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Abstract

:

In the present study, pull-out and pull-off tests were conducted to examine the bond strength between an inorganic cement adhesive (hereinafter referred to as the “matrix”) and a textile, which composed a fabric-reinforced cementitious matrix (FRCM). The matrix was developed by mixing slag and short fibers in an attempt to improve the alkali resistance and compressive strength. The developed matrix was examined with regard to its alkali resistance, water resistance, and void distribution. Bond tests were conducted in two parts: a pull-out series and pull-off series. The type of textile (carbon or basalt) and the weaving methods were selected as test parameters. These tests were performed in accordance with the methods described in ISO10406-1 (pull-out) and ASTM C1583 (pull-off). The test results showed that the developed matrix was superior to existing mortar methods in terms of alkali resistance, water resistance, and compressive strength. Additionally, the FRCM in which carbon textiles were used exhibited excellent bond performance.
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1. Introduction


Reinforced concrete (RC) structures are subject to degradation of their structural stability as they are exposed to external loads such as earthquakes and to stress over time. Notably, cracks that occur on the concrete surfaces of RC structures negatively affect their serviceability and induce the corrosion of reinforcing bars, thereby resulting in the deterioration of structural performance. Thus, the safe use of RC structures requires effective repair and reinforcement methods that can control the cracking of concrete. Currently, steel plate reinforcement is mainly used for the repair and reinforcement of RC structures [1,2]. However, this method may be involved in problems related to reduced adhesive strength at the steel–concrete composite interface, as well as increased self-weight of structures. To overcome these problems, research has been actively carried out since the 1990s on fiber-reinforced polymer (FRP) reinforcement methods, where fiber sheets with a high tensile strength and elastic modulus are used [3,4,5,6,7,8].



The FRP reinforcement method is better than existing steel plate reinforcement when used for the repair and reinforcement of RC structures because it is lightweight, corrosion-resistant, and non-conductive. However, the FRP reinforcement method may cause fiber sheets to be detached from the concrete surface because the adhesive strength of the epoxy adhesive starts to decrease at a temperature equal to or higher than a specific value (glass transition temperature). The method also has a disadvantage in that it cannot be applied to wet surfaces or at low temperatures. Furthermore, the low economic feasibility and toxicity of epoxy adhesive limit its serviceability [9].



To overcome these disadvantages of FRP reinforcement methods, research is now being conducted on reinforcement using fabric-reinforced cementitious matrix (FRCM). FRCM is a method where a cementitious matrix and textile are combined to reinforce the concrete surface [10]. In general, the cementitious matrix is a binder composed of Portland cement, silica fume, and fly ash. Carbon and glass fibers are widely used as textiles.



The FRCM reinforcement method provides improved economic feasibility and utility when compared to FRP reinforcement because the cementitious matrix is used instead of an epoxy bond. Additionally, the method may allow for high tensile strength and pseudo-ductile behavior depending on the type of used textile, and high durability is ensured because corrosion does not occur due to the intrinsic characteristics of the textiles [11]. These advantages have made FRCM reinforcement widely available for the repair and reinforcement of buildings and structures. However, when a matrix that composes the FRCM is highly alkaline, the durability of the used textiles may deteriorate. Thus, more research regarding this issue is needed [12,13].



Previous studies have conducted research on the bond between the matrix and textiles in attempts to examine the bond strength with respect to the properties of the matrix [14,15]. Additionally, many studies have performed bond tests, where the matrix and textiles were selected as test parameters and the strain behavior of textiles was examined with respect to the bond stress [16,17,18,19,20,21,22,23,24,25,26]. However, in previous studies, investigations into the alkalinity of the matrix, which may deteriorate the durability of textiles used in FRCM, have not been conducted. Recently, Colombo et al. [27], Portal et al. [28], and De Munck et al. [29] studied the durability of textiles but did not evaluate the durability of textiles applied to the FRCM.



