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Abstract: In this study, to compare strengthening efficiency and flexural behaviors of textile- reinforced
mortar (TRM) according to various types of strengthening methods without the textile being
impregnated, ten specimens were tested. The results showed that TRM was beneficial for uniform
distribution of cracks and increased the strengthening efficiency and load-bearing capacity, as textile
reinforcement ratio and textile lamination increased and the mesh size of the textile decreased and
mechanical end anchorage applied. However, the strengthening effect was shown obviously until the
yield load considering structural safety and serviceability.

Keywords: textile reinforced mortar; non-impregnated textile; textile reinforcement ratio; textile
lamination; mesh size; end anchorage; strengthening efficiency

1. Introduction

Due to aging infrastructures, the need for improvement in repair, strengthening, and maintenance
processes has been continuously increasing. To improve the performance of aging infrastructures,
astronomical funds have been invested [1]. Moreover, with the development of design code, structures
are required to be strengthened to meet structural safety [2]. To keep up with these requirements,
fiber-reinforced polymer (FRP) strengthening method has been studied and applied for many years [3–5].
Strengthening with FRP uses organic materials such as epoxy resin for bonding with concrete substrate.
However, organic materials have several disadvantages, including the impossibility of applying them
to wet surfaces, low glass transition temperature, low fire resistance, and low permeability.

To overcome the disadvantages of the use of organic materials, textile-reinforced mortar
(TRM) method using inorganic materials such as cementitious matrix has been actively researched
recently [2,6–8]. TRM is a structure-strengthening method for attaching textiles composed of fiber
materials, such as carbon and glass fibers with excellent chemical resistance, to the surface of masonry
and reinforced concrete (RC) structures generally using mortar. As it uses mortar, TRM is highly
resistant to temperatures and applicable to wet surfaces, thus allowing efficient construction in various
environments. However, since the textile consists of numerous filaments, the mortar cannot penetrate
into the textile and the bonding with mortar is divided into the inner and the outer.

Many researchers investigated the bonding behavior between textile and mortar and between TRM
layer and concrete substrate to explain the bonding characteristics of textile composite materials [9–14].
Furthermore, to improve the bonding between textile and mortar, textile has been impregnated with
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resin or attached small sand grains [15–20]. This reinforcement of textile enables its tensile strength to
be used more efficiently.

Papanicolaou et al. [15] coated a textile using a polymeric resin. Compared with the uncoated
specimens, the load of specimen reinforced with the textile alone was increased by 26–112% in terms of
the first-crack, yield and ultimate load. The load of specimen reinforced with the textile and steel rebar
increased by 11–16%. The effect of strengthening using coated textile was increased when reinforcing
by textile alone, or when using a smaller amount of textile. Kamani et al. [19] applied a partially
impregnated epoxy at the interaction point of weft and warp roving in textile. Experimental results
show that the maximum load of specimens with partially impregnated epoxy was increased by 49–73%.
In Raoof et al. [21], the flexural strength of the specimens with coated textile was increased by 16%
at crack and by 5% at yield and ultimate load. The failure mode of specimens was changed from
premature failure due to local slippage of uncoated textile to interlaminar shearing of mortar of coated
textile. Jesse et al. [22] also showed that the ultimate load of the specimen with coated textile was
increased by 23% compared with the uncoated specimen.

Commonly, impregnation or coating of textile improves the bond condition between textile
and mortar. In addition, fiber alignment, prevention of relative slippage, strain compatibility of
filaments, and the ease of load transferring due to strong binding of the intersection point of textile
was studied [15,19]. The process of impregnation makes it possible to use the textile more efficiently,
but the efficiency differs depending on the type of the resin and textile, impregnation method, and the
shape of the structure. In addition, according to Gutierrez et al. [23], the additional cost of resin and
impregnation process accounts for about 38% of the fiber in terms of raw materials.

Therefore, in this study, various types of TRM were investigated to solve the problem of cost
due to textile impregnation and to find a method of using textile efficiently without the impregnation
process. According to previous studies, the non-impregnated textile will cause the bond of textile and
mortar to be divided into inner and outer filaments so that the tensile strength of TRM composite is
decreased. Hence, to prevent the slippage and damage of textiles, various methods of textile lamination,
textile geometry, and end anchorage were applied. Ten specimens were fabricated and compared with
load and deflection relationship, cracking, strain, and ductility index to investigate the strengthening
efficiency and flexural behavior of TRM without textile impregnation.

