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Abstract

:

Textile-reinforced concrete is characterized by its high-performance load-bearing behavior. The basis of these properties is largely determined by the characteristics of the textile used. The textile in turn consists of fibers that are bonded together by means of a matrix (impregnation). Both the fiber material and the impregnation significantly influence the tensile and bonding properties of the textile. The performance of the impregnation depends largely on its stiffness. In this publication, the fiber strand stiffness is quantified by means of shore hardness measurements, and the influence of the fiber strand stiffness on the tensile and composite properties is presented. The Shore hardness is a kind of Young’s modulus. The tests can be performed on the end product (manufactured fiber strand) with little effort. The test setup was adapted to determine the Shore hardness on the fiber strand. A comparison between the hardness and tensile strength shows a direct correlation. A dependency can also be identified and described of the bond between the textile and the concrete and the hardness. The investigations shown make quantifying the fiber strand stiffness based on hardness appear reasonable.
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1. Introduction


1.1. Textile-Reinforced Concrete


Textile-reinforced concrete (TRC) is a composite material consisting of high-performance technical textiles and a fine-grained concrete. The fine-grained concrete takes on the compressive forces, while the textiles receive the tensile forces. The concrete not only differs in grain size of the aggregate but also has a higher compressive strength to match the high-performing textiles. The textiles do not need a high concrete cover to be durable because they do not corrode in nonalkaline environments the way steel reinforcement does. Thus, the concrete cover can be reduced to the minimum necessary for the bonding. This in turn leads to textile-reinforced concrete having many advantages when it comes to sustainability. TRC structures can be manufactured with smaller amounts of resources such as cement, sand and of course steel, which also leads to a smaller environmental impact. Additionally, these structures inherently have longer service lives than regular concrete structures. Finally, TRC can also be used to extend the service life of old concrete structures when it is used as for repair or strengthening [1,2]. In recent years, textile-reinforced concrete components with slender structures such as footpaths and cyclist bridges [3,4], sandwich panels [5,6,7], façade panels [8] and noise barrier walls [9,10] have been constructed as pilot projects. The use of textile-reinforced concrete to strengthen or repair existent concrete structures has also been studied and developed [11,12,13].



The maximum load of a TRC component is in case of a failure of the tensile zone directly connected to the tensile strength of the textile. The choice of fiber material therefore has a decisive influence on the subsequent load-bearing capacity of the component. A fiber strand, also called roving, consists of many thousands (k) of single fibers (e.g., 48 k = 48,000 single fibers). Basalt, carbon and glass fibers are used as fiber materials at industrial scale [14]. The materials differ concerning the mechanical properties and durability in the alkaline milieu of the concrete. Table 1 gives an overview of the mechanical properties of the three different raw fiber materials.




1.2. Influencing Parameters on the Tensile Strength of Impregnated Fiber Strands


In the beginning of the research on TRC, textiles without impregnation were used [16]. Later on, the vast possibilities available with impregnation became clear. However, to fully utilize the tensile strength of the fiber material, all fibers in the roving would have to be loaded absolutely evenly. This case is theoretical. In case of an unimpregnated fiber strand embedded in concrete, only the outset fibers that are in direct contact with the concrete are loaded fully. The forces are transferred to the inner fibers only via friction. This friction is low, and consequently the inner fibers are nearly unloaded. Figure 1 shows the stress distribution in the cross-section of the fiber strands embedded in concrete with different degrees of impregnation. With increasing impregnation, the stresses become more even due to the improvement of the so-called inner bond between the single fibers. In a fully impregnated fiber strand (Figure 1 right), the stresses are nearly constant over the whole cross-section.



First, the penetration capacity of the impregnation material relates to the fiber strength. Only in a fully impregnated fiber strand can all single fibers participate in the load transfer. To create an impregnated textile, first a fiber strand made of the raw material is produced and rolled on a spool. Then, the spooled fiber strands are used to produce the textile in a warp knitting machine. In general, the textiles for use in TRC are produced as nonwoven fabrics to reduce the structural elongation. Directly after the knitting, the textile is impregnated by passing a tub (foulard) with the impregnation agent and some squeeze rollers. The squeeze rollers press the impregnation agent into the fiber strand and absorb excess material [15].