In order to ensure the durability of the FRCM and effective reinforcement of RC elements, it is necessary to develop a matrix that is alkali-resistant [30,31]. Therefore, in the present study, a matrix with alkali resistance was developed in an attempt to achieve the required durability for the textiles used in the FRCM. Furthermore, to make the developed matrix available for the repair and reinforcement of RC elements, pull-out and pull-off tests were conducted as preliminary research. Based on these results, the bond characteristics between the developed matrix and the textile were evaluated.




2. Matrix


2.1. Mix Proportion of the Matrix


In the present study, a matrix with alkali resistance was developed to increase the bond strength of textiles. As shown in Table 1, the mix proportion of the matrix was formulated with the following factors as parameters to satisfy the required workability, adhesion with textiles, and durability: the amount of binder added, mix ratio of short fibers, and type and amount of polymer added. With this mix proportion considered, the target compressive strength and flexural strength were set to 60 and 16 MPa, respectively. As shown in Table 2, compressive and flexural strength tests were conducted according to the ISO 679: 2009 at the ages of 7 days and 28 days [32]. The obtained compressive strength and flexural strengths were 68.3 and 16.3 MPa, respectively.




2.2. Evaluation of Alkali Resistance of the Matrix


In the present study, Alkali resistance test specimens were fabricated in accordance with KS F 4042 [33] to evaluate the durability of the matrix constituting the FRCM. As shown in Figure 1, alkali-resistant test specimens made from the developed matrix were immersed in a saturated calcium hydroxide solution at 50 ± 2 ℃ for 28 days. The durability of the developed matrix was compared with the existing mortar repair methods, as shown in Table 3. Meanwhile, the alkali resistance was also compared between the developed matrix and the existing mortar repair methods. The results showed that the degradation of compressive strength and flexural strength was about 70% and about 40% lower, respectively, in the developed matrix than in the existing mortar repair methods, as shown in Table 3.




2.3. Evaluation of theWater Resistance of the Matrix


Test specimens were fabricated to evaluate the water resistance of the developed matrix, as shown in Figure 2. The water resistance was measured according to the ASTM C1403: 15 with respect to the time duration, ranging from 0 to 1440 min, as shown in Table 4 [34]. The water resistance of the matrix developed in the present study was compared with that of the existing mortar repair methods. The results showed that water absorption was about 30% less on average in the developed matrix than in the existing mortar repair methods. It was confirmed that the developed matrix and the existing mortar methods had comparable water absorption coefficients of 0.10 and 0.11, respectively.




2.4. Evaluation of Void Distribution of the Matrix


In general, the amount of air and the void structure of the matrix affect the compressive strength and freeze–thaw resistance. Thus, in the present study, the void distribution of the matrix while being hardened was analyzed, as shown in Figure 3. The void distribution of the matrix was measured using test specimens fabricated in accordance with ASTM C 457 [35]. The results were compared with those for the existing mortar repair method. It was found that the proportion of voids measuring less than 1 mm was lower in the developed matrix than in the mortar repair method. This observation confirmed that the developed matrix had better compressive strength and freeze–thaw resistance.





3. Pull-Out Test


In the present study, pull-out tests were conducted to evaluate the bond characteristics between the developed matrix and the textile, which composed the FRCM. The main parameters for pull-out test specimens were the type of textile that was used and the weaving type, as shown in Table 5 and Table 6. Test specimens that contained carbon fibers were divided according to the type of coating into carbon-E (epoxy) and carbon-A (acrylate). Textile weaving methods are divided according to the type of textile that is used in glue bonding and thread bonding types. Test specimens were fabricated in accordance with ISO10406-1 methods [36]. Each specimen was composed of an embedded region, textile, and grip region, as shown in Figure 4a The embedded region is the part that is embedded in the matrix. This part was fabricated using a cubic form (50 (Width) × 50 (Depth) × 20 (Height) mm). The embedded length of the matrix and textile was 20 (Length) mm. The total length of the textile was 200 mm, and the grip region was installed at the edge part of the textile using a steel plate. The grip size of the pull-out specimen was 50 (Height) × 25 (Width) mm.



