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Abstract: The purpose of this experimental paper is to examine the adhesion properties between
non-woven plastic sheets and cement mortar. Specifically, the effect of w/c ratio and quantity of
superplasticizer on the peeling force required for the detachment of tissue from the surface of prisms
was studied in detail. Therefore, two types of mortar mixtures were prepared: (1) mixtures without
superplasticizer with three different w/c ratios of 0.45, 0.50, and 0.55, and (2) mixtures with reduced
amounts of water and three various percentages of superplasticizer of 0.0%, 1.11%, and 2.17% (by
weight of cement). For this purpose, bond tests with a special setup, interferometry and microscopic
analyses, and mechanical tests were performed. The results highlight that non-woven sheets had
strong adhesion to cement mortar without using any adhesive materials. However, the peeling force
improved by 15.78% as the w/c ratio increased from 0.50 to 0.55. Conversely, this force declined
by 24.50% as the w/c ratio decreased from 0.50 to 0.45. In addition, the peeling force decreased
by 20.62% as the w/c ratio decreased from 0.50 to 0.45 and 1.11% superplasticizer was added to
the mixtures. This property decreased further by 38.29% as the w/c ratio lowered to 0.40, and the
amount of superplasticizer increased to 2.17%. The interferometry and microscopic analyses clearly
demonstrate that the adhesion between tissue and mortar is largely related to the surface texture,
amount of cement paste, and quantity of residual fibers on the surfaces of samples. It indicates that
mortar samples with higher w/c ratios had a smoother surface, and providing more contact area for
microfilaments, which resulted in thicker layers of remaining fibers compared to the specimens with
a lower w/c ratio. Even though there was not much difference in the surface texture of specimens
with superplasticizer and lower w/c ratios, because of their similar workability. Still, thicker layers of
microfilaments remained on the surface of specimens containing a lower amount of superplasticizer,
which resulted in strong adhesion between sheet and cement mortar.

Keywords: cement mortar; non-woven sheets; adhesion properties; peeling force; interferometry
analysis; microscopic visualization; mechanical strengths

1. Introduction

Concrete is widely employed in the construction sector owing to its economical nature
and capacity to be molded into various dimensions and forms. Concrete structures may
deteriorate with time for many reasons, such as aging, faults in design, change in usage,
inadequate maintenance, material faults, excess loads, environmental facets, etc. [1]. There-
fore, the deteriorated structures could be replaced by new ones or can be repaired. Here,
the replacement could be the costly option, which opens the need for the strengthening of
structural elements [1-3].

The strengthening or repair of concrete structures is not a new topic, but plenty
of research has been performed to study the efficiency of strengthened or repaired con-
crete elements [4-7]. For this purpose, different types of cementitious materials, such as
ultra-high performance concrete (UHPC) [8,9], reinforced mortar layer [10], cementitious
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grout [11], high-performance fiber reinforced concrete (HPFRC) [12], engineered cementi-
tious composites (ECCs), and ultra-high performance fiber-reinforced cementitious com-
posites (UHPFRCCs) [13] were used. In addition, various fiber-reinforced polymer (FRP)
composites, such as carbon fiber-reinforced polymer (CFRP) [14], glass fiber-reinforced
polymer (GFRP) [15], basalt fiber-reinforced polymer (BFRP) [16], and aramid fiber rein-
forced polymer (AFRP) [17], were applied to strengthen concrete elements. In addition,
such materials have the potential to strengthen various structural components, such as
beams, columns, beam-column joints, masonry walls, etc., to effectively enhance their
resistance to flexure, shear, torsion, seismic, impact, or other loading conditions [18-20].

For instance, a research study was performed to investigate the flexural behavior of
reinforced concrete (RC) beams strengthened by CFRP strips using the side near surface
mounted (SNSM) technique and epoxy as adhesive materials. The findings indicate that
the ultimate load capacity of the strengthened beams was improved significantly compared
to the control ones. This improvement was more significant for the beams strengthened
vertically compared to the horizontal ones. Moreover, the strengthened beams had narrower
crack widths compared to the unstrengthened ones. In addition, the crack widths were
narrower in vertically strengthened beams compared to the horizontal ones [2].

Likewise, an experimental investigation was carried out to assess the shear charac-
teristics of RC beams that were reinforced with jackets made of high-performance fiber-
reinforced concrete (HPFRC). Overall, the shear load capacity and mid-span deflection
were enhanced for the strengthened beams when compared to the unstrengthen ones.
Here, the beams with thixotropic material on their lateral sides exhibited lower shear load
capacity and deflection in comparison to those with self-leveling material. Additionally, the
retrofitted beams exhibited certain ductile behaviors and improved stiffness as compared
to the control ones [21].

Similarly, research work was carried out to examine the torsional behaviors of RC
beams strengthened with near surface mounted-fiber reinforced polymer (NSM-FRP) using
epoxy or cement-based adhesives. The outputs highlight that the torsional load capacity
and twisting angle were enhanced considerably for the strengthened beams. Moreover,
this enhancement was more significant for the beams using epoxy as an adhesive material
compared to the cement-based mortar [22].

