augmenting the V¢, more fibers can bear the applied
load, so the effectiveness of crack bridging and the T
of beams will be risen [23], [48], [49], [53], [70]. The
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crack bridging of fibers in BC beams has been
illustrated in Figure 24.

According to Table 12 and Figure 23, by changing the
A.R. of BF from 40 to 80, the T of the BC beams rose
about 10%. It will be expected that the T of BC beams
will be enhanced when the A.R. of BF, length,
developmental length, adhesion, and fiber pull out
resistance from the cement paste is enhanced [9], [27],
[49], [50], [51], [54].

After comparing the findings, it was observed that the
T of BC beams containing metakaolin surpassed that
of BC beams containing zeolite. However, for a long
time, it was found that the T of BF beams and
metakaolin/zeolite were identical. After 28 days, the T
of BC beams with metakaolin exhibited an increase of
up to 11% in comparison to the zeolite ones.
However, after 180 days, the T of metakaolin BC
beams including 0.5% BF was found to be similar to
that of the zeolite beams [8], [13], [16], [60].

4.3.3. Comparison of the GC and BC beams
Figures 26-28 demonstrate the P, Pmax, and T of the
GC and BC beams with zeolite or metakaolin as SCM,
after 180 days.

M NETRE. aal RN roilf - 1 S - \
Figure 25. The cross-section of GC and BC beams

According to the findings displayed in Figure 26 and
Table 10, it is apparent that the BC beams' P, was
higher than the GC beams. However, it is notable that
the disparity in P, between the types of beams
exhibited an upward trend over time.
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To illustrate, at 28 and 180 days, the P, of BC beams
were about 14 and 19% higher than GC beams,
respectively. It can be concluded that the greater
hardness and inflexibility of GF compared to BF
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causes to increase in porosity and decrease the micro/macro pore and cracks in cement paste are
density, integrity, and P, of GC beams [9], [23], [27], demonstrated in Figure 32.

[29], [33], [46], [48], [49], [50], [51], [53], [54], [58],
[62].

Furthermore, according to the results of Table 10 and
Figures 27-28, it can be determined that in
comparison to BC beams, the GC beams had higher
Pmax and T.
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Figure 28. T of GC and BC beams (180 days)
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For example, the P.x of the GC beams with 0.5 and
1% GF was more than the BC beams up to 16 and
13% at 28 days. Moreover, the T of the 0.5 and 1%
GC beams exhibited an increase of up to 23 and 17%,
in comparison to the BC beams after 180 days,
respectively. It seems that although the flexibility of
GF is lower than BF but its higher tensile strength
(about 11 times) helps to better control cracking,
prevent crack development, better distribute loads,
and finally, increase the P and T of the GC beams
[9], [23], [27], [33], [48], [49]. [50], [51], [54]. [58].

AY]

B
Figure 31. The cement hydration product
4.4. The scanning electron microscope (SEM)
Figure 29 illustrates the SEM analysis of concrete
mixes that incorporate metakaolin/zeolite, providing a
precise investigation and evaluation of their
microstructural characteristics. The samples were
prepared by taking small pieces of fiber concrete from
cubic specimens (70x70x70 mm) which were coated
with thin gold sheets to improve the image quality.
Figure 30 displays the SEMs of the area located
between the cement paste and fiber. Furthermore, in
Figure 31, the cement hydration products including
ettringite, HC, and C-S-H gels are displayed. Also, the
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4.5. Cracking behavior

The four-point bending test is utilized for both RC and
FRC beams, wherein a load protocol that increases
monotonically is applied to the beams. Typically, the
first crack in a beam occurs in the tensile zone,
specifically on the bottom face. Subsequently, by
raising the load, flexural fractures developed from the
beams' bottom faces upward. In continuation and with
an increase in the load, flexural cracks emerged and
extended toward the compressive zone. The initial
cracks exhibited greater depth and width. The
majority of the flexural cracks manifested in the
vicinity of the mid-span beams. The improvement of
crack propagation resistance can be achieved by
augmenting RC beams with fibers and enhancing the
Vs of fibers [31], [71], [72].

The findings suggest a direct correlation between the
quantity and attributes of flexural cracks and the fiber
type and amount in the concrete mixes. The
combination of fibers into the RC beams led to an
increase in both primary and secondary cracking. The
dimension of cracks like breadth and spacing were
also reduced. For instance, according to Figure 30, by
adding 1% GF/BF fibers to the RC beams, the number
of major and minor cracks were increased.
Furthermore, fiber RC beams containing 1% GF/BF
fibers had cracks with less width and distance than RC
beams.

Figure 33. Measurement of the crack dimensions

Furthermore, elevating the A.R. of GF/BF fibers from
40 to 80 resulted in heightened adhesion of fibers in
the cement paste, thereby augmenting the pull-out
resistance of fibers. This, in turn, reinforced crack
bridging, restricted the distribution of cracks, and
reduced the number and width of cracks[26], [63],
[67], [73].

For more examination of the crack behavior of RC
beams without/with fiber, in Figure 34, the cracking
patterns are shown.

As a result, the concurrent utilization of recycled strip
fibers (GF/BF) and SCMs such as metakaolin and
zeolite, has the potential to mitigate air and marine
pollution, restrict crack development, and enhance the
ductility of RC beams.

5. Conclusion
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The current research aims to evaluate the compressive
strength, flexural toughness, flexural behavior, and
cracking behavior of RC, GC, and BC beams that
incorporated SCM like metakaolin and zeolite. The
evaluation was conducted at 28 and 180 days in the
Oman Sea's tidal zone. The primary findings are:

1- The incorporation of GF/BF into the concrete
mixes led to a reduction of approximately 22% in the
. of the concrete specimens. Moreover, it was
discovered that the f°. of concrete containing zeolite
was greater than that of metakaolin concrete at an
early age.

2- The P, of fiber RC beams containing GF/BF fibers
was up to 32 and 23% lower than RC beams,
respectively. In a short time, the fiber RC beams
containing metakaolin exhibited a greater P, by up to
10% compared to those containing zeolite. However,
at long term, the P, of zeolite fiber RC beams was
found to be nearly equivalent to that of metakaolin
fiber RC beams.

3- The Ppax 0f RC beams by adding 0.5% GF and BF
decreased by 28 and 16%, at 180 days, respectively,
but RC beams containing 1% GF and BF had higher
Pmax than RC beams up to 21 and 13%, respectively.
4- At 28 and 180 days, the GC beams, which were
composed of 0.5 and 1% GF, exhibited a greater P .x
of up to 16 and 13% compared to the BC beams,
respectively.

5- The P of FRC beams containing metakaolin was
found to be 13 and 9% greater than those containing
zeolite after 28 and 180 days, respectively.

6- The combination of 0.5 or 1% GF in RC beams
resulted in an increase in the toughness of the beams
up to 43 and 48%, respectively. Moreover, it was
observed that the toughness of beams made with BC
containing 0.5 or 1% BF was 17 and 27% higher,
respectively, compared to RC beams.

7- The toughness of fiber RC beams with 0.5 or 1%
GF exhibited an increase of 23 and 17%, respectively,
compared to those with BF.

8- The toughness of metakaolin FRC beams was
observed to be higher than that of zeolite FRC beams.
However, as time goes on, the disparity in their
toughness reduced.

9- The propagation of cracks in RC beams was found
to be mitigated through the incorporation of GF/BF,
as well as an increase in both the V¢ and A.R. of
fibers. Additionally, it was discovered that there were
more cracks than before.
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Figure 34. Cracking patterns of GC/BC beams (180 days)
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