If complete impregnation is not achieved (see Figure 2a) across the yarn cross-section, the number of activated fibers is reduced and thus also the tensile strength of the strand. In addition to homogenizing the stresses in the cross-section, the impregnation material also bridges fiber breaks along the length of the roving (see Figure 2b). These fiber ruptures occur during the manufacturing of the fiber strand due to the high transverse pressure sensitivity of the fibers.



If there is a fiber break in the strand, the forces of this fiber are transferred to the surrounding fibers (Figure 3). While in an unimpregnated fiber strand, the forces can only be transferred via friction, the load transfer via the impregnation agent works much more efficiently. The so-called inner bond of the fiber strand is clearly increased. The more powerful the impregnation material, the better the forces can be transferred and the greater the tensile strength of the yarn (compare [17]).



In addition to improving the mechanical properties of the fiber strand, the impregnation agent is also used to increase the durability of the raw fibers. Glass fibers (also AR-glass) lose their strength in alkaline environments such as concrete over time [19,20,21]. This loss can clearly be reduced by impregnating the fiber strand [22].



To impregnate fiber strands for use in TRC, mineral-based [23,24] or polymer-based [14] impregnation agents are used. Mineral impregnation agents have high resistance against high temperatures, and if they are used in combination with mineral fibers (glass or basalt), the whole TRC component is mineral based. Currently, mineral-impregnated textiles and fiber strands are only available for research and are produced in small batches in the laboratory. The textile industry uses polymers such as resins based on epoxy (EP), vinyl ester (VE), styrene–butadiene rubber (SBR) and acrylates (ACR). These impregnation agents differ concerning the mechanical properties (see Table 2).



SBR shows the lowest tensile strength and has a small Young’s modulus. The strength of the acrylate is about three to four times higher than that of the SBR, while EP has an even higher tensile strength. Additionally, the Young’s modulus of EP was the highest of the three materials. The mechanical properties of the impregnation agent are also visible in the tensile strengths of impregnated textiles. Figure 4 shows the tensile strengths of exemplary fiber strands impregnated with different polymeric agents.



As fiber material for all strands, a 48 k roving made of carbon fibers is chosen. The results are in order of the simplified qualitative description of the fiber strand stiffness in order of tensile strength of the impregnation materials: SBR = soft, ACR = medium stiff, epoxy = stiff (compare Table 2). The SBR-coated one has the lowest strength (2334 MPa). Acrylic impregnation (identical material for all three strands) leads to performance between 3139 and 3552 MPa, while the epoxy-coated one nearly reaches a fiber strength of about 4400 MPa. This means that the tensile strengths of the fiber strands fit the mechanical properties of the impregnation agents in a qualitive way. A direct quantitative correlation between the properties of the impregnation material, e.g., the tensile strength and the performance of the fiber strand, cannot be seen.




1.3. Characterization of the Tensile Strength of Fiber Strands


There are several methods available for determining the tensile strength of technical textiles. Here, only the testing of individual fiber strands is addressed. Because technical textiles are sensitive to transverse pressure, the clamping of the textiles has to be specifically adjusted depending on the stiffness of the impregnation. For textiles with a softer impregnation or without an impregnation, the testing described in ISO 3341 [26] is suitable. This measurement includes rolling the textile strand up on two reels on both sides of the strand to hold it; see Figure 5a.



This method is not an option for textiles with a stiff impregnation because the small radius of the reel will lead to breaks in the impregnation of the strand. For stiff impregnated textiles, the testing regulated under EN ISO 10618 [27] is applicable, where two different types of clamping are described. Either both ends of the textile strand are embedded in resin to create two blocks to introduce the force (Figure 5b) or the yarn is clamped directly at both ends (Figure 5c). The first method is rather disadvantageous because it is very time-consuming, although the method with direct clamping can also be problematic because the clamping jaws made of metal are much harder than the impregnation of the fiber strand. This can damage the fibers and ultimately lead to tension peaks and the failure of the yarn at the clamp. One solution is to lengthen the clamping jaw to achieve the smooth transmission of force into the fiber strand (compare [28,29,30]).