Recently, a novel category of materials called non-woven sheets has been employed
to enhance specific properties of mortar and concrete without the use of a bonding agent.
These sheets were used in different configurations, such as 1-layer, 2-faces, 3-faces, and
complete wrapping to strengthen mortar/concrete specimens. The results indicate a signifi-
cant improvement in the compressive, flexural, and split tensile strengths of the retrofitted
samples compared to the reference ones. Furthermore, this type of tissue demonstrated
notable advantages in enhancing the cracking mechanism of the reinforced samples. In
contrast, the control specimens experienced damage to multiple parts in the case of com-
pressive strength and separation into two separate parts during flexural and split tensile
tests. Conversely, the samples reinforced with non-woven tissue remained together, even
reaching the ultimate loads, especially in the case of 3-faces or complete wrapping [23-25].

It was observed from the literature that researchers used various adhesive materials to
bond the strengthening materials to the concrete components. For example, the most applied
materials were epoxy, sandblasting, cement-based mortar, etc. [22]. In addition, the authors
found that the structural behaviors of strengthened members were greatly related to the
bond behaviors between strengthening materials and original the structural members.

As previously mentioned, the utilization of non-woven fabrics had the capability to
enhance certain properties of cement-based materials. Since adhesive materials were not
employed, the fact behind the adhesion between tissue and cementitious materials and the
affecting factors are still unknown and could be counted as an important subject for research.
Therefore, in this research work, non-woven sheets manufactured by the Freudenberg
company located in Weinheim, Germany [26] were used to strengthen the specimens.
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Non-woven fabrics are broadly characterized as sheet-like or web-like structures
formed by combining short and long fibers, which are then bonded through chemical,
mechanical, heat, or solvent treatments [27-29]. These sheets have a flat, porous nature
and have isotropic or non-isotropic behaviors. The production process of such sheets
is relatively short, resulting in their economic advantage over knitted or woven fabrics.
The materials used for the manufacture of such fabrics could be natural, synthetic, or
semi-synthetic, such as polylactic acid (PLA), polypropylene (PP), polyethersulfone (PES),
polyethylene (PE), polyethylene terephthalate (PET), polyamide (PA), etc. In addition,
non-woven tissue has many applications, especially in disposable or single-use products in
schools, hospitals, nursing homes, and luxury accommodations [26].

In order to evaluate the adhesion behaviors between non-woven sheets and cement
mortar, three various w/c ratios of 0.45, 0.50, and 0.55, and three different percentages of
SP content (0%, 1.11%, and 2.17%) were selected as affecting parameters. Firstly, the 180°
pull-out bond test [30] was performed with the help of a special setup prepared inside the
laboratory of INSA de Strasbourg to measure the peeling force required for the removal of
the fabric from the prisms. Then, interferometry and microscopic analyses were carried
out to investigate the facts behind the bond behaviors and the influence of each affecting
parameter. Finally, the flexural and compressive strengths were measured on the same
samples after the bond test to verify the adhesion of the remaining microfilaments within
the mortar mixtures.

2. Experimental Program
2.1. Materials

Mortar mixtures were prepared using an Ordinary Portland Cement of CEM 152.5 N
confirming NF EN 197-1/ A1 standard, and manufactured by EQIOM located in Heming,
France [31]. This cement had a specific gravity of 3.11 g/cm? and a surface area determined
through laser granulometry of 5600 cm? /g. The increase in compressive strength over time
and the chemical composition of the cement, as detailed in the technical documentation
provided by the manufacturer, are illustrated in Figure 1 and Table 1.

In addition, the fine aggregates were obtained from natural river sand, confirming the
NF EN 12620/IN1 [32] standard, and had particle sizes of 0—4 mm. The sand had a specific
gravity of 2.589 g/cm?, a bulk density of 1734.7 kg/m?3, and a water absorption of 1.076%.
The size distribution of such aggregates is shown in Figure 2.
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Figure 1. Increase in the compressive strength over time for a standard cement mortar using CEM I
52.5N.
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Table 1. Chemical composition of CEM I 52.5 N.

Components Weight (%) Phases Weight (%)
CaO 61.3
Si0, 20
ALO; 48 C3S 63
Fe203 3.1
KO 1.12
MgO 49
Na,O 0.26 C25 20
S-- 0.03
Cl- 0.07
CO, 0.7
SO;3 37 C3A 7
PAF 0.8
INS 0.2
CaO Free 1.6
C4AF 10
NaZOeq active 1 4
100
80
~ 60
x
=
2 40
I
~
20
0
0.0625 0.125 025 05 1 2 4 8
Seive Size (mm)

Figure 2. Size distribution of the sand (passing percentage through a set of sieves ranging from
0 to 6.3 mm).

Furthermore, the superplasticizer was sourced from a local supplier, SIKA, in France
and certified by EN 934-2 [33]. Table 2 shows the chemical and physical properties of the

mentioned superplasticizer.

Table 2. Chemical and physical properties of the superplasticizer [34].

Properties Value/Type
Color Dark brown
State Liquid
Density 1150 + 0.03 kg/m?
pH 75+ 1.0
Chloride content <0.1%
Recommended dosage 5 dm? for 1 m? of concrete

In the current research work, evolon® non-woven textile [26] manufactured by the
Freudenberg company was utilized for all mortar samples, as shown in Figure 3. These
fabrics have 70% PET and 30% PA [35] and were manufactured through a process involving
splitting, entangling, and bonding using water jets at elevated pressure [36-38]. The
outcome is a distinctive technical textile characterized by a microfilament arrangement,
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which has mechanical strength similar to woven textiles along with a soft texture. The
physical and mechanical properties of the evolon® non-woven textile are detailed in Table 3.

