

  buildings-10-00068




buildings-10-00068







Buildings 2020, 10(4), 68; doi:10.3390/buildings10040068




Article



Flexural Performance of Prefabricated Ultra-High-Strength Textile Reinforced Concrete (UHSTRC): An Experimental and Analytical Investigation



Egodawaththa Ralalage Kanishka Chandrathilaka, Shanaka Kristombu Baduge *[image: Orcid], Priyan Mendis and Petikirige Sadeep Madhushan Thilakarathna





Department of Infrastructure Engineering, The University of Melbourne, Melbourne 3052, VIC, Australia









*



Correspondence: kasun.kristombu@unimelb.edu.au; Tel.: +61-450515484







Received: 17 February 2020 / Accepted: 31 March 2020 / Published: 2 April 2020



Abstract

:

Textile Reinforced Concrete (TRC) is a prefabricated novel lightweight high-performance composite material that can be used as a load-bearing or non-load-bearing component of prefabricated buildings. Making TRC with Ultra-High-Strength Concrete (UHSC) (≥100 MPa) can be considered as a potential improvement method to further enhance its properties. This paper investigated the performance of Ultra-High-Strength Textile Reinforced Concrete (UHSTRC) under flexural loading. A detailed experimental program was conducted to investigate the behavior of UHSC on TRC. In the experimental program, a sudden drop in load was observed when the first crack appeared in the UHSTRC. A detailed analytical program was developed to describe and understand such behavior of UHSTRC found in experiments. The analytical program was found to be in good agreement with the experimental results and it was used to carry out an extensive parametric study covering the effects of the number of textile layers, textile material, textile mesh density, and UHSTRC thickness on the performance of UHSTRC. Using a high number of textile layers in thin UHSTRC was found to be more effective than using high-thickness UHSTRC. The high modulus textile layers effectively increase the performance of UHSTRC.
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1. Introduction


The use of Textile Reinforced Concrete (TRC) is increasing in recent years due to its superior properties, such as its excellent load-bearing capacity, high durability, fire-resistant nature, high corrosion resistance, and its various applications in construction [1,2,3,4,5,6]. A variety of materials can be used as textiles, including more common materials, such as carbon fiber, basalt fiber, and glass fiber [1,7]. As concrete cover required for the TRC is low due to the high corrosion resistance of the textile, TRC members can be fabricated with thinner sections compared to the conventional steel-reinforced sections [8,9]. This specific property of TRC is much more important in the context of using the TRC panels as facades in buildings [10,11]. Due to the thinner section of the TRC panels, they can be fabricated with larger dimensions and with less weight compared to the steel-reinforced concrete panels. Therefore, TRC can be considered as a potential composite material for the prefabricated building industry considering its higher strength-to-weight ratio so that it can be transported, handled on-site, and assembled easily.



Hegger et al. [12] compared the use of carbon and Alkali Resistance (AR) glass textiles as reinforcements in Normal Strength Concrete (NSC) structural elements to use as light-weight structural members. Carbon textile has shown to be more efficient over AR Glass textile in load-bearing capacity under both tensile and flexural loads. A significant linear correlation was also observed between the reinforcement percentage of TRC and ultimate tensile and flexural strengths in the range of 0.5%–2% reinforcement percentages. Du et al. [7] performed a four-point bending test to investigate the effect of the number of basalt textile layers, the percentage of steel short fibers, and the pre-stress level of the basalt textile layer on the flexural strength of the TRC. With increasing the number of textile layers from one to five, the flexural strength and toughness of the TRC have improved. Murgul et al. [13] investigated the effects of warp carbon rovings in glass fiber textile with warp glass rovings on the flexural strength of TRC. The ultimate flexural strength of TRC improved by 17% when using warp carbon rovings to replace the warp glass rovings in the textile. However, a 58% increment in ultimate flexural strength was observed in AR glass TRC compared to non-reinforced concrete section. Zhu et al. [14] studied the low-velocity flexural behavior of AR glass fabric textile reinforced cement composites with regard to the unchanged drop heights of the load, the stiffer beams had a higher load carrying capacity and a low ultimate deflection compared to the plate type specimens. Moreover, the maximum flexural stress and absorbed energy of the TRC increased with the drop height of the load. The plate type TRC specimens were observed to have an interlaminar shear failure at the ultimate loads.



The limited thickness and high slenderness of TRC lead to higher deflections with lower stiffness and a lower load-bearing capacity. Thus, using Ultra-High-Strength Concrete (UHSC) concrete can contribute to have stiff TRC with a higher load carrying capacity and a lower deflection due to the high modulus and high compressive strength of UHSC [15,16,17,18]. Achieving such a load carrying capacity can enhance the performance of TRC to use in lead-bearing components. Increased stiffness can contribute to improving the serviceability performance of TRC, which is the governing factor in façade elements.