A suitable test for all kinds of textiles is the compound tensile test, whereby the textiles are embedded in concrete and tested in the concrete specimen. Test setups of this method can be found in [10,23,31,32]. The method also considers the influence of the concreting process on the strength. The test results are only valid if a breaking of the fiber strands is observed as a failure mode and no bond failure of the anchorage occurs. In general, several fiber strands are tested in one specimen. Consequently, the measured strengths are a bit lower compared with testing the single fiber strand due to statistic and the uneven loading of the fiber strands in the specimen.




1.4. Influencing Parameters on the Bond Performance of TRC


The load-bearing behavior of TRC components is mainly influenced by the bond between the textiles and the concrete. Using unimpregnated yarns, the cementitious matrix can penetrate into the outer zone of the yarn; the penetration depth depends on the yarn geometry and the viscosity of the cementitious matrix. The outer filaments of the yarn are directly activated via the concrete, while the inner filaments are only loaded via the friction between filaments. The impregnation material homogenizes the tensile tensions across the cross-section and also prevents the penetration of the cementitious matrix into the yarn. The bond forces must transfer between the surface of the impregnated yarn and the concrete. Here, three different bond types can be activated [33]. First, the adhesive bond is activated, which leads to a stiff bonding. When the adhesive bonding is exceeded, the bond forces can transfer via friction and form fit. While the friction is mainly influenced by the surface of the yarn and its geometry, the form fit depends on the widening of the yarn cross-section and the stiffness of the impregnation material [17].



At the junction point of the 0° (loaded) and the 90° strands (see Figure 6), both strands are compressed, and the fiber strand’s cross-section is reduced compared with the one in the middle between the junction points. If the 0° fiber strand is pulled out of the concrete, the wider cross-section has to pass the smaller channel in the concrete. Thus, the fiber strand has to be compressed. The resistance against this compression influences the bond performance and depends on the transversal stiffness of the fiber strand [34].



In references [35,36], the influence of the yarn as well as the concrete on the maximum bond is evaluated. For this, four textiles made of 48 k carbon rovings were tested in combination with varying concretes using a single-sided pullout test. The textiles differed in yarn geometry (T1, T1b, T2) and impregnation agent (A = acrylic, B = SBR). In the first step, the textiles were tested in combination with two concretes with compressive strengths of C1 = 100 MPa and C2 = 130 MPa (see Figure 7).



Comparing the results for Textile 1 (T1), the influence of the impregnation material becomes clear. The maximum bond flow of the acrylic impregnated textile is more than four times higher than the SBR-impregnated one, independent of the concrete. Textile T1b is a variation of textile T1 with slightly different geometrical properties. These changes increased the bond performance by 35%. To investigate the influence of the concrete properties on the bond performance, textile T2A was tested in combination with various concretes (see Figure 3b). It became clear that with increasing concrete strength, the maximum bond flow also increases. Compared with the influence of the yarn geometry and the impregnation agent, the influence of the concrete properties is low.




1.5. Characterization of the Fiber Strand Stiffness


The yarn stiffness influences the tensile strength as well as the bonding characteristics of the textile. Additionally, the processing properties such as rolling diameter and knot stiffness are influenced. To describe the mechanical characteristics of the impregnation agent, tests on the raw materials (compare Table 2) or the end product are possible. The literature revealed three different possibilities for characterizing the stiffness of the impregnation material.