2. Experimental Program

2.1. Textile

The textile used in this study was made by alkali resistant (AR) glass fibers containing 16.5% zircon
in 8 × 8 mm intervals as shown in Figure 1. Properties of the textiles provided by the manufacturer
(Taishan fiberglass Inc., Tai´an, China) are listed in Table 1. The diameter of the filament was 14 µm,
and the area of roving was 0.246 mm2. Its tensile strength, modulus of elasticity, and maximum strain
were 1789 MPa, 68 GPa, and 0.0262, respectively.
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Table 1. Detailed specifications of the AR glass provided by the manufacturer; AR: Alkali Resistant.

Properties and Geometric Parameters 1 AR Glass

Number of filaments per roving 1600
Tensile strength of warp (N/50 mm) 2142
Tensile strength of weft (N/50 mm) 1833

Rupture elongation ratio of warp (%) 2.85
Rupture elongation ratio of weft (%) 2.36

Tex of yarn (g/km) 640
Diameter or filament (µm) 14

1 Tested by Chinese standard: GB/T 7689.5 idt ISO 4606.

2.2. Matrix

Ready-mixed concrete with specified concrete strength up to 35 MPa was used. The average
compressive strength of the concrete using three cylindrical specimens with a 100 mm diameter and
a 200 mm height was 42.19 MPa. For the matrix of the TRM section, polymer mortar was used for
effective bonding with the textile and concrete substrate. The concrete and polymer mortar mix
proportions are listed in Tables 2 and 3. Specifications of polymer mortar provided by the manufacturer
(SsangYong Cement, Seoul, South Korea) are listed in Table 4. The average compressive strength of the
polymer mortar using three cylindrical specimens was 48.91 MPa.

Table 2. Mix proportions of concrete.

W/B
(%)

Unit Weight (kg/m3)

Cement Water Fine
Aggregate

Coarse
Aggregate Fly Ash Blast Furnace

Slag
Water

Reducer

35.8 319 163 780 898 68 68 4.1

Table 3. Mix proportions of polymer mortar.

W/M 1

(%)

Content Per 1 Bag of 25 kg (%)

Cement Fine Aggregate PVA Fiber 2 Acrylate Copolymer CSA 3 Water Reducer

19 <50 35~40 >1 3> >5 <1
1 Water/mortar. 2 Polyvinyl alcohol fiber. 3 Expansive admixture.

Table 4. Detailed specifications of the polymer mortar provided by the manufacturer.

Strength Type Experimental Value (MPa) Standard of KS (MPa)

Flexural 8 6.0 >
Compressive 45 20.0 >

Bond 1 1.5 1.0 >
1 The bond strength is improved 20% with primer.

2.3. Specimen

Nine TRM-strengthened reinforced-concrete beams were fabricated as TRM specimens, and one
RC beam was fabricated as a control specimen. TRM specimens are composed of the RC and TRM.
Total length was 1500 mm, width was 120 mm, and height was 150 mm, which consist of a height of
135 mm of RC and a height of 15 mm of TRM. The control specimen had a height of 135 mm without
TRM strengthening layer. RC was reinforced with two D10 bars with diameter 9.53 mm in tension.
To prevent the shear failure at support section, D6 shear stirrups with diameter 6.35 mm were placed
at 80 mm and 100 mm intervals except for the pure bending section. Yield strength and modulus
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of elasticity of the reinforcement were 400 MPa and 200 GPa for rebar D6 and D10, respectively.
Specifications of these study specimens are shown in Figure 2.Appl. Sci. 2019, 9, x 4 of 14 
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Experimental parameters of the TRM specimen and the experimental comparison group were as
follows: (1) Textile reinforcement ratio (RC, T1, T2, T3); (2) textile lamination and geometry (T1, T1O,
T1N, T1M); and (3) end anchorage (T2, T2E, T2A, T2AP).