However, the use of UHSC in TRC was not thoroughly investigated [19,20]. UHSC was found to have a higher performance level in confined concrete columns and concrete beams [21,22]. The use of UHSC as the matrix to bind the textile can lead to have much thinner TRC sections compared to normal strength concrete TRC. The high stiffness of UHSC can contribute to having a better load-deflection performance in Ultra-High-Strength Textile Reinforced Concrete (UHSTRC).



Conducting experiments to evaluate the performance of a structural system was found to be expensive and time-consuming. Proper analytical models were found to be more effective in describing the behavior of structural elements [23,24]. An analytical model, which was prepared to capture the flexural behavior of UHSTRC can be used to conduct parametric studies to identify the parameters that affect the performance of UHSTRC and optimized the UHSTRC without performing multiple experiments.



This paper aims to investigate the flexural behavior including failure mechanisms of UHSTRC. Four-point bending tests were carried out to investigate the flexural performance of UHSTRC. An analytical model will be developed to predict the moment–curvature behavior of UHSTRC under flexure. Parametric studies will be carried out to investigate the performance of UHSTRC under varying parameters.




2. Experimental Program


A detailed test program was conducted to determine the flexural behavior of UHSTRC samples.



2.1. Material Properties


2.1.1. Glass Fiber Textile


Two-dimensional Alkali Resistance glass (AR glass) fiber textile mesh was used in the experiment. As shown in Figure 1, the warp and weft of the textile mesh was woven to be perpendicular to each other to maintain a mesh size of 10 mm × 10 mm. The glass fiber textiles were placed in the TRC specimens as internal reinforcements to coincide with the two principal directions of the specimen. The warp roving of textile was placed in the longitudinal direction of beam-type TRC samples.




2.1.2. Mortar Mix


A fine-grained UHSC mortar with high workability and a self-compacting property was used in the experiment program. The maximum size of fine aggregate was selected to be 1 mm to allow the concrete matrix to easily flow through the grids of the textile. Coarse aggregates were not used in the mortar mix as it is required to flow through the grids of the textile with an aperture of 10 mm, and the overall thickness of the sample is 16 mm. Commercially available superplasticizer (high-range water-reducing) was used to reduce the water-to-binder ratio to a lower value of 0.22, thus increasing the 28-days compressive strength of concrete while retaining the high workability of the concrete. A commercially available viscosity modifying admixture was used to increase the viscosity of fresh concrete for reducing the segregation and bleeding occurring in the concrete. The mix design for the UHSC is shown in Table 1. Compressive tests were carried out on 7 days and 28 days to find the compressive strength of UHSC mortar as per ASTM C39/C39M – 18 [25]. It was found that the compressive strengths of UHSC concrete of 7 and 28 days were 74.5 MPa and 100 MPa, respectively.





2.2. Preparation of Specimens


In this study, UHSTRC samples were prepared with dimensions of 320 mm length, 50 mm width, and 16 mm thickness in accordance with ASTM D 7264/7264M [26]. Two identical samples were prepared to be tested in the same experimental case.



Plastic molds were used to prepare the UHSTRC samples, and steel bolts were used to set the mold and hold the textile without sagging, as shown in Figure 2. The textile was cut into pieces larger than the actual specimen size to properly fit it into the mold. UHSTRC samples were prepared with one to three textile layers embedded in the UHSC matrix through the thickness and along the longitudinal direction of the sample. Concrete mix, which was made in accordance with the mix design shown in Table 2, was poured into the mold. The fresh TRC sample was subjected to mechanical vibration until all the air bubbles trapped inside the concrete was released. Then, the sample was placed on a level surface for 24 hours at room temperature (20 °C) for hardening. After the hardening, the sample was removed from the molds and placed in a curing tank filled with water at 20 ± 1 °C until the test date. The samples were named as the following format: TRC-L2-s1. The first term-TRC-stands for Textile Reinforced Concrete, the second term-L2-stands for the number of textile layers, and the last term-s1-stands for the sample number.




2.3. Flexural Test Set-Up


The four-point bending test was conducted to determine the flexural behavior of the UHSTRC samples. A constant displacement rate of 1 mm/min was applied per the ASTM D 7264/7264M [26]. The Instron testing machine was used to load the HSTRC samples with a load cell of 50 kN capacity. The load and flexural deflection of the specimen was recorded at one second intervals until the failure of the specimen. The schematic diagram of the loading arrangement and snapshot of the loading setup is shown in Figure 3.