Figure 3. Non-woven plastic tissue.

Table 3. Physical and mechanical properties of non-woven sheets [26].

Properties Unit Test Method Values
Web bonding - NF EN 29092 [39] Hydrolase
Mas per unit area g/ m? NF EN ISO 9073-1 [40] Target 100
Thickness mm NF EN ISO 9073-2 [41] Target 0.37
Tensile strength (machine direction) N NF EN ISO 13934-1 [42] Target 300
Tensile strength (cross direction) N NF EN ISO 13934-1 [42] Target 290
Tear strength (machine direction) N NF EN ISO 13937-1 [43] Target 8
Tear strength (cross direction) N NF EN ISO 13937-1 [43] Target 8
Elongation at break (machine direction) Y% NF EN ISO 13937-1 [43] Target 45
Elongation at break (cross direction) Y% NF EN ISO 13937-1 [43] Target 50
Water absorption mL/m? DIN 53923-78 [44] Target 430 (Washed product)

2.2. Preparation of the Specimens

The mortar specimens were cast using a standard mix proportion with the cement and
sand ratio of 1:3 [45], as indicated in Table 4.

Table 4. Mix proportion of the standard mortar [45].

Materials Weight of Materials (g)
Sand 1350
Cement 450
Water 225

In order to prepare mortar mixtures with the desired workability, it is essential to take
into account proper batching, mixing order, and mixing length. The mixing was performed
using a mixer programmed with the standard mixing procedure as follows: (1) Cement and
water were added to the mixer and mixed together for a duration of 30 s at a low speed.
(2) Subsequently, sand was uniformly added to the mixer for a period of 30 s and mixed for
an additional 30 s at a slow speed, followed by 30 s at a higher speed. (3) The mixer was
paused for 60 s, during which any mortar adhering to the bottom and sides of the mold
was detached and then mixed with the mortar inside the mold. (4) Finally, the mixture was
mixed for 60 s at a higher speed [45].

In order to find the adhesion properties between mortar and non-woven sheets,
40 x 40 x 160 mm prisms were prepared. Here, the sheets were cut to a width of 40 mm, cor-
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responding to the prism’s width, and a length of 400 mm (160 mm prism’s length + 240 mm
for pulling). First, all sides of the molds were oiled to facilitate easy demolding, and then
the cut sheets were positioned within the mold, as shown in Figure 4. Subsequent to
completing the mixing procedures, the mortar was poured inside the molds, and the molds
were fixed in an automated jolting unit. The entire setup, including the table, mold, hopper,
and clamping mechanism, was raised and then dropped a total of 60 times.

Figure 4. Placement of non-woven sheets in the molds.

Furthermore, 12 prisms were manufactured for each variable parameter. Subsequently,
6 of these samples were tested at 14 days, and the other 6 specimens were tested after
28 days of the curing period. Therefore, the total number of prisms for the 5 variable
parameters is equal to 60. The samples inside the molds were placed in a curing room for a
duration of 24 h, maintaining curing conditions at a temperature of 23 °C and a humidity
of 95%. Following this, the samples were demolded and then cured inside a water curing
tank, maintaining the same curing conditions for a maximum duration of 28 days.

The main objective of this article is to investigate the influence of the w/c ratio and
the quantity of superplasticizer on the adhesion properties between non-woven tissue and
mortar. Therefore, the mixture compositions were formulated by modifying the water
content and percentage of superplasticizer, as outlined in Table 5.

Table 5. Types of mixtures with various w/c ratios and percentages of SP content.

E;TIE::;: Sample Name Cement (g) Water (g) o Ofoilégze‘rﬁ?ght w/c Ratio Slump (mm)
1 0.55-WSP 450 247.5 0.0 0.55 33.5
2 0.50-WSP 450 225.0 0.0 0.50 17.0
3 0.45-WSP 450 202.5 0.0 0.45 5.3
4 0.45-SP 450 202.5 111 0.45 17.5
5 0.40-SP 450 180.0 2.17 0.40 18.5

In the initial column of the above table, the numerical value signifies the water-to-
cement ratio, while the alphabetical value represents whether the mixture includes or
excludes the superplasticizer. For example, “0.55-WSP” signifies prisms with a w/c ratio of
0.55 and without a superplasticizer.

2.3. Testing Setup and Procedure

To observe the bonding properties, 180° pull-out tests were performed in accordance
with the guidelines of ASTM D 903-98 [46]. For such a testing procedure, a metal container
was fabricated on-site within the laboratory of INSA de Strasbourg. This container was
designed to provide enough space for the proper insertion or removal of the prisms. Fur-
thermore, the container featured a blade at one end to secure the entire setup to the testing
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machine. While the opposite end was free, the sheet was bent from the bottom of the samples
to the top, and the sheet was fixed on the top of the machine, as shown in Figure 5.

Placing the sample inside
Blade the metal container

/

Metal container

Figure 5. Metal container.

The 180° pull-out test was performed with the help of a Shimadzu 100 KN traction
machine. The metal container’s blade was secured to the lower jaw, while the unattached
end of the fabric sheet was clamped in the upper jaw, as displayed in Figure 6. Once the
metal container was firmly in place, the test started, and the machine systematically drew
the sheets away from the prisms. During this process, the non-woven sheet detached from
the prism’s surface, and measurements of displacement (A) and peeling force (F) were
taken at regular intervals. The traction speed was set to 10 mm/min; readings were taken
at intervals of At = 0.01 s, accumulating an average of 80,000 data points for each individual
specimen. Therefore, the test for one sample was completed in (16-20 min) intervals.