The first option is to evaluate the pure impregnation material without fibers, for instance by following EN ISO 527 [37] by producing free films of the impregnation material and conducting tensile tests. By this method, mechanical properties such as tensile strength, Young’s modulus or elongation at break can be determined, and the impregnating agents can be assessed quantitatively. To find suitable impregnation materials for tthe extiles used in TRC in [17,38], epoxy systems and dispersions were tested on glass-fiber yarns. To characterize the mechanical properties of the impregnation material, tensile tests on free films according to EN ISO 527 were conducted. Tests on the dispersions were not possible because the films had too many defects due to the drying process. The conclusion was that in particular, the poor inner bond between the filaments could be improved by impregnation. Using suitable high-modulus reaction resins, the impregnated yarns achieve strengths that are an order of magnitude greater than the strength of the individual filament. Additionally, in case of double-sided pullout tests, the high-modulus reaction resins led to the best bond performances.



The second possibility is testing the processed yarn as the end product. All influences from the manufacturing process (e.g., impregnation quality, hardening process) are considered. The best-suited test will depend on the testing aim. In [39], three-point-bending tests are used to characterize the viscoelastic behavior of the impregnation material. The tests were conducted at different temperatures to evaluate the influence of heat on the material properties. The bending test can also be used to derive information about the rollability and node stiffness of the final product. The test results can be converted into bending stiffness, and the quantitative evaluation of the textile stiffness is possible. It has to be considered that the bending stiffness is influenced by the size and geometry of the yarn cross-section.



The last option for characterizing the yarn stiffness is evaluating and classifying the load-bearing behavior of the fiber strand embedded in concrete. In reference [40], bond behavior is categorized (classes A, B and C). Here, the transversal stiffness of the yarn is described in a qualitative way in two classes (low and high). In combination with the widening of the yarn, the yarn types are evaluated regarding the main bonding types (adhesion, friction, form-fit), the anchorage length and the splitting tendency (see also references [36,41]).





2. Materials and Methods


2.1. Research Idea


In Section 1.1, Section 1.2, Section 1.3, Section 1.4, the function of the impregnation material and its influence on the mechanical properties of the fiber strand are described. The findings can be summarized as follows:




	-

	
Greater impregnation in the fiber strand increases the tensile strength.




	-

	
The degree of impregnation of a fiber strand depends on the penetration capacity of the impregnation agent and the manufacturing process of the textile.




	-

	
An impregnation agent with higher performance (strength and Young’s modulus) leads to




	○

	
The higher tensile strength of the fiber strand.




	○

	
The greater maximum bond flow of the fiber strand.















In addition to the load-bearing behavior of the fiber strand, the impregnation material also influences the textile-processing properties on the building side such as roll diameter, robustness and junction point stiffness. Increasing the stiffness of the impregnation agent increases all of these properties as well. Thus, a quantitative description of the stiffness of the impregnation material could be correlated to the mechanical as well as processing properties of the textile. Currently, there is no test method established to describe the stiffness of a fiber strand in a general and quantitative way. Solely testing the impregnation material is elaborate, and the manufacturing process of the textile (impregnation, drying, heating) also influences the mechanical properties. Furthermore, such testing is not possible for all impregnation agents, as some cannot be produced as a free film. Quantifying fiber strand stiffness would allow a more accurate link between the load-bearing properties of fiber strands and the properties of the impregnation material. A correlation to the processing properties could also be possible. Furthermore, the stiffness transverse to the fiber is needed for modeling the bond performance (see Section 1.4), especially the splitting tendency of a fiber strand.



The test method should meet the following requirements:




	-

	
Simple to perform without special equipment.




	-

	
Allow for testing many fiber strands in a short amount of time.




	-

	
Allow for testing the end product, i.e., the impregnated fiber strand as part of a textile (the manufacturing process has to be considered).









The Shore hardness according to ISO 868 [42] and ISO 48-4 [43] meets all these requirements but does not apply to fiber-reinforced plastics. The measuring method describes the penetration resistance of a metal tip when pressed into a material. The tip is pressed into the material with a defined force, and the penetration depth is measured. Thus, the hardness is a kind of Young’s modulus of the upper layer of the test specimen. The main research question addressed here is: Is the Shore hardness suitable for measuring the stiffness of impregnated fiber strands for use in TRC? For this purpose, Shore hardness tests and tensile tests on different sorts of fiber strands were conducted and analyzed. In addition, the results of the hardness tests were correlated to the bond tests performed in reference [36].