3. Experimental Results


The flexural testing results of TRC samples at ambient conditions were listed in Table 3. The ultimate and first crack flexural stress of the TRC samples was calculated using the following Equation (1) [7]. The ultimate flexural load was observed when the bottom-most textile layer was subjected to rupture. All UHSTRC samples were found to be failed after the rupture of the bottom textile layer. Load vs. deflection curves and the corresponding moment vs. curvature curves are given in Figure 4.


  σ =   P l   b  h 2     



(1)




where P is the ultimate or first crack load,  σ  is the ultimate load or first crack load depending on P, b is the width of the sample, and h is the height of the sample.



The number of textile layers per specimen had a significant effect on both the ultimate flexural strength and the peak deflection. Average increase of 117% and 280% in ultimate flexural strength was observed when the number of textile layers increased from 1 layer to 2 and 3 layers, respectively. The UHSTRC has shown linear stress–strain behavior in the initial loading conditions. After the first crack appearance in UHSC, a sudden drop was observed in load. Then, the load started to increase and reached its ultimate value. The sudden drop was due to the load-bearing mechanism changing from UHSC to textile layer after the cracking of the mortar. The sudden drop of load was more visible in TRC-L1 samples compared to TRC-L3 samples. The use of a higher number of textile layers has decreased the time taken to shift the load-bearing mechanism from HSC to textile after the first crack. The two sudden drops in TRC-L3-s1 can be caused by the initiation of two separate cracks at a small time interval. The two-point loading mechanism used in the experiment can cause a uniform moment distribution between two loading points, which can lead to multiple crack formation due to the inconsistency in the UHSTRC sample. After it reached the ultimate load, the cracks in all specimens started to widen, while the load decreased rapidly. The behavior of all UHSTRC samples was the same with having a higher number of cracks in TRC-L3 samples compared to TRC-L2 and TRC-L1 samples. It was observed that the peak flexural stress to yield flexural stress ratio was increasing with inclusion of each textile layer in average 1, 1.5, and 1.7. However, significant change in the deflection corresponding to the peak stress and yield stress was not observed in any sample. The increased area enclosed in the load–deflection curve with the number of textile layers of the UHPTRC sample showed the high-energy dissipation of UHSTRC. The load–deflection curve variation observed in the TRC-L3-s2 sample might be caused by a continuous slip in textile layer after TRC reaches the yield point.



Figure 5 illustrates the load–deflection behavior of UHSTRC with the corresponding zoom-in view with the serviceability limit conditions of L/300 and L/500 (where L is the span of UHSTRC element) [27]. It was observed that the deflection of UHSTRC reaches the theoretical serviceability condition of L/300 and L/500 after the sudden drops observed in load for all samples. Therefore, the actual serviceability deflection was lower than the anticipated serviceability conditions of L/300 and L/500. Therefore, the yield load observed in UHSTRC should be considered as the serviceability load and the deflection corresponding to the yield load should be considered as the serviceability limit for the UHSTRC. Although an increase in the number of textile layers was found to increase the ultimate load and ultimate deflection, the serviceability deflection did not change. However, the increase in serviceability load was observed since the cracking load was found to be increasing with the addition of textile layers. The use of three textile layers was found to have a 130% and 110% increase in serviceability load in UHSTRC compared to one- and two-textile-layer UHSTRC, respectively




4. Analytical Model to Predict the Moment–Curvature Behavior of TRC Under Flexure


4.1. Material Models


4.1.1. Concrete


A compressive stress–strain constitutive model for the concrete matrix was adopted from Cusson and Paultre [28]. The model consists of an ascending branch and a linear descending branch. The model is capable of predicting the stress–strain behavior of both confined and unconfined concrete with a compressive strength of between 30 MPa - 120 MPa. Shin et al. [29] have successfully used the Cusson and Paultre’s model to predict the stress–strain behavior of unconfined ultra-high-performance concrete by modifying the descending branch of stress–strain behavior. Therefore, the unconfined concrete model used in Shin et al. [29] was used in this analysis to predict the stress–strain behavior of UHSC. Equations (2)–(4) and Figure 6 express the ascending and descending branches of the compressive stress model vs. the strain model.


  a s c e n d i n g   b r a n c h ,  σ c  =  f c ′   [    k  (   ε c  /  ε c ′   )    k − 1 +    (   ε c  /  ε c ′   )   k     ]    ,   f o r    ε c    ≤    ε c ′     



(2)






    d e s c e n d i n g   b r a n c h ,  σ c  = l i n e a r   b e h a v i o r   ,   f o r    ε c ′    ≤    ε c    ≤    ε  c u    



(3)






  k =    E t     E t  −  (   f c ′  /  ε c ′   )     



(4)




where    σ c    is the unconfined concrete compressive stress,    f c ′    is the maximum unconfined compressive stress of concrete,    ε c    is the compressive strain of concrete,    ε c ′    is the strain corresponding to the maximum unconfined concrete stress,    ε  c u     is the ultimate strain of unconfined concrete, and    E t    is the tangent modulus of unconfined concrete.