As shown in Figure 4b, tests were performed using a UTM(Universal testing machine)with a capacity of 1000 kN, and an LVDT(Linear variable differential transducer) with a capacity of 200 mm was installed to measure the displacement of each pull-out specimen.



The pull-out test was carried out when the matrix reached 28 days, the loading speed for which was 0.01/min. In the present study, the pull-out bond strength between the matrix and textile was estimated using Equation (1) below:


   τ  o u t   =  P  2 L (  w f  +  t f  )    



(1)







Here,    τ  o u t     is the pull-out bond strength,  P  is the peak load,  L  is the embedment length of textile,   w f    is the width of the textile, and    t f    is the thickness of the textile.



3.1. Pull-Out Test Results


The final failure and bond stress–strain curves for the pull-out series for the matrix and textile are shown in Figure 5 and Figure 6 and Table 6. Test results for all tested specimens are indicated as average values. The final failure occurred in the embedded region as the pull-out failure of the textile, as shown in Figure 5. As shown in Figure 6a, the pull-out bond strengths of the carbon textile type and basalt textile type were 3.19 and 1.87 MPa on average, respectively. With respect to the textile weaving type, the pull-out bond strength was highest in the basalt textile type at 1.87 MPa on average and lowest in the PET textile type at 1.23 MPa, as shown in Figure 6b.




3.2. Pull-Off Test


In this study, a pull-off test was performed to evaluate the pull-off bond (direct bond) performance at the interface between the inorganic matrix and the textile grid. The main test parameters for pull-off test specimens were the type of textile used and the weaving methods. Test specimens were fabricated in accordance with ASTM C1583 [37], as shown in Figure 7. Each pull-off specimen was composed of a bottom plate ((70 (Width) × 70 (Depth) × 20 (Height) mm) made of the developed matrix and an upper grip (40 (Width) × 40 (Depth) × 10 (Height) mm), as shown in Figure 7a. As can be seen in Figure 7b, the textile was placed in the matrix between the bottom plate and the upper grip. The upper part of each pull-off specimen was attached with a loading grip using the epoxy bond. As shown in Figure 7d, the load was performed by connecting a loading device to a hydraulic jack with a capacity of 100 kN.



In the present study, the pull-off bond strength at the matrix–textile interface was estimated using Equation (2) below:


   τ  o f f   =  P   A e     



(2)







Here,    τ  o f f     is the pull-off bond strength,  P  is the peak load, and    A e    is the area of the upper grip (40 (Width) × 40 (Depth) = 1600 mm2).




3.3. Pull-off Test Results


Table 7 and Figure 8 show the test results and final failure patterns of pull-off specimens. In all specimens, the matrix and textile between the upper grip and the bottom plate were subject to pull-off bond failure. When the textile type was considered, the pull-off bond strength was highest in the basalt textile type at 1.44 MPa. When the weaving type was considered, the pull-off bond strength was highest in the carbon textile type at 2.35 MPa.





4. Analysis


4.1. Pull-Out Test Results


In the present study, the elastic modulus at the maximum bond stress was determined based on the strain of the pull-out test specimens with respect to the bond stress. The elastic modulus of the pull-out test specimens is significant because it affects the bond strength between the matrix and textiles. As can be seen in Figure 9a, both the bond strength and elastic modulus were about 169% higher in the carbon-E type than in the basalt type. These results confirmed that the carbon-E textile allowed for excellent pull-out bond performance while being embedded in the developed matrix. When the textile weaving type was considered, all pull-out test specimens exhibited a comparable bond strength ranging between 1.23 and 1.87, as shown in Figure 9b. However, it was confirmed that the elastic modulus of the carbon-A type was 160–1300% higher than the other textile types. These results demonstrated that the carbon-A textile allowed for excellent initial bond stiffness while being embedded in the developed matrix.