2.2. Materials


Several different textiles with varying materials and impregnation agents were considered for the Shore hardness and tensile testing. Most of the examined textiles were made of carbon, but one was AR–glass. The cross-section of the textiles ranged from 24 k to 144 k. The impregnation materials were acrylate (ACR), styrene–butadiene rubber (SBR) and epoxy resin (EP). For both the Shore hardness and tensile testing, 10–20 fiber strands were examined. The tested textiles (Figure 8 show exemplary textiles) had the following characteristics:




	-

	
10 × 48 k carbon (8× ACR, 2× SBR).




	-

	
1 × 4800 tex AR-glass (ACR).




	-

	
1 × 144 k carbon (EP).




	-

	
1 × 24 k carbon (ACR).










2.3. Testing Methods


Shore Hardness Testing


Shore hardness measures the hardness of elastomers by measuring the penetration depth. It is regulated by ISO 868 [42] and ISO 48-4 [43]. A distinction is made between Shore hardness A, D, AO and AM, which are used for different types of elastomers. For each of these measurements, there is a separate durometer that differs in terms of the applied force, the size of the pressure plate and the shape of the intender (Figure 9).



Here, the intender is in its starting position before testing. The intender is pushed out of the device by a spring with a defined spring force at all times. When testing, the intender is partially or fully pushed into the device, which directly results in the measurement. The Shore hardness ranges from 0 to 100 reflecting the degree of penetration. A Shore hardness of 0 means the intender did not move at all, so the tested material must be very soft, while a Shore hardness of 100 shows that the intender was fully submerged in the device, so the material must be very hard. The Shore hardness should always be measured for a specific amount of time because the length of the test might influence the results. The temperature and the size of the measured sample are also factors that could influence the outcome of the measurements.



To measure the transversal stiffness of fiber strands, first individual fiber strands are separated from the textile, ensuring the strands are not damaged in the process. Before testing, two other strands of the same textile are glued on to a 1 cm thick steel plate with a gap of about 1.5 cm between them (see Figure 10). The yarn that is going to be tested is put between the other two strands. This method improves on the pretests, where there was no stabilization for the Shore hardness measurement. It ensures a stable test setup in which the durometer does not tilt while testing, and there is always the same material underneath to minimize falsifications due to the test setup. The durometer used here is a handheld Shore D durometer, and the set measuring time is 15 s. The Shore D durometer has a defined spring force of 50 N ± 0.5 N [44]. For every textile, 10–20 fiber strands were tested.



The tensile strength was tested following fiber strand test type c (Figure 5). Figure 11 shows the test setup. To perform the tensile tests, a universal testing machine Inspekt 100 from Hegewald und Peschke (Germany) was used.



The strands that were previously separated from the textile had a total length of 470 mm, which resulted in a free expansion length of 320 mm and a clamping length of 150 mm in total. The clamping jaw inserts thus had a length of 75 mm each. The clamping jaw inserts were chosen to be this long in order to adapt the test setup to the textiles, which were sensitive to transverse pressure. If the jaws are very short, stress peaks may occur at the ends of the jaw inserts, causing textiles to fail prematurely. Furthermore, a special type of clamping jaw insert was developed to counter the occurrence of stress peaks in the clamping area. These inserts were made of an aluminum plate, a wood fiber plate and one layer of sandpaper with a grain size of 180. To secure the fiber strand, the clamping jaws are screwed shut with a defined torque of 12.5 Nm. The tests are path-controlled and start with an initial velocity of 1 mm/min until a preload of 150 N is reached. Then, the testing velocity is increased to 6 mm/min until the force drops by 90% and the test concludes.