The procedures for preparing the TRM specimen were as follows: (1) Grinding the bottom surface
of RC beam with grid of grooves with depth of 2–3 mm; (2) setting up a RC beam to a strengthening
device; (3) applying a primer; (4) pouring polymer mortar with thickness of 4 mm by using a trowel;
(5) fixing the first textile on the clamp device at each side as shown in Figure 3; (6) stretching the textile to
parallel to reinforcing axis; (7) pouring second polymer mortar with thickness of 2–3 mm and applying
hand pressure to penetrate mortar into the textile; (8) repeat step (5)–(7) until all designed textile
layers were placed; (9) after last textile was placed, mortar poured with 4 mm thickness. The average
thickness of the TRM strengthening layer of all specimens was 19.91 mm, which was larger than the
design as shown in Figure 2. This is because the amount of mortar required for TRM was increased
due to the grooves 2–3 mm deep and the thicker textile layer due to lamination. Detailed specifications
of these study specimens are listed in Table 5.
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Table 5. Detailed specifications of study specimens.

Name Strengthening Configuration Textile End Anchorage
Layer Lamination 2

Control Reinforced concrete - - -
T1 1 Textile reinforcement ratio was 0.049% 3 - ×

T1N Textile applied manually (non-stretching) 3 - ×

T1O Three textiles lamination in one layer 1 3 ×

T1M 2 Textile mesh size changed from 8 mm to 24 mm 3 (1/3) × 3 ×

T2 1 Textile reinforcement ratio was 0.098% 3 2 ×

T2E 3 Fixed to both ends of the beam by TRM 3 2 #
T2A 3 L-shaped angle + bolt anchor 3 2 #

T2AP 3 Steel plate + bolt anchor 3 2 #
T3 1 Textile reinforcement ratio was 0.15% 3 3 ×

1 A reference specimen for each experimental group. 2 The number of roving T1M per one layer was reduced to one
third due to changed mesh size. 3 TRM specimens were applied with end anchorage.
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T denotes the beam reinforced with TRM, and the number denotes the ratio of textile reinforcement.
Textile reinforcement ratio of T1 was 0.049% (8.86 mm2). T2 and T3 were two and three times that of T1,
respectively. T1N applied textile manually without textile stretching. All specimens except T1N were
fabricated using a TRM-strengthening device as shown in Figure 3, which was fixing textiles on both
sides of the specimen to keep the textile parallel to reinforcing axis when mortar pouring [24]. Textile
stretching was applied with a slight tension so as not to damage the fibers [17–19]. T1O was laminated
with three textiles to one layer. The mesh size of T1M was changed from 8 mm to 24 mm. T2E was
fixed to both ends of the beam by TRM. T2A and T2AP were applied mechanical end anchorage with
L-shaped angle and steel plate, respectively. The schematic of differences of each specimen is shown in
Figure 4.
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2.4. Test Set-Up

The 4-point loading method with 3000 kN UTM was used at a rate of 0.1 mm/s under displacement
control. As shown in Figure 2, the span of the specimen was 1300 mm, and the loading point was
400 mm in the mid-span. A linear variable differential transformer (LVDT) was installed at the mid-span
to measure the deflection. Four concrete strain gauges and two steel strain gauges were installed at the
mid-span. Extended PI gauge which consisted of two PI gauges with a 50 mm length and thin steel
plate with a 300 mm length were attached at the mid-span of the TRM to measure the longitudinal
deformation in the pure bending section.

3. Experimental Results and Discussion

3.1. Crack and Failure

Crack was observed with visual inspection. Similar flexural cracks appeared in all specimens
as shown in Figure 5. The first cracks appeared in TRM at the pure bending section and developed
towards both sides. After the occurrence of the crack of the TRM, crack of RC propagated at the same
location where the TRM crack appeared. This is because the flexural stress was concentrated on the
crack of the TRM and the concrete stress easily reached the tensile strength.

The number of cracks in RC was shown in Figure 6. The number of cracks in the pure bending section
of the TRM specimen appeared more than that of control specimen. Therefore, TRM reinforcement
appears beneficial for uniform distribution of cracks [17,20,25].