Upper jaw

sheet

Lower jaw

Figure 6. Shimadzu 100 kN machine and testing setup.

In addition, a Bruker Contour GT-K1 3D optical microscope, also known as white and
green light interferometry with 2D and 3D measurements, was used to find the surface
texture of samples and the concentration of residual microfilaments on the surface of prisms.

After the bond test, samples were investigated under a binocular electronic micro-
scope to provide a more detailed assessment of surface textures, the concentration of
microfilaments, and the thickness of remaining fibers on the prisms’ surfaces.

Finally, the flexure and compressive tests were carried out on the same prisms in
accordance with EN 1015-11, 2019 [47] code considerations to validate the adhesion of the
remaining microfilaments within the mortar mixtures.
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3. Results and Discussions
3.1. Effect of Water Content (w/c Ratio)

As previously mentioned, the mortar mixtures with three distinct w/c ratios were
subjected to a 180° pull-out test. The focus was on recording the maximum peeling force
required for the detachment of the non-woven tissue from the prisms. The outcomes, as
presented in Figure 7, clearly highlight an enhancement in the maximum peeling force as
the w/c ratio was raised. Notably, after 28 days of water curing, the peeling force enhanced
by 15.78% when the w/c ratio increased from 0.50 to 0.55. In contrast, this force diminished
by 24.50% as the water-to-cement ratio reduced from 0.50 to 0.45.

0.50 0.55
w/c ratio

30

20
10 I
0
0.45

Figure 7. Effect of the w/c ratio on the peeling force.

m 14 days

m 28 days

Peeling Force, N
93

N

The variation in the peeling force is related to the different surface textures of the
samples. It indicates that prisms with higher water content (w/c = 0.55) exhibited more
dense microstructures and smoother surfaces with reduced pores that increase the number
of points for the attachment of the microfilaments on the prism surfaces. In addition, a
sufficient amount of cement paste existed at the surface of prisms having higher water
content, and this paste was extensively absorbed by non-woven fabrics; this resulted
in higher density, thicker layers, and longer microfilaments remaining on the mortar
specimens, as shown in Figure 8a. On the other hand, prisms containing a w/c ratio of 0.45
had rougher surfaces and many irregularities because of an insufficient amount of cement
paste, a large number of pores, and fewer adhesion points on the surface. Here, fewer,
thinner layers and shorter microfilaments remained on the surfaces of prisms, as shown in
Figure 8c. It can be noted that the strong adhesion between non-woven sheets and mortar
is due to the presence of high-density, thicker, and longer residual microfilaments.

Furthermore, the specimens were analyzed at a closer view to capture the density of
residual fibers, mortar composition, and the locations of fibers that were detached during
the bond test. The image clearly shows the intersection and adhesion of microfilaments
from non-woven sheets within the mortar samples, providing evidence of the strong
adhesion between the mortar and the fabric, as shown in Figure 9.

Finally, microscopic and interferometry analyses were carried out to gain deeper
insights into the surface characteristics and irregularities of the specimen concentration
and thickness of the residual fibers. The outcomes clearly highlight that samples with a
water-to-cement ratio of 0.45 exhibited numerous surface irregularities. These irregularities
led to a reduction in the interaction between the sheet and prisms, resulting in thinner
layers of microfilaments adhering to their surfaces, as presented in Figure 10a. Conversely,
for higher w/c ratios, the layer thickness of the remaining fibers substantially increased
after the bond test, as demonstrated in Figure 10b,c. In addition, Table 6 shows the layer
thickness of the residual microfilaments for the mixtures containing various w/c ratios.
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Higher number of
pores that decrease
contact area of sheets
with prism’s surface

Few and small pores
which increase the
contact area of
sheets compared to
the w/e=0.45

Very fewer and small
pores which increase
the contact area of
sheets compared to the
w/c=0.45 and 0.50

(0

Figure 8. Surface texture and density of the remaining microfilaments on the surface of prisms:
(@) w/c=0.45, (b) w/c=0.50, and (c) w/c = 0.55.

Mortar Microfilaments

Imprints of
detached fibers

Figure 9. The closer view of the specimen under the microscope.

Table 6. Layer thickness of the remaining microfilaments for the mixtures containing various

w/c ratios.
. Layer Thickness of the Remaining
Mixture Microfilaments (mm)
0.45-WSP 0.08
0.50-WSsPp 0.25

0.55-WSP 0.52
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Remaining
microfilaments

Remaining
microfilaments

Remaining
microfilaments

Figure 10. Surface irregularities and thickness of the remaining microfilaments on the surfaces of
prisms: (a) w/c =0.45, (b) w/c =0.50, and (c) w/c = 0.55.

3.2. Effect of Superplasticizer Content

In this phase of the experiment, the w/c ratio was lowered by incorporating the
superplasticizer. In order to analyze the effect of SP content, 1.11% of SP by weight of
cement was incorporated into the mixtures having a w/c ratio of 0.45 and 2.17% into the
mixtures containing a w/c of 0.40. Their results were compared with the standard mortar
that had a w/c ratio of 0.50 and 0.0% of SP. Figure 11 clearly illustrates a noteworthy
reduction in the peeling force with the increase of superplasticizer content. Over a 28-day
curing period, the peeling force decreased by 20.62% as the superplasticizer percentage
increased from 0% to 1.11%. Furthermore, the force exhibited a more pronounced decline
of 38.29% as the superplasticizer content was further raised from 1.11% to 2.17%.