Linear behavior was assumed for the tensile stress vs. strain of concrete before the cracking. It was assumed that stiffening occurred, as in the proposed model by Abouelleil and Rasheed [24]. The original model was presented to follow the softening behavior of cracked reinforced concrete. The modifications were made to have an acceptable model to express the tensile stress–strain behavior of concrete in UHSTRC, as shown in Equations (5) and (6) and Figure 7.


   σ t  =   α  f t     ε  c r      ε t  ,   f o r   0   ≤    ε t    ≤    ε  c r    



(5)






   σ t  = β  f t   (  1 −   l n  (     ε t     ε  c r      )    l n  (    0.003    ε  c r      )     )  ,    ε  c r     ≤    ε t    ≤   0.003  



(6)




where    σ t    is the concrete compressive stress,    f t    is the tensile strength of concrete (cracking stress),    ε t    is the tensile strain of concrete,    ε  c r     is the cracking strain of concrete (the strain corresponding to the maximum tensile stress), and  α  and  β  are factors governed by the number of textile layers. Factor  α , the factor for the ultimate tensile strength of concrete was taken as 0.5, 0.67, and 1 for the number of textile layers of 1, 2, and 3, respectively. Factor  β , the factor for the residual tensile strength of concrete was taken as 0.3, 0.5, and 1 for the number of textile layers of 1, 2 and 3, respectively. The  α  and  β  factors provide the changes in tensile stiffening and softening behaviour with a different number of textile layers. Abouelleil and Rasheed [24] set 1 and 0.5 as the numerical values for factors,  α  and  β , respectively, considering the behaviour of steel-reinforced concrete shallow beams. The tension stiffening and softening proposed by Hillerborg et al. [30] was used in the initial model with required modifications. The concrete tension stiffened. However, the authors observed that the effect of tension stiffening depends on the number of textile layers, as it introduces a better softening effect with the increased number of textile layers. The factors were introduced with reverse engineering the analytical moment–curvature behavior of UHSTRC. The first cracking load and initial stiffness in the moment–curvature behavior were observed to be depended on the tensile behavior of concrete due to the low thickness of the UHSTRC samples.




4.1.2. Glass Fiber Textile


A linear elastic material model was used to predict the stress–strain behavior of glass fiber textile in compression and tension, as shown in Figure 8. However, the authors proposed a softening curve for the textile layer in tension considering the confinement provided on the textile layer by concrete. The softening of the textile layer under tension was assumed to be going at a linear rate of 1.5Etrc (where Etrc is elastic modulus of textile).





4.2. Algorithm to Predict the Moment Curvature


The three-layer TRC sample was considered as an example to explain the analytical method. Different stages of the strain and stress distributions of the TRC section were identified and the moment–curvature relationship was predicted accordingly. The following basic assumptions were made in the analytical program:




	
The whole TRC sample behaves as a Bernoulli region throughout loading (plane section remains plane).



	
The bond-slip between the textile and concrete matrix was negligible.



	
The effect of weft of textile (transverse direction rovings) was considered negligible, and the warp of the textile was considered a continuous longitudinal reinforcement.








Figure 9 illustrates a typical three-textile-layer TRC section with a thickness of h and textile layers at hfi (i = 1, 2 and 3) from extreme concrete compression fiber. The breadth of the TRC sample is b and each textile layer is having a total cross-sectional area of Afi (i = 1, 2 and 3). The depth of the neutral axis (hc) was measured from extreme concrete compression fiber.



To analyze the moment–curvature behavior of the TRC samples, the incremental curvature value (φ) was assumed to start from zero. The moment capacity (M) was predicted for the given curvature value. An arbitrary value was assumed for neutral depth (hc) for a given curvature value. As shown in Figure 9, strain variation in the TRC section was assumed. The strain value of any arbitrary fiber can be calculated as a function of φ, hc, and the distance between the considered fiber and extreme compression fiber (x).


   ε x  = φ (  h c  − x )  



(7)







The above equation can be used to calculate the strain values of different materials in the section. For instance, compressive strain at the extreme compression fiber of concrete (   ε  c c e    ), tensile strain at the extreme tensile fiber of concrete (   ε  c t e    ), and the compressive and/or tensile strains of textile reinforcement layers (   ε  f i    , i = 1, 2 and 3) can be calculated as shown in Equations (8)–(10), respectively. The sign convention governs the nature of the strain, with positive being compressive strain and negative being tensile strain.