When the tensile force is applied to the textile and released in the matrix, the compressive force is
applied to the matrix, and the initial crack strength of the TRM is increased as much as compressive
stress. For a prestressed TRM, for the new crack to occur, the bond stress between textile and matrix
must be increased as much as the sum of the initial compressive stress and tensile strength of the matrix.
That is, the occurrence of a large crack is essential, and the number of cracks is decreased [20,26,27].
The textile of this study did not introduce enough force to cause sufficient elastic deformation of TRM.
However, a slight tension of textile was maintained by applying mechanical anchors to T2A and T2AP.
Therefore, it can be seen that the crack width and spacing was increased in the pure bending section as
shown in Figure 6.
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The T1O applied one layer with lamination of three textile and T3 applied three layers with
lamination of three textile. Thus, the bond area between textile and mortar of T1O and T3 was smaller
than the other TRM specimens so that ratio of crack numbers of pure bending was low, as shown in
Figure 6.

The failure modes of the TRM were shown as follows: (1) Textile rupture; (2) debonding between
concrete substrate and TRM and textile rupture; and (3) textile slippage. After the failure of TRM,
nearly the same plastic behavior of the control specimen was shown and, finally, crushing of concrete
occurred. The failure modes of all specimens, listed in Table 6 and Figure 7, show three types of
failure of the TRM. Figure 7a shows the textile rupture after the test of the T2AP. Figure 7b shows the
debonding of the TRM strengthening layer of T2 after the ultimate load was reached. This debonding
was also observed in T1O. Figure 7c shows the textile slippage of the T1M. The slippage of the textile
occurred from yield load to crushing of concrete. After the end of the test, the textile had not failed,
but showed crimp shape.
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Table 6. Test results.

Name
Experiment Results

Failure ModePy
(kN)

δy
(mm)

Pu
(kN)

δu
(mm)

µ

(δu/δy)

RC 32.06 6.75 35.39 18.92 2.8 Concrete crushing
T1 33.66 7.48 - - - Textile rupture

T1N 38.96 7.85 - - - Textile rupture
T1O 38.22 8.18 39.21 10.79 1.32 Debonding and textile rupture
T1M 35.38 8.42 37.11 17.48 2.08 Textile slippage
T2 34.89 10.02 36.49 15.86 1.58 Debonding and textile rupture

T2E 40.69 8.85 42.29 12.45 1.41 Textile rupture
T2A 40.19 7.31 - - - Textile rupture

T2AP 38.34 7.41 40.19 9.03 1.22 Textile rupture
T3 38.71 8.53 41.92 12.79 1.50 Textile rupture
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Figure 7. Failure modes of TRM: (a) Textile rupture of T2AP; (b) debonding and textile rupture of T2;
(c) textile slippage of T1M.

3.2. Load and Deflection Relationship

The load and deflection curves for each comparison group are shown in Figures 8–10, and the
results are listed in Table 6. The stiffness of TRM and control specimens were similar, except for T2,
T2A, and T2AP. The decrease of the stiffness of the T2 was observed due to damage of the concrete
beam during the grinding process. Increasing stiffness of T2A and T2AP was affected by applying a
mechanical end anchorage.
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3.2.1. Textile Reinforcement Ratio

Figure 8 shows flexural behavior of the control, T1, T2, and T3 specimens according to the textile
reinforcement ratio. The yield and ultimate loads of the control specimen were 32.06 kN and 35.39 kN,
respectively. The yield load of T1 was 33.66 kN, which was 5% higher than that of the control specimen.
As for T2, its yield and ultimate loads were 34.89 kN and 36.49 kN, respectively, which were 9% and 3%
higher than that of the control specimen, respectively. For T3, its yield and ultimate loads were 38.71 kN
and 41.92 kN, respectively, which were 21% and 18% higher than the control specimen, respectively.
The strengthening effect of T1 and T2 was negligible because the ratio of increasing strength was less
than 10%. In particular, the textile reinforcement ratio of T2 was twice that of T1, but the ratio of
increase of the ultimate load was 3%.