In this part, minor variations in the surface textures of the samples were recorded
despite maintaining constant workability. However, the specimens containing a lower
w/c ratio and a greater quantity of superplasticizer exhibited larger pores and cavities;
this is due to the lower quantity of cement paste on the surfaces of prisms and higher
water bleeding, resulting in the reduction of the density of the remaining microfilaments, as
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shown in Figure 12a. In addition, smaller pores and much smoother surfaces were observed
for the prisms with higher w/c ratios and a lower amount of superplasticizer because of
a sufficient amount of cement paste and almost zero water bleeding, resulting in denser
and thicker layers of remaining microfilaments, as presented in Figure 12b. It could be
concluded that the surface texture, volume of cement paste, and water bleeding due to the
superplasticizer had the largest effect on the adhesion between sheet and cement mortar.

30

25

15 u 14 days
[ |

10 I 28 days

0

0.50+0% 0.45+1.11% 0.40+2.17%

w/c ratio+% of SP

Peeling Force, N

w

Figure 11. Effect of superplasticizer content on the peeling force.

e s s

(©

Figure 12. Surface texture and density of the remaining microfilaments on the surfaces of prisms:
(@) w/c=0.40 + 2.17% of SP, (b) w/c = 0.45 + 1.11% of SP, and (c) w/c = 0.50 + 0.0% of SP.

To conclude, the microscopic and interferometry analyses provide a clear indication
that specimens with a lower w/c ratio and a higher quantity of superplasticizer exhibited
thinner layers of residual microfilaments on their surfaces. Conversely, the layer thickness
of the remaining microfilaments was enhanced with a reduction in superplasticizer content
and an increase in the w/c ratio, as illustrated in Figure 13. In addition, Table 7 shows
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the layer thickness of the residual microfilaments for the mixtures containing various
percentages of SP.

L \ Remaining

7nucroﬁlamems

Remaining
microfilaments

wim

P

%‘I; Mortar y R W }
iy
*"ﬂi«.;_‘ iy "-. a3

Es .y

Remaining

: N
7 / microfilaments
o

Figure 13. Microscopic and interferometry analyses of the specimens containing various percentages
of SP: (a) w/c =0.40, (b) w/c = 0.45, and (c) w/c = 0.50.

Table 7. The layer thickness of the remaining microfilaments for the mixtures has various percentages
of SP.

Layer Thickness of the Remaining

Mixture Microfilaments (mm)
0.40 + 1.11% SP 0.05
0.45 + 2.17% SP 0.08
0.50 + 0% SP 0.25

Therefore, in order to have a strong adhesion between non-woven sheets and cemen-
titious materials, it is recommended to have a mortar specimen with a smoother surface,
fewer pores and cavities, and mixtures with a decreased amount of superplasticizer and an
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increased w/c ratio. However, enhancing the w/c ratio also has a limit because, beyond the
limit, water bleeding could occur in the matrix, which will definitely decrease the adhesion
between the tissue and mortar.

3.3. Mechanical Strengths

Furthermore, the mechanical tests were conducted on the same prisms after the bond
test to confirm the intersection and adhesion of the residual microfilaments within the mortar
mixtures. Overall, samples with non-woven sheets displayed higher mechanical strengths
than the ones without such sheets (reference), independent of their mixture compositions.
Notably, the prisms with a higher w/c ratio displayed an increase in flexural strength when
compared to the ones with a lower w/c ratio, as shown in Figure 14a. Additionally, a marginal
enhancement in the compressive strength was observed for the samples having higher water
content compared to the lower ones, as shown in Figure 14b. This improvement can be
attributed to the presence of the remaining fibers on the prism surfaces, which contribute to
restraining early damage and augmenting load-bearing capacity. Moreover, the improvements
in the mechanical strengths were more significant for the prisms with higher w/c ratios than
those with lower ones. This distinction can be attributed to the thicker layer of residual
microfilaments present on the surfaces of prisms with higher w/c ratios.

8
7
5 50

-
S

o
by

Flexural strength, MPa
»

Compressive strength, MPa
o
3

0.45-WSP 0.5-WSP 0.55-WSP 0.45-WSP 0.5-WSP 0.55-WSP
Type of Specimens Type of Specimens
mRef ®AfterBond Test mRef wAfterBond Test

(a) (b)

Figure 14. Mechanical strengths of samples after the bond test: (a) flexural strength and (b) compres-
sive strength (effect of w/c ratio).

The experiments were extended to the prisms with varying percentages of superplas-
ticizer. The results revealed that both compressive and flexural strengths were increased
with the decrease of the SP content. Notably, these enhancements were more pronounced
in the prisms with higher water content and a lower quantity of superplasticizer than those
with a higher superplasticizer concentration. This difference could be attributed to the
presence of a thicker layer of remaining microfilaments on specimens containing a higher
w/cratio and a reduced quantity of superplasticizer, as demonstrated in Figure 15.