   ε  c c e   = φ  h c   



(8)






   ε  c t e   = φ  (   h c  − h  )   



(9)






   ε  f i   = φ  (   h c  −  h  f i    )   



(10)







The respective material stress–strain behaviors were used to calculate the stress distribution of compression concrete, tensile concrete, and textile using the strain values calculated previously. The stress distribution of compressive concrete (   σ  c c    ), tensile concrete (   σ  c t    ) and textile layers (   σ  f i    , i = 1, 2 and 3) were calculated to form the total concrete compressive force (   F  c c   )  , total concrete tensile force (   F  c t   )   and total force on textile layers (    ∑   i = 1  3   F  f i    ). The total force acting of the section can be represented as shown in Equations (11) and (12).


  P =  F  c c   +  F  c t   +   ∑   i = 1  3   F  f i    



(11)






  P =   ∫  0   h c     σ c   ( x )  b d x +   ∫    h c   h   σ t   ( x )  b d x +   ∑   i = 1  3   A  f i    σ  f i   = 0  



(12)







The force equilibrium is considered with the total force (P) equal to zero as the TRC sample was assumed to be subjected to pure bending under two-point loading. An iterative solving method was used to find the most accurate neutral depth (hc) value to have a resultant force (P) close to zero. After calculating the correct neutral axis depth (hc), the moment capacity (M) of the section for the given curvature (φ) can be calculated using Equation (13).


  M =   ∫  0   h c     σ c   ( x )  b  (   h c  − x  )  d x +   ∫    h c   h   σ t   ( x )  b  (   h c  − x  )  d x +   ∑   i = 1  3   A  f i    σ  f i    (   h c  −  h  f i    )   



(13)







The analytical moment–curvature prediction steps described in above sections were illustrated as a flow chart in Figure 10. The end curvature value was set as 4 radm−1 considering the experimental end curvature values. However, the end curvature values were changed in the parametric studies in required locations.




4.3. Validation of Analytical Model


Analytically predicted moment–curvature relationships can be divided into multiple sections, as shown in Figure 11. In the first section, the moment–curvature of UHSTRC can be seen displaying high constant stiffness. Throughout the section, the majority of flexural load was carried by UHSC. At the end of the linear section, the extreme tensile fiber utilized the maximum tensile stress by displaying a maximum moment value at the end. In the second section, the tension zone of UHSTRC started to crack with transferring to tensile softening while reducing the moment. However, at the end of Section 2, the textile itself started to bear the tensile load with reducing the reduction rate of the moment. When the moment–curvature curve moves to Section 3, the entire tensile force was carried by textile layer(s) while the UHSC cracks were widening. When it comes to the end of Section 3, the bottom-most textile layer reached the ultimate tensile strain with increasing the moment to its maximum value. Then, the bottom textile layer entered its tensile-softening phase, while the remaining textile layer(s) was continuing to bear the load. However, the moment capacity provided by the remaining textile layers(s) was limited due to the shorter lever arm compared to the bottom textile later. Thus, a gradual reduction can be seen, as shown in Section 4. Most probably, the serviceability limit state condition led to limit the maximum serviceability moment to a value within Section 1. In ultimate conditions, the higher moment at the end of Section 3 can be considered as the ultimate moment. Additionally, the higher ductility of UHSTRC in both the hardening (Section 1, Section 2 and Section 3) and softening (Section 4) phases contributes to increasing the energy dissipation of UHSTRC in seismic events. Authors used the section division of the moment–curvature curve in parametric studies’ paragraphs and discussions to describe the behavior of TRC in detail.



The load vs. deformation data collected from the experiments were used to validate the analytical model. The deflection was converted into curvature at mid-span, while the corresponding load was converted into the moment at mid-span. The experimental moment vs. the curvature curve was compared with the proposed analytical solution. Figure 12 shows the comparison made between the experimental and analytical moment vs. curvature curves. The sudden drop at the end of the first section can be seen in all three models. However, the moment reduction was 80%, 61%, and 65% when the number of layers increased from one to three. Ultimate moments of 8.47, 13.86, and 19.07 Nm were recorded for UHSTRC with one, two, and three textile layers, respectively. On average, a 5.3% and 7.4% difference were found between the experimental and analytical ultimate moment and curvature, respectively, for two- and three-layer UHSTRC. The difference in the initial serviceability moment between analytical and experimental was an average of 10.3%. However, the analytical moment–curvature found to be more linear compared to the experimental one. The assumption of taking the UHSTRC as a Bernoulli section throughout the loading cause for such a difference. The actual behavior of UHSTRC found to have differed from Bernoulli section after the initial cracking of the sample. However, major points such as serviceability moment, ultimate moment and curvature were not affected by making such assumptions.