3. Results


3.1. Relationship between Shore Hardness D and Tensile Strength


3.1.1. Varying Fiber Strands and Impregnation Materials


Figure 12 shows the Shore hardness D in relation to the tensile strength of a wide selection of textiles.



The tested textiles varied in terms of yarn material, yarn thickness and impregnation material, which in turn influence the Shore hardness. The left-most point in the diagram illustrates the only AR–glass textile that was tested, while the right-most point depicts the carbon textile with the biggest cross-section and epoxy resin impregnation. There is a clear trend that tensile strength increases with increasing Shore hardness. This indicates that there is a correlation between the Shore hardness and the tensile strength of the textile materials, and the regression line depicts this trend. However, predicting values outside of this range is not possible based on this trend line. It can be assumed that with increasing Shore hardness, the textiles have higher tensile strength, but the curve flattens out. Likewise, a flattening of the curve can be assumed in the lower value range. It can be assumed that the tensile strength converges towards the yarn tensile strength (unimpregnated) with decreasing hardness and towards a maximum possible tensile strength with increasing hardness. It is also important to note that the Shore hardness exhibits a rather large variance compared with the tensile strength.



In Figure 13, only 48 k carbon fiber strands were examined, and they show the same trend between the Shore hardness and the tensile strength. Consequently, the Shore hardness of the impregnation material must have a significant influence on the tensile strength, although categorizing the textiles according to Shore hardness remains difficult as the transitions are fluid. This is because all of the impregnation materials have a certain range of hardness. Generally, EP is considered hard and SBR is considered mostly soft. ACR has a much wider range of hardness, which can also be seen in Figure 13.




3.1.2. Quantifying the Stiffness of One Production Batch


One aspect that would be rather interesting for industry is whether the Shore hardness could be tested for the quality control of one production batch. To determine whether differences could also be detected regarding the same textile, several strands of the same textile were tested. However, no correlation could be detected (Figure 14). The Shore hardness therefore cannot be used for the quality control of individual strands of the same textile as the measurement is too inaccurate. The diagram also includes a histogram of the Shore hardness that shows that the hardness is almost evenly distributed.




3.1.3. Evaluation of the Different Textile Sections


Figure 15 shows the Shore hardness of the warp thread, the weft thread and the knot of the same textile. Both the warp thread and the weft thread have the same 24 k roving, which are also both knitted. It is obvious that the knots exhibit greater hardness than both yarns. One reason for this could be that the knots are compressed during the production process, which in turn leads to greater stiffness in this area.





3.2. Correlation between the Fiber Strand Stiffness and the Bond Performance


In References [35,36], investigations were conducted on the bond behavior of different textiles in combination with various concretes (compare also Figure 7). The textile (geometry 1 = T1) was tested in three different variants. The variants differed concerning the impregnation material (1 × SBR, 2 × ACR), the production batch (2 batches ACR impregnated) and the changes in the fiber strand cross-section. However, the yarn spacings (0° = 12.7 mm and 90° = 16.0 mm), the yarn type (48 k carbon roving) and the production process were identical for all three textiles. To investigate the influence of the transversal stiffness, the Shore hardness as well as the changes in the cross-section along the fiber strand were measured (compare [45]). Due to the compaction of the fiber strand at the knotting points, here, the fiber strand cross-section (width/thickness) is in general lower than the cross-section in the middle between two knots. The difference, e.g., for the width can be described by Δwidth = (widthmiddle − widthknot)/widthknot and indicated as a percentage. The results of the maximum bond flow (Tmax) (adapted from Reference [36] for C1), the Shore hardness (hardness) and the changes in the cross-section (Δ width and Δ thickness) are shown in Figure 16.