8
,

55 I
5 50

0.5-WSP 0.45-SP 0.4-SP 0.5-WSP 0.45-SP 0.4-SP
Type of Specimens Type of Specimens

Flexural strength, MPa

EN
Compressive strength, MPa
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Figure 15. Mechanical strengths of samples after the bond test: (a) flexural strength and (b) compres-

sive strength (effect of percentage of SP).
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4. Conclusions

The objective of this article was to examine how the w/c ratio and the percentage of
superplasticizers impact the adhesion properties between non-woven fabrics and cement
mortar. Based on the results obtained from the aforementioned experiment, the following
key conclusions were drawn:

e In general, the adhesion between non-woven sheets and mortar specimens was consis-
tently good using any w/c ratio or the quantity of superplasticizer;

e The peeling force notably increased as the w/c ratio was raised. This enhancement
could be attributed to the smoother surface and sufficient presence of cement paste
on the surfaces of prisms. In essence, specimens with a higher w/c ratio exhibited a
greater density of microfilaments with thicker layers adhering to their surfaces, in con-
trast to those with lower w/c ratios. The thicker layer of the remaining microfilaments
led to a larger contact area between the sheets and prisms, ultimately resulting in a
stronger adhesion;

e  Furthermore, augmenting the content of the superplasticizer exhibited a significant
impact on bonding characteristics. The peeling force exhibited a notable decrease
as water content was reduced and the superplasticizer amount was increased. This
reduction can be attributed to the phenomenon of bleeding that occurs when a sub-
stantial quantity of superplasticizer is present alongside a reduced amount of cement
paste on the prism surfaces. Additionally, the quantity and thickness of the remaining
fibers reduced with the increase of superplasticizer content, leading to a corresponding
decline in the peeling force;

e  This phenomenon was clearly confirmed by interferometry and microscopic analyses.
The observations revealed that reducing the w/c ratio or introducing a superplasticizer
led to increased surface irregularities and porosity, coupled with a decrease in both
the quantity and thickness of the remaining microfilaments;

e  Finally, the mechanical properties of prisms were studied after the bond test. It was
found that the flexural and compressive strengths have improved for the prisms,
which have a higher w/c ratio and less superplasticizer.

Author Contributions: Methodology, S.0.; Formal analysis, E.B.; Investigation, S.B., S.O. and E.B.;
Writing—original draft, S.B.; Resources and visualization, V.S.; Supervision, S.0., E.B. and EF. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Jawdhari, A.; Peiris, A.; Harik, I. Experimental study on RC beams strengthened with CFRP rod panels. Eng. Struct. 2018, 173,
693-705. [CrossRef]

2. Hosen, A,; Zamin, M.; Alengaram, U.J.; Sulong, N.H.R. CFRP strips for enhancing flexural performance of RC beams by SNSM
strengthening technique. Constr. Build. Mater. 2018, 165, 28—44. [CrossRef]

3. Adel, A;;Hamed, A.; El-kashif, K.E.O. Flexural strengthening of preloaded reinforced concrete continuous beams: An experimental
investigation. Alex. Eng. J. 2018, 58, 207-216. [CrossRef]

4. Ahmad, S,; Sharif, AM.A.; Al-Osta, M.A.; Al-Zahrani, M.M.; Sharif, A.M.; Al-Huri, M.A. Flexural performance of pre-damaged
RC beams strengthened with different configurations of UHPFRC layer—Experimental and analytical investigation. Structures
2023, 48, 1772-1787. [CrossRef]

5. Alkhateeb, M.Y.; Hejazi, F. Reinforced concrete beams externally strengthened by CFRP rods with steel plate, anchorage bolts,
and concrete jacketing. Structures 2022, 46, 1994-2013. [CrossRef]

6. Askar, M.K,; Hassan, A F; Al-Kamaki, Y.S.S. Flexural and shear strengthening of reinforced concrete beams using FRP composites:

A state of the art. Case Stud. Constr. Mater. 2022, 17, €01189. [CrossRef]


https://doi.org/10.1016/j.engstruct.2018.06.105
https://doi.org/10.1016/j.conbuildmat.2017.12.052
https://doi.org/10.1016/j.aej.2018.11.011
https://doi.org/10.1016/j.istruc.2023.01.077
https://doi.org/10.1016/j.istruc.2022.11.024
https://doi.org/10.1016/j.cscm.2022.e01189

Polymers 2023, 15, 4286 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhang, Y.; Wang, H.; Qin, Y,; Huang, S.; Fan, W. Experimental and analytical studies on the flexural behavior of steel plate-UHPC
composite strengthened RC beams. Eng. Struct. 2023, 283, 115834. [CrossRef]

Sun, X.; Gong, Z.; Zuo, Y,; Hu, J,; Li, Y.; Wu, H. Flexural behavior of the hollow slab girders strengthened with ultra-high
performance concrete: Field full-scale experiment and analysis. Constr. Build. Mater. 2023, 408, 133608. [CrossRef]

Zhu, Z.; Abdelbaset, H.; Li, X.; Tang, Q. Flexural behavior of long-term loaded RC beams strengthened by ultra-high performance
concrete. Constr. Build. Mater. 2023, 407, 133428. [CrossRef]

Alharthi, YM.; Emara, M.; Elamary, A.S.; Sharaky, I.A. Flexural response and load capacity of reinforced concrete beams
strengthened with reinforced mortar layer. Eng. Struct. 2021, 245, 112884. [CrossRef]