Hegger et al. [28] reported that when the transversal action and the bending is applied to textile,
the filament is damaged, and the load-bearing capacity is decreased. In addition, the bond performance
of inner filaments is better, but inner filaments exhibit lower strain than outer filaments. To determine
the complex behavior, inclined roving model in the crack was introduced, and the textile effectiveness
was reduced about 50% for an angle of 45◦. The load of T1 was decreased after the yielding of the
steel rebar. T2 exhibited a yield load similar to T1 and showed a negligible increase in the ultimate
load compared with the control specimen. This behavior of T1 and T2 indicates that the damage of the
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non-impregnated textile in the crack increased with the increase of the load, and the strengthening
efficiency decreased sharply.

The T3 showed sufficient improvement with higher ratio of increase of strength compared with
T1 and T2. As shown in Table 6, T3 had similar load-bearing capacity of T2E, T2A, and T2AP with end
anchor because there was enough textile to bear the load even if some of textile of the T3 was damaged.
T2E, T2A, and T2AP were considered to be free of textile damage due to anchor. This is discussed in
detail in Section 3.2.3. The higher the ratio of textile reinforcement, the more sufficient load-bearing
capacity appears even if damage to the non-impregnated textile occurred.

3.2.2. Textile Lamination and Geometry

Figure 9 shows flexural behaviors of T1, T1N, T1O, and T1M according to textile lamination and
geometry. The yield load of T1N was 38.96 kN, which was 16% higher than that of the T1 specimen.
The yield load of T1O was 38.22 kN, which was 14% higher than that of T1. The ultimate load of T1O
was 39.21 kN, which was a little higher than its yield load. T1O and T1N improved the load-bearing
capacity with nearly the same increment. The textile of T1 was vulnerable to damage, as described in
the previous section, Section 3.2.1. However, in case of T1O, because the textile applied at the same
reinforcing axis by lamination, all filaments in the textile resist the loads acting on the TRM layer
simultaneously, even if the inner filaments have a higher ratio in the total cross-section area of the
textile. Therefore, T1O increased load-bearing capacity higher than that of T1. In the case of T1N
with the process of pressing the mortar with a trowel after the application of the textile without fixing
both ends of the textile, the spacing of the textile layer of T1N was decreased compared to that of
T1, so that same effect of textile lamination of T1O was observed. However, unlike other specimens,
the uncertainty in the fabrication process of non-stretching caused unstable behavior in which the load
suddenly decreased due to the textile rupture at the yield load.

The yielding and ultimate load of T1M was 35.38 kN and 37.11 kN, respectively. The textile mesh
size of T1M was changed from 8 mm to 24 mm. The yield load of T1M was 5% higher than that of
T1, but the yield and ultimate load were decreased compared with T1N and T1O. Because the weft
(transverse direction) roving of the textile applied to beams or one-way slabs is perpendicular to the
longitudinal axis, there is no load-bearing capacity but it performs a mechanical interlock such as an
anchor of warp (longitudinal direction) roving between interaction points [25]. Therefore, T1M had
wider spacing of anchors that fix warp roving than other TRM specimens, so that the possibility of
textile slippages increased, and load-bearing capacity decreased [16].

3.2.3. End Anchorage

Figure 10 shows flexural performances of T2, T2E, T2A, and T2AP according to the type of end
anchorage. The yield and ultimate load of T2E were 40.69 kN and 42.29kN, respectively, which were
17% and 16% higher than that of T2, respectively. The yield load of T2A was 40.19 kN, which was 15%
higher than that of T2. The yield and ultimate load of T2AP were 38.34 kN and 40.19kN, respectively,
which were 10% higher than that of T2. In the case of T2E, the load dropped two times after the ultimate
load, unlike other TRM specimens. The first load drop was caused by the rupture of the outer filaments
due to increase in the stress in the crack. In general, the slippage of textile inside the matrix occurred if
there was no clamping device with sufficient compressive force such as an anchor [25]. The textile of
T2E was fixed to both ends of the beam, hence the inner filaments in the textile were fixed by anchor
and the load was once again increased slightly. The slippage of inner filaments had occurred before the
ultimate load was reached but was limited by bonding of the end anchorage until the second load
drop occurred. Therefore, T2E improved the load-bearing capacity more than the non-end anchorage
specimens but did not completely prevent slippage. The T2A and T2AP with bolt anchor prevented
all slippage of the textile, and all the filaments of textile resisted the load simultaneously so that the
stiffness and load-bearing capacity increased significantly.
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3.2.4. Ductility