The diagram shows that the impregnation material has a huge impact on the bond performance (Tmax). While the SBR impregnation led to a Tmax of 11.0 N/mm, the maximum bond flow of the ACR-impregnated fiber strand was more than six times higher. The measured hardness ranged from 47 to 73. This means that the ACR was stiffer than the SBR by a factor of 1.55. Additionally, the changes in the yarn cross-section differed. Both ACR-impregnated textiles showed greater deltas. This also led to a higher bond flow. In addition to the yarn cross-section and its changes along the strand, the production process also influences the bond performance [33]. By assuming that the geometrical properties of all textiles are similar, a direct correlation between the bond performance (maximum bond flow Tmax) and the hardness is possible (see Figure 17).



The results can be mathematically described via a linear correlation (dashed line). This means that in the case of this textile, the bond strength can be directly deduced from the Shore hardness. The gradient of the dashed line is 2.3. Therefore, the bond performance increases disproportionately with increasing Shore hardness. However, the expressiveness of the results shown here is limited to one textile configuration with two different impregnation materials. Consequently, further investigations are needed to verify the general applicability of this relationship.





4. Discussion


The questions arise of whether the arrangement of the textile hardness in groups is practical and whether the hardness could be used to categorize stiffness. As seen in Figure 18, the categories could be defined as <50 (soft), 50–70 (medium stiff) and >70 (stiff). Although the transitions are fluid, categorization in these groups could lead to a quantitative assessment of the stiffness of impregnated fiber strands. This could possibly replace the rather vague differentiation of the impregnation agents as “hard” or “soft“ (compare [40]) without directly mentioning the exact material that has been used in production.



In Section 3.2, a correlation between the Shore hardness and the bond performance is shown. The changes in the cross-sectional dimensions are here assumed as constant because the investigated textiles produced were similar. As such, the results are valid for fiber strands with similar geometrical properties and different impregnation materials. The results are comparable with ReferenceS [17,38], in which the pullout force also increased with the increasing mechanical properties (Young’s modulus) of the impregnation material. In Reference [38], the end results are displayed, and the stiffness is described with high/low composite stiffness. In Reference [17], the mechanical properties (tensile strength and Young’s modulus) of the sole impregnation materials are described. A quantitative correlation between the mechanical properties and the tensile strength/bond performance of impregnated fiber strands is not detailed.



In References [45,46], fiber strands with different geometrical properties, but impregnated with an identical agent (EP), were investigated concerning the bond performance and splitting failure of the surrounding concrete. The result was a model for calculating the splitting tendency of a textile. As input parameters, the change in the cross-section along the fiber strand is necessary. The model is valid for the used impregnation material and variating cross-sectional dimensions. If the model is to be adapted to textiles with various impregnation materials, the stiffness of the agent is probably needed. One possibility would be to use the Shore hardness, which can also be seen as an elastic modulus of the outer part of the fiber strand.



To generalize the results shown here, more tests—especially for stiff impregnation agents (hardness > 70), e.g., epoxy resin—should be conducted. Using the model shown in [46] and introducing the hardness in a quantitative way, adapting the model for various impregnation agents could be possible.




5. Conclusions


Impregnating fiber strands for use in TRC serves to homogenize the tensions in the fiber strand cross-section and improve the bonding performance between textile and concrete. The properties of the impregnation material and the textile manufacturing process clearly influence the mechanical properties of the impregnated fiber strand. One important parameter is the transversal stiffness of the impregnated fiber strand. The measuring method (Shore hardness D) can be used to determine the hardness, which is a sort of a Young’s modulus, transversal to the fibers. The result is a quantitative description of the stiffness with only one value. The Shore hardness can be used for all kinds of impregnation materials while also considering the textile manufacturing process. The test setup according to ISO 48-4 or ISO 868 has to be slightly modified to improve the measurement.