Peng, G.; Hu, X,; Niu, D.; Zhong, S.; Huang, D. Experimental study on the shear behavior of RC beams strengthened with
cementitious grout. Structures 2023, 50, 1403-1415. [CrossRef]

Bahij, S.; Omary, S.; Feugeas, F.; Faqiri, A. Structural Strengthening/Repair of Reinforced Concrete (RC) Beams by Different
Fiber-Reinforced Cementitious Materials—A State-of-the-Art Review. J. Civ. Environ. Eng. 2020, 10. [CrossRef]

Pan, B,; Liu, F; Zhuge, Y.; Zeng, ].].; Liao, ].J]. ECCs/UHPFRCCs with and without FRP reinforcement for structural strengthen-
ing/repairing: A state-of-the-art review. Constr. Build. Mater. 2022, 316, 125824. [CrossRef]

Al-zu’bi, H.; Abdel-Jaber, M.; Katkhuda, H. Flexural Strengthening of Reinforced Concrete Beams with Variable Compressive
Strength Using Near-Surface Mounted Carbon-Fiber-Reinforced Polymer Strips [NSM-CFRP]. Fibers 2022, 10, 86. [CrossRef]
Sivasankar, S.; Bharathy, T.; Vinodh Kumar, R. Flexural Behaviour of RC beams using GFRP Composites. Int. ]. Eng. Technol. 2018,
7,744. [CrossRef]

Pham, TM.; Chen, W.; Elchalakani, M.; Karrech, A.; Hao, H. Experimental investigation on lightweight rubberized concrete
beams strengthened with BERP sheets subjected to impact loads. Eng. Struct. 2020, 205, 110095. [CrossRef]

Sinh, L.H.; Komuro, M.; Kawarai, T.; Kishi, N. Failure Modes of Reinforced Concrete Beams Strengthened in Flexure with
Externally Bonded Aramid Fiber-Reinforced Polymer Sheets under Impact Loading. Buildings 2022, 12, 584. [CrossRef]

Soluit, A.K.; Motawea, M.A.; El-sayed, K.M.; Shalaby, S.H. Torsional Behavior of RC Beams Strengthened with Fiber Reinforced
Polymer Sheets. Eng. Res. J. 2007, 114, C102-C119.

Li, A,; Diagana, C.; Delmas, Y. CRFP contribution to shear capacity of strengthened RC beams. Eng. Struct. 2001, 23, 1212-1220.
[CrossRef]

Reda, R.M.; Sharaky, I.A.; Ghanem, M.; Seleem, M.H.; Sallam, H.E.M. Flexural behavior of RC beams strengthened by NSM GFRP
Bars having different end conditions. Compos. Struct. 2016, 147, 131-142. [CrossRef]

Mostosi, S.; Meda, A.; Riva, P.; Maringoni, S. Shear Strengthening of RC Beams with High Performance Jacket. In Proceedings of
the Fib Symposium 2011: Concrete Engineering for Excellence and Efficiency, Prague, Czech Republic, 8-10 June 2011.
Al-Bayati, G.; Al-Mahaidji, R.; Kalfat, R. Experimental investigation into the use of NSM FRP to increase the torsional resistance of
RC beams using epoxy resins and cement-based adhesives. Constr. Build. Mater. 2016, 124, 1153-1164. [CrossRef]

Bahij, S.; Omary, S.; Steiner, V.; Feugeas, F.; Ibrahimkhil, M.H. Effect of Non-Woven Polyethylene Terephthalate (PET) Tissue on
Fresh and Hardened Properties of Concrete. Materials 2022, 15, 8766. [CrossRef] [PubMed]

Bahij, S.; Omary, S.; Steiner, V.; Feugeas, F; Faqiri, A. Experimental Study on Concrete Specimens Strengthened with Non-woven
Plastic Sheets. Int. J. Civ. Infrastruct. 2021, 4, 128-137. [CrossRef]

Bahij, S.; Omary, S.; Feugeas, F,; Faqiri, A. Use of Non-Woven Polyethylene Terephthalate (PET) Tissue to improve Certain
Properties of Concrete. In Proceedings of the 6th International Conference on Civil, Structural and Transportation Engineering
(ICCSTE’21), Niagara Falls, ON, Canada, 17-19 May 2021; pp. 1-10. [CrossRef]

Bahij, S. Valorization of Plastic Non-Woven Sheets of Polyethylene Terephthalate (PET) for the Development of Environmental
Friendly Concrete. Ph.D. Thesis, University of Strasbourg, Strasbourg, France, 2021.

Shim, E.; Pourdeyhimi, B.; Latifi, M. Three-dimensional analysis of segmented pie bicomponent nonwovens. J. Text. Inst. 2010,
101, 773-787. [CrossRef]

Kamela, M.; Helmy, H.; Meshaly, H.; Abou-Okeil, A. Antibacterial Activity of Cationised Cotton Dyed with Some Natural Dyes.
J. Text. Sci. Eng. 2015, 5, 1-5. [CrossRef]

Zhang, H.; Qian, X.; Zhen, Q.; Yang, Z. Research on structure characteristics and filtration performances of PET-PA6 hollow
segmented-pie bicomponent spunbond nonwovens fibrillated by hydro entangle method. J. Ind. Text. 2015, 45, 48-65. [CrossRef]
Long, J. H.; Paul, S.L.; Lampo, R.G. Bond strength between geotextiles and concrete. Geotext. Geomembr. 1989, 8, 113-132.
[CrossRef]

EN 197-1/A1; Cement—Part 1: Composition, Specifications and Conformity Criteria for Common Cements. European Standard:
Brussels, Belgium, 2012.