5. Parametric Studies


Parametric studies were conducted with varying the number of textile layers, textile material (basalt and carbon), textile mesh density and UHSTRC thickness. The effects of each parameter on flexural behavior of UHSTRC was evaluated based on the moment–curvature relationships derived from the analytical model.



5.1. Effects of Number of Textile Layers


Up to three textile layers were used in experiments and analytical model was developed to predict the results as shown in previous sections. Authors modified the analytical model to predict the flexural behavior of UHSTRC with four and five textile layers. In all models, the textile cover was maintained as 4 mm with distributing the remaining textile evenly through the top and bottom textile layers. Figure 13 shows the variation in moment–curvature of TRC with different number of textile layers. On average, 5.33 Nm increase in ultimate moment was recoded for each inclusion of textile layer. However, the curvature corresponding to the ultimate moment did not show such high correlation with the number of textile layers. On average, 1.6% increase was recorded when the number of textile layers increased from two to five. The number of textile layers had a clear relationship with the stiffness of the TRC sample at Section 3 of the moment–curvature curve. The addition of a single textile layer increased the stiffness of a UHSTRC at Section 3 of the moment–curvature curve by average 8%. With the increase of number of textile layers, tensile load carrying capacity of cracked UHSTRC increased. However, stiffness of Section 1 had no effect by the number of textile layers, and it was dominated by the elastic modulus of UHSC. The maximum moment at the end of Section 1 of moment–curvature found to be increased with the number of textile layers since congested textile layers maximize tensile strength and tensile softening of concrete as described in Section 4.1.1.




5.2. Effects of Different Textile Materials


Basalt fiber textile and carbon fiber textile were used aside from glass fiber textile used in experiments and analytical simulation. The mechanical properties of basalt fiber textile and carbon fiber textile are listed in Table 4 for a textile with same mesh dimensions as glass fiber textiles used in experiments. The variation of moment–curvature relationship is shown in Figure 14. Softening of carbon and basalt textiles were also assumed as described in Section 4.1.2 .



Carbon Fiber TRC (CFTRC) outperformed the Glass Fiber TRC (GFTRC) and Basalt Fiber TRC (BFTRC) considering the ultimate moment and initial moment reduction when TRC cracks. BFTRC and CFTRC have shown a 20% reduction and 90% increase in ultimate moment compared to GFTRC, respectively. Though considerable improvement in initial moment reduction was not observed in any material with one-layer textile, CFTRC managed to reduce the reduction of the moment by average 26% compared to BFTRC and GFTRC when number of textile layers were three and five. However, the curvature corresponding to ultimate curvature decreased by an average of 20% and 15% on BFTRC and CFTRC, respectively, compared to GFTRC. It demonstrates the correlation between ultimate curvature of TRC and ultimate tensile strain of textile material. Increase in ductility was observed in CFTRC with the contribution of higher ultimate moment and high stiffness in the third section of moment–curvature compared to BFTRC and GFTRC. The use of high-performance textile material such as carbon fiber shown the effects of textile properties on high ultimate moment capacity of UHSTRC. The high elastic modulus and strength of textile improve the ultimate strength performance of UHSTRC though the serviceability performance of UHSTRC was not significantly affected.




5.3. Effects of Textile Mesh Density


5 mm (M5) and 12.5 mm (M12.5) mesh sizes were selected as the variant mesh densities of moment–curvature analysis, addition to the 10 mm (M10) mesh size used in as shown in Figure 15. Though mesh density had no effect on initial stiffening and ultimate curvature of UHSTRC, the initial moment drop and ultimate moment found to be affected significantly. On average, a 20% reduction and 90% increase was respectively recorded for the ultimate moment of 12.5 mm and 5 mm textile mesh UHSTRC samples compared to control 10 mm mesh. The initial moment reduction was observed to be significantly reduced by increased mesh density. No initial moment reduction was observed in TRC with 5 mm mesh size with five textile layers while 10 mm and 12.5 mm mesh UHSTRC were undergoing an average of 40% moment reduction. The increased mesh densities increased the reinforcement area of UHSTRC which contribute to carry a higher tensile load at lower strain value after the cracking of UHSTRC. Thus, a swift change in load-bearing mechanisms leads to a low reduction in the moment after the cracking of concrete. However, the mesh density had no effect on the initial stiffness of UHSTRC. The increased ultimate moment of 5 mm textile mesh UHSTRC, resulted in higher energy dissipation level compared to other mesh sizes. However, with the increase of the mesh density the spacing between the longitudinal reinforcements were reduced to have poor load transferring between concrete matric and textile. Thus, the bond between textile and concrete matrix