Considering the aforementioned results, there is a clear correlation between the Shore hardness and the tensile strength of textiles. This could possibly be used to determine groups for characterizing the stiffness of impregnation agents. However, the Shore hardness does not seem to be suitable for quality control or for measuring differences in the same impregnation agent because the scatter of the tensile strength and the Shore hardness are too big. In case of the bond strength between textile and concrete, a clear dependency on shore hardness was seen for one textile in three different production batches (1×SBR, 2×ACR). Using these results and adding more studies, it could be possible to introduce the stiffness of the fiber strand to the models for describing the bond behavior of textiles embedded in concrete.
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Figure 1. Stress distribution in the cross-section of fiber strands embedded in concrete with different degrees of impregnation, adapted from [15]. 
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Figure 2. Details of yarns made of carbon: (a) incompletely impregnated yarn strand (cross-section), (b) fiber cracks due to the manufacturing process. 
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Figure 3. Bridging of filament breaks through the impregnating agent, adapted from [18]. 
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Figure 4. Tensile strengths of exemplary impregnated fiber strands made of carbon fibers (48 k strands); results adapted from [10,25]; stiffness quantitively described concerning the mechanical properties (compare Table 2). 
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Figure 5. Test setups for testing the tensile strength of fiber strands: (a) fixing reels for soft impregnated strands; (b) strand with epoxy resin blocks for load introduction; (c) clamps with increasing clamping pressure. 
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Figure 6. Impregnated textile embedded in fine grained concrete. 
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Figure 7. Influence of the yarn and concrete characteristics on the maximum bond flow tested in a single-sided pullout test: (a) textile geometries T1, T1b and T2; impregnation agents: A = acrylate, B = SBR; concretes C1 (fc,m = 100 MPa) and C2 (fc,m = 130 MPa); (b) tests performed with T2A and various concretes, adapted from [35,36]. 






Figure 7. Influence of the yarn and concrete characteristics on the maximum bond flow tested in a single-sided pullout test: (a) textile geometries T1, T1b and T2; impregnation agents: A = acrylate, B = SBR; concretes C1 (fc,m = 100 MPa) and C2 (fc,m = 130 MPa); (b) tests performed with T2A and various concretes, adapted from [35,36].



[image: Buildings 12 02038 g007]







[image: Buildings 12 02038 g008 550] 





Figure 8. Photos of different textiles: (a) carbon textile, (b) carbon textile, (c) AR–glass textile. 
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Figure 9. Shore D durometer according to [43], (a) shore D durometer, (b) detail of the pressure plate. 
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Figure 10. (a) Close-up schematic of the Shore hardness testing. (b) One fiber strand fixed on the steel plate for testing. 
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Figure 11. Test setup for testing the tensile strength of fiber strands, (a) drawing, (b) in the laboratory. 
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Figure 12. Correlation between Shore hardness and tensile strength of textiles with varying cross sections, yarn materials and impregnation agents (mean values of 10–20). 
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Figure 13. Correlation between Shore hardness and tensile strength of 48 k carbon textiles with varying impregnation agents (means values of 10–20). 
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Figure 14. Shore hardness and tensile strength of one production batch and histogram of Shore hardness (means: 10–20). 
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Figure 15. Influence of the textile section on the Shore hardness (mean values of 10 single values). 
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Figure 16. Results (means) of the measurements of bond strength Tmax (6 single values) adapted from Reference [36], Shore hardness D (10 single values) and the changes in the yarn cross-section Δ width and Δ thickness (36 single values). 
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Figure 17. Correlation between maximum bond flow (Tmax) and shore hardness, mean values of 6 (Tmax) and 10 (hardness) single values, standard deviation indicated. 
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Figure 18. Categorization of the impregnation agents by hardness, <50 = soft, 50–70 = medium stiff, >70 = stiff. 
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Table 1. Characteristics of the fiber raw materials (axial) [15].
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	Material
	Tensile Strength [MPa]
	E-Modulus [GPa]





	AR-glass
	3000
	73



	basalt
	2000–4840
	89



	carbon
	1750–7000
	200–500
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Table 2. Mechanical characteristics of impregnation agents (polymers), adapted from [14].
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	Material
	Tensile Young’s Modulus [GPa]
	Tensile Strength [MPa]





	Styrene–butadiene
	3.0–3.4
	3.5–20.5



	Acrylate dispersion
	3.1–3.3
	60–80



	Epoxy resin
	up to 4.2
	up to 100
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