NF EN 12620/IN1; Aggregates for Concrete. European Standard: Brussels, Belgium, 2008.

EN 934-2; Admixtures for Concrete, Mortar and Grout. European Standard: Brussels, Belgium, 2012.

SikaCem®Fluidifiant. Superplastifiant Haut Reducteur d’eau. Sika 2017. Available online: https:/ /fra.sika.com/content/dam/
dms/fr01/y/sikacem_fluidifiant.pdf (accessed on 27 April 2021).

Hollowell, K.B. Hybrid Mixed Media Nonwovens: An Investigation of Structure-Property Relationships. Ph.D. Thesis, North
Carolina State University, Raleigh, NC, USA, 2012.

Baysal, G.; Onder, S.; Gocek, L; Trabzon, L.; Kizil, H.; Kok, EN.; Kayaoglu, B.K. Design and fabrication of a new nonwoven-textile
based platform for biosensor construction. Sens. Actuators B Chem. 2015, 208, 475-484. [CrossRef]


https://doi.org/10.1016/j.engstruct.2023.115834
https://doi.org/10.1016/j.conbuildmat.2023.133608
https://doi.org/10.1016/j.conbuildmat.2023.133428
https://doi.org/10.1016/j.engstruct.2021.112884
https://doi.org/10.1016/j.istruc.2023.02.115
https://doi.org/10.37421/jcde.2020.10.354
https://doi.org/10.1016/j.conbuildmat.2021.125824
https://doi.org/10.3390/fib10100086
https://doi.org/10.14419/ijet.v7i3.12.16493
https://doi.org/10.1016/j.engstruct.2019.110095
https://doi.org/10.3390/buildings12050584
https://doi.org/10.1016/S0141-0296(01)00035-9
https://doi.org/10.1016/j.compstruct.2016.03.018
https://doi.org/10.1016/j.conbuildmat.2016.08.095
https://doi.org/10.3390/ma15248766
https://www.ncbi.nlm.nih.gov/pubmed/36556586
https://doi.org/10.11159/ijci.2021.016
https://doi.org/10.11159/iccste21.157
https://doi.org/10.1080/00405000903357938
https://doi.org/10.4172/2165-8064.1000180
https://doi.org/10.1177/1528083714521073
https://doi.org/10.1016/0266-1144(89)90023-X
https://fra.sika.com/content/dam/dms/fr01/y/sikacem_fluidifiant.pdf
https://fra.sika.com/content/dam/dms/fr01/y/sikacem_fluidifiant.pdf
https://doi.org/10.1016/j.snb.2014.11.042

Polymers 2023, 15, 4286 16 of 16

37.

38.

39.
40.

41.

42.

43.

44.

45.
46.

47.

Freudenberg, Web Bonding. n.d. Available online: https:/ /www.freudenberg-pm.com/Materials/Webbonding (accessed on
13 October 2023).

Xiang, P.; Kuznetsov, A.V.; Seyam, A.M. Experimental and numerical investigation of the peeling force required for the detachment
of fabric from the forming belt in the hydroentanglement process. J. Text. Inst. 2009, 100, 99-110. [CrossRef]

NF EN 29092; Textiles—Nonwovens. European Standard: Brussels, Belgium, 1992.

NF EN ISO 9073-1, Nowovens—Test methods—Part 1: Determination of Mass per Unit Area. European Standard:
Brussels, Belgium, 2023.

NF EN ISO 9073-2; Nowovens—Textiles—Test Methods for Nonwovens—Part 2: Determination of Thickness. European Standard:
Brussels, Belgium, 2023.

NF EN ISO 13934-1; Textiles—Tensile Oroperties of Fabrics—Part 1: Determination of Maximum Force and Elongation at
Maximum Force Using the Strip Method. European Standard: Brussels, Belgium, 2013.

NF EN ISO 13937-1; Textiles—Tear Properties of Fabrics—Part 1: Determination of Tear Force Using Ballistic Pendulum Method
(Elmendorf). European Standard: Brussels, Belgium, 2000.

DIN 53923-78; Testing of Textiles—Determination of Water Absorption of Textile Fabrics. German National Standard:
Berlin, Germany, 2022.

NF EN 196-1; Methods of Testing Cement—Part 1: Determination of Strength. European Standard: Brussels, Belgium, 2016.
ASTM D 903-98; Standard Test Method for Peel or Stripping Strength of Adhesive Bonds. American Society for Testing and
Materials: West Conshohocken, PA, USA, 2004; Volume 01, pp. 5-8.

EN 1015-11; Test Methods for Masonry Mortars—Part 11: Determination of the Flexural and Compressive Strength of Hardened
Mortar. European Standard: Brussels, Belgium, 2019.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.freudenberg-pm.com/Materials/Webbonding
https://doi.org/10.1080/00405000701679723

	Introduction 
	Experimental Program 
	Materials 
	Preparation of the Specimens 
	Testing Setup and Procedure 

	Results and Discussions 
	Effect of Water Content (w/c Ratio) 
	Effect of Superplasticizer Content 
	Mechanical Strengths 

	Conclusions 
	References