4.2. Pull-Out and Pull-Off Bond Characteristics


The higher the pull-out and pull-off bond strengths are, the better the structural performance of the FRCM. Thus, in the present study, measured bond stress was compared according to the test method. As shown in Figure 10a, when the textile type was considered, the bond strength of the carbon-E textile type varied by up to 240% depending on the test method. However, the pull-off bond strength of the carbon-E textile and basalt textile types was comparable. Therefore, it was confirmed that the carbon-E textile allowed for excellent bond performance when combined with the developed matrix. When the textile weaving type was considered, the bond strength of the carbon-A textile type varied up to about 30% depending on the test method, but its pull-out and pull-off bond strengths were excellent compared to the other textile types. These results demonstrated that the carbon-E textile allowed for excellent bond performance when combined with the developed matrix.





5. Conclusions


In the present study, an inorganic cement adhesive incorporated in FRCM for use in the repair and reinforcement of RC structures was developed. Pull-out and pull-off tests were conducted to evaluate the bond characteristics in an attempt to assess its serviceability with textiles. The test results of this study were as follows.



The matrix developed through this study contained added single fibers, furnace slag, and silica fume, improving the physical properties and durability compared to existing mortar.



Pull-out test results showed that regardless of the type of coating agent or weaving method that were employed, the carbon textile allowed for the highest bond strength and elastic modulus while being embedded in the matrix. Meanwhile, pull-off test results also showed that the carbon textile allowed for excellent bond performance, similar to that shown in the pull-out test results.



Overall, these results demonstrated that carbon textiles were deemed to improve the repair and reinforcement performance of the FRCM when embedded in the matrix developed in this study. Future study is needed to evaluate the structural performance of RC members that contain FRCM, and thus assess its serviceability.
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Figure 1. Evaluation of alkali resistance of the matrix: (a) dipping; (b) curing (thermo-humidistat). 
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Figure 2. Evaluation of the water resistance of the matrix: (a) specimens; (b) dipping. 
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Figure 3. Evaluation of void distribution: (a) mortar; (b) matrix. 
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Figure 4. Test of pull-out series: (a) pull-out specimen; (b) setup of pull-out specimen. 
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Figure 5. Failure in the pull-out series: (a) textile-type failure; (b) weaving-type failure. 
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Figure 6. Stress–strain relationships of specimens: (a) type of textile; (b) type of weaving. 
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Figure 7. Test of pull-off series: (a) pull-off specimen; (b) arrangement of textiles; (c) pull-off specimens (after casting); (d) setup of pull-off specimen. 
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Figure 8. Failure of pull-out series: (a) textile-type failure; (b) weaving-type failure. 
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Figure 9. Analysis of pull-out specimens: (a) type of textile; (b) type of weaving. 
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Figure 10. Comparison of bond stress with respect to the test method: (a) type of textile; (b) type of weaving. 
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Table 1. Mix properties (unit weight (g)).
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	Mix
	Cement
	Binder
	Water
	Short Fiber (PVA, 3 mm)
	Polymer (EVA)
	Sand
	E.A
	Superplasticizer





	Matrix
	
	840
	340
	4.0
	4.0
	1108.2
	80.0
	3.8



	Mortar
	700
	-
	320
	-
	-
	1227
	70.0
	3.0







Cement: Ordinary Portland cement (Type I); Binder: Ordinary Portland cement + slag + silica fume; PVA: Polyvinyl alcohol 0.2%; EVA: Ethylene vinyl acetate 0.2%; Superplasticizer: Melamine F10, E.A: Expansive additive.
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Table 2. Test results for the matrix.
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Slump

Flow (mm)

	
Compressive Strength (MPa)

	
Flexural Strength (MPa)




	
3 days

	
7 days

	
28 days

	
3 days

	
7 days

	
28 days






	
180

	
20.5

	
41.6

	
68.3

	
5.2

	
9.9

	
16.3
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Table 3. Alkali resistance results.
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Mix

	
Compressive Strength (MPa)

	
Flexural Strength (MPa)