5.4. Effects of TRC Thickness


The UHSTRC thickness was varied as 12 mm, 16 mm and 20 mm to investigate the effects of UHSTRC thickness on moment–curvature behavior of UHSTRC as shown in Figure 16. Though textile cover was maintained as 4 mm in 20 mm thick UHSTRC sample, 3 mm cover was used in 12 mm textile layer samples considering the congestion of textile layers in small thickness. A significant increase was observed in maximum moment at the end of Section 1 of moment–curvature with increased UHSTRC thickness. On average, 170% and 70% increase was observed in initial maximum moment in 20 mm and 16 mm UHSTRC compared to 12 mm UHSTRC. The increased layer thickness improved the tensile load capacity carried by UHSC to increase the maximum initial moment. The moment drop-in Section 2 of moment–curvature found to be increasing with larger UHSTRC thickness. On average, 46%, 42% and 33% drop in serviceability moment was observed for UHSTRC with 20 mm, 16 mm and 12 mm, respectively. However, the dropped moment value found to be increased by an average of 3 Nm in each 4 mm increase in thickness. The increased layer thickness contributes to optimize the moment carrying capacity of textile layers with increased lever arm to maximize the ultimate moment capacity. On average, 38% and 23% increase in ultimate moment was observed when thickness of UHSTRC was increased in 4 mm steps from 12 mm thickness value. However, the increased thickness causes the bottom-most textile to reach its maximum strain value in lower curvature value to cause a reduction in the ultimate curvature. Respective, 26% and 46% reduction in ultimate curvature was recorded for 16 mm and 20 mm UHSTRC compared to 12 mm UHSTRC.





6. Discussion


An experimental program was completed following a detailed analytical model to predict the moment–curvature behavior of UHSTRC with parametric studies. The moment–curvature behavior was used to describe the performance and behavior of UHSTRC. The moment–curvature behavior of UHSTRC samples with different parameter changes was found to follow the same pattern as shown and described in Figure 11 and Section 4.3. The sudden drop in the second section of moment–curvature relationship directly affects the structural use of UHSTRC. It restricted the use of UHSTRC in structural elements as it limited the serviceability moment to the maximum moment at the end of Section 1 of moment–curvature where the cracks appear. The ratio between ultimate and serviceability conditions was found to be ranged from 1.45 to 7.5 in UHSTRC samples. The highest was found in UHSTRC with glass fiber textile mesh with 5 mm mesh dimensions. However, the parametric studies showed that use of high strength textile mesh (Carbon fiber) with high mesh densities can increase the ratio between serviceability and ultimate conditions to reduce the efficiency in UHSTRC. However, when high mesh densities and high strength materials were used the reduction of initial maximum moment was limited. The use of glass fiber textile with 5 mm mesh had no reduction in initial maximum moment which the serviceability conditions can be extended beyond the point previously considered. However, the reduced mesh size lead to poor bonding between concrete matrix and textile reinforcements which can affect the accuracy of the analytical predictions.



Though high ultimate to serviceability moment ratio limit the serviceability design, the large ultimate curvature values can increase the curvature ductility of the section, which is the ratio between curvatures at failure and yield [31]. The use of high mesh densities of 10 mm and 5 mm increased the ductility of UHSTRC by marginal 1% and 6%, respectively compared to 12.5 mm mesh. The GFTRC samples found to be having an increase of average by 18% and 28% in curvature ductility compared to CFTRC and BFTRC, respectively. The UHSTRC with high thickness can adversely affect the curvature ductility UHSTRC. Though the high thicknesses increased the ultimate moment of UHSTRC, a considerable reduction of ultimate curvature was also observed. Therefore, a reduction in curvature ductility of 26% was observed when thickness of UHSTRC increases by 4 mm. Thus, limited ductility of UHSTRC with high thickness, limited the energy dissipation performance of UHSTRC. However, the thin UHSTRC is not feasible to use in structural elements alone due to the low ultimate moment capacity. Therefore, the hybrid wall systems can be adapted to enhance structural performance through optimizing UHSTRC behavior.



Good agreement between analytical and experimental results could be seen, especially in key points of moment–curvature relationship such as initial maximum moment, ultimate moment and ultimate curvature etc. However, the analytically predicted moment–curvature behavior found to have more linear portions compared to experimental moment-curvature. The assumptions made in an analytical program, such as considering the UHSTRC behavior as a Bernoulli region throughout the loading, are the causes of such deviation. Considering the UHSTRC as a Bernoulli region after the cracking makes the analytical results linear compared to the experimental results. Moreover, the material properties and assumed constitutive material behavior can differ from the actual material properties and behavior. The assumption of considering the perfect bond between textile and UHSC can lead to the variation in moment curvature between the yield moment and ultimate moment. However, such an assumption does not heavily affect the key parameters, such as the ultimate moment and ultimate curvature. The assumption of the perfect bond between the concrete matrix and the textile yarns can induce outliers between experimental and analytical curvature values. Since the UHSTRC failed in the experiments due to the rupture of bottom textile layer, the assumption of perfect bond does not affect the failure prediction of UHSTRC.