Figure 11 compares the ductility index, which is defined as the ultimate deflection, δu, divided by
deflection at yield load, δy. The ductility of T1O, T1M, T2, T2E, T2AP, and T3 were 1.32, 2.08, 1.58,
1.41, 1.22 and 1.5, respectively. T1M showed higher ductility compared with other TRM specimens.
Contrary to T1M, T2AP with mechanical end anchorage had the lowest ductility while suppressing
slippage. The ductility of the control specimen was 2.8, and all TRM specimens were less ductile than
that of the control specimen, and thus failed to ensure sufficient ductility for structural safety.
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3.3. Strain

Strain changes according to height of specimen are shown in Figure 12. Strains of all specimens
before yield were proportional to the distance from the neutral axis. As shown in Figure 12a, T1M
clearly shows a sudden increase of TRM strain due to textile slippage between yield and ultimate
load. As shown in Figure 12b, T3 shows the load was relatively proportional to the distance of the
neutral axis until the ultimate load, although a significant change occurred from yield to ultimate load.
Figure 12c shows a strain change of T2 at ultimate load and debonding of TRM. At this point, there is
no proportional strain change along the neutral axis. In contrast, as shown in Figure 12d,e, T2AP and
T2E showed proportional strain change of the TRM. T2AP had a constant strain variation until the
ultimate load and perfectly prevented the slippage of textile. T2E showed almost the same behavior
as the T3, but it can be seen that the strain variation was smaller than that of T3 by partially limited
slippage of textile.

3.4. Comparison of Yield Loads of Studies Specimens

Experiment results showed that yield and ultimate load of TRM specimens were higher than
those of the control specimen except T1, T1N, and T2A in ultimate load. The ratio of increase of yield
load was especially higher than that of the ultimate load. After the yielding point of the TRM specimen,
textile rupture occurred in T1, T1N, and T2A, and ductility of all specimens was lower than that of the
control specimen. Therefore, considering the structural safety and serviceability, the strengthening
effect of reinforced concrete with TRM using non-impregnated textile could be compared within
yield load. Figure 13 shows yield load of all TRM specimens. Loads increased in proportion to the
reinforcement ratio of T1, T2, and T3. The other specimens except T1M showed similar yield loads
to that of the T3 specimen, which had the largest reinforcement ratio. Therefore, TRM strengthening
using non-impregnated textiles could improve load-bearing capacity until yielding by using small
mesh size, textile lamination, and fixing the textile with mechanical end anchorage.
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4. Conclusions

This study investigated the strengthening efficiency and flexural behavior of reinforced concrete
(RC) beams strengthened by textile-reinforced mortar (TRM) with non-impregnated textile. For this
purpose, the control specimen, an RC beam, was compared with nine TRM specimens.

1. There were multiple cracks in the pure bending of the TRM specimen compared with control
specimen. However, in the case of using textile lamination, the ratio of bonding area with textile
and mortar decreased compared to the total cross-sectional area of the textile, and in the case of
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applying mechanical end anchorage (T2AP, T2A), the initial crack strength increased. In both cases,
the cracking ratio of the pure bending section was lowered. Nevertheless, TRM strengthening
was beneficial for uniform distribution of cracks.

2. Non-impregnated textile is easily damaged and slipped. Experimental results show that the case
of lamination of textile can reduce the damage of the textile, but it does not prevent slippage.
In the case of applying mechanical end anchorage, the slippage of the textile was expected to be
completely prevented.

3. Considering the low ductility of all TRM specimens compared with control specimens and that
no ultimate load was observed in some specimens, the behavior of TRM specimens after yield
load was considered to be unstable. Therefore, the TRM strengthening effect of non-impregnated
textiles could be compared with the behavior before the yield load considering structural safety
and serviceability.

4. TRM strengthening using non-impregnated textiles increased the efficiency as the textile
reinforcement ratio and textile lamination increased and the mesh size of the textile decreased
and mechanical end anchorage applied. In this study, it was possible to have a load-bearing
capacity similar to T3 with the largest textile reinforcement ratio by applying the above method.

Note that the conclusion is based on the experimental results. To generalize experimental results,
a more experimental and analytical study is needed.
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