	
Non-Immersion

	
Immersion *

	
Deterioration

	
Non-Immersion

	
Immersion *

	
Deterioration






	
Matrix

	
68.3

	
65.9

	
3.5%

	
16.3

	
15.3

	
6.1%




	
Mortar

	
61.7

	
54.8

	
11.0%

	
13.4

	
12.0

	
10.4%








* Calcium hydroxide solution.
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Table 4. Water resistance results.
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Amount of Water Absorption (kg/m2)

	
Time (min)




	
0

	
10

	
30

	
60

	
360

	
1440






	
Mortar

	
0

	
0.52

	
0.64

	
0.70

	
0.86

	
1.00




	
Matrix

	
0

	
0.31

	
0.39

	
0.43

	
0.62

	
0.82
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Table 5. Mechanical properties of the textiles.
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	Textile Type
	Area (mm2)
	Elastic Modulus (GPa)
	Tensile Strength (GPa)
	Ultimate Strain (%)





	Carbon-E
	1.810
	220
	3.3
	1.5



	Basalt-E
	0.918
	91
	2.1
	2.3



	PET
	2.560
	8
	1.0
	12



	Carbon-A
	3.610
	157
	2.2
	1.4



	E-Glass
	1.058
	48
	1.2
	2.5
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Table 6. Properties of pull-out specimens and test results.






Table 6. Properties of pull-out specimens and test results.





	
Various

	
Textile

	
Embedded Length

	
Coating

	
Configuration

	
Area (mm2)

	
Peak Load (N)

	
Peak Stress (MPa)

	
Es (MPa)

	
Failure Mode *






	
Textile type

	
Carbon-E

	
20 mm

	
Epoxy

	
 [image: Applsci 10 03767 i001]

	
140

	
881

	
3.19

	
510

	
B




	
Basalt

	
 [image: Applsci 10 03767 i002]

	
100

	
375

	
1.87

	
301

	
B




	
Weaving

	
PET

	
PVC

	
 [image: Applsci 10 03767 i003]

	
152

	
363

	
1.23

	
62

	
B




	
Carbon-A

	
Acrylate

	
 [image: Applsci 10 03767 i004]

	
111

	
406

	
1.81

	
803

	
B




	
Basalt

	
Epoxy

	
 [image: Applsci 10 03767 i005]

	
100

	
375

	
1.87

	
301

	
B




	
E-Glass

	
Urethane

	
 [image: Applsci 10 03767 i006]

	
79

	
359

	
1.81

	
309

	
B








Note: * B: Pull-out failure; Amount of yarn: Carbon-E = 48 K; Basalt = 2400 deniers; PET = 24,000 deniers; Carbon-A = 50 K; E-Glass = 2400 TEX.
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Table 7. Properties of pull-off specimens and test results.






Table 7. Properties of pull-off specimens and test results.





	
Various

	
Textile

	
Grid Size (mm)

	
Coating

	
Configuration

	
Area (mm2)

	
Peak Load (kN)

	
Peak Stress (MPa)

	
Failure Mode *






	
Textile

type

	
Carbon-E

	
25 × 25

	
Epoxy

	
 [image: Applsci 10 03767 i007]

	
1600

	
2107

	
1.32

	
A




	
Basalt

	
 [image: Applsci 10 03767 i008]

	
2303

	
1.44

	
A




	
Weaving

	
PET

	
25 × 25

	
PVC

	
 [image: Applsci 10 03767 i009]

	
3561

	
2.23

	
A




	
Carbon-A

	
22 × 20

	
Acrylate

	
 [image: Applsci 10 03767 i010]

	
3757

	
2.35

	
A




	
Basalt

	
25 × 25

	
Epoxy

	
 [image: Applsci 10 03767 i011]

	
2303

	
1.44

	
A




	
E-Glass

	
20 × 20

	
Urethane

	
 [image: Applsci 10 03767 i012]

	
1323

	
0.83

	
A








* A: Failure at the matrix–textile interface.
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