7. Conclusions


The following conclusions were made after evaluating the experimental results, analytical results, and thorough discussion:




	
The experimental results show that the increase in the number of textile layers improved the performance of UHSTRC considering the ultimate load capacity and serviceability load capacity. The ratio between ultimate and serviceability stress increased with the number of textile layers. However, serviceability conditions will govern the design aspects of UHSTRC, considering the stiffness and high ultimate deflections of UHSTRC.



	
It was observed that increasing the number of textile layers can increase the performance of UHSC in tension as well. In particular, the tension softening of UHSC improved due to the bonding between textile and concrete.



	
Assumptions such as considering the UHSTRC behavior as the Bernoulli region and no-slip between textile and UHSC can be the cause behind the deviation between analytical and experimental moment–curvature behavior after cracking. However, such assumptions do not interrupt the key outcomes, such as ultimate moment and curvature.



	
At the higher mesh densities, the bond performance between the concrete matrix and textile reduces due to the congestion of textile reinforcements. The assumption of considering the perfect bond between the textile and concrete matrix affect the accuracy of the analytical model when the mesh density has higher values. Thus, further investigations are required to assess the effect of bond slip behavior on the flexural behavior of UHSTRC.



	
Carbon fiber textiles were found to be performed better compared to glass and basalt fiber textiles in UHSTRC. The higher ultimate load and high energy dissipation were observed in CFTRC.



	
The mesh density of textile was found to be heavily affected the moment–curvature behavior of UHSTRC. The 90% increase in ultimate moment was observed when reducing the mesh size by half. The most significant improvement was eliminating the initial moment reduction in UHSTRC after the cracking.



	
The increased thickness of UHSTRC was found to be productive in increasing the ultimate moment capacity of UHSTRC. However, the reduction in ultimate curvature with increased thickness adversely affects the performance of UHSTRC by reducing the ductility of UHSTRC.



	
The use of UHSTRC as both non-load-bearing and load-bearing elements was feasible due to the high ultimate load-carrying capacity. The UHSTRC in hybrid wall systems can be feasible as it would support the structure to dissipate energy in high loading events, such as seismic events. However, further investigations should be carried out to evaluate the seismic performance of UHSTRC using cyclic loading conditions.
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Figure 1. Glass textile used in the experiments. 
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Figure 2. Preparation of Ultra-High-Strength Textile Reinforced Concrete (UHSTRC) samples. 
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Figure 3. (a) Schematic diagram of loading arrangement (units: mm); (b) the test setup. 
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Figure 4. Load vs. the deflection curve of UHSTRC for a different number of textile layers: (a) full behavior and (b) zoom- in behavior up to 1 mm of deflection. 
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Figure 5. Load vs. deflection curves of UHSTRC with corresponding zoom-in views: (a) 1 layer, (b) 2 layers and (c) 3 layers. 
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Figure 6. Compressive stress–strain behavior of unconfined concrete. 
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Figure 7. Tensile stress–strain behavior of unconfined concrete. 
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Figure 8. Stress vs. strain behavior of glass fiber textile. 
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Figure 9. Section stress, strain diagram for moment–curvature analysis. 
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Figure 10. Moment–curvature analysis flowchart. 
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Figure 11. Multiple sections in typical analytical moment–curvature diagram. 
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Figure 12. Comparison between analytical and experimental moment–curvature behavior: (a) 1 layer, (b) 2 layers and (c) 3 layers. 
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Figure 13. Variation of moment–curvature with number of textile layers. 
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Figure 14. Variation of moment–curvature with textile material: (a) 1 layer, (b) 3 layers and (c) 5 layers. 
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Figure 15. Variation of moment–curvature with mesh density of textile: (a) 1 layer, (b) 3 layers and (c) 5 layers. 
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Figure 16. Variation of moment–curvature with textile layer thickness: (a) 1 layer, (b) 3 layers and (c) 5 layers. 
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Table 1. Composition of concrete matrix.
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	Material
	Cement (GP)
	Sand
	Fly Ash
	Silica Fume
	Slag
	Water
	Superplasticizer
	Viscosity Modifier
	Retarder





	Content (kg/m3)
	783
	705
	258
	78
	282
	287
	11
	2
	4
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Table 2. Properties of glass fiber textile.
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	Mesh Size (mm × mm)
	Tensile Load Bearing Capacity of 50 mm Strip (N)
	Tensile Strength (MPa)
	Elastic Modulus (GPa)
	Ultimate Strain (mm/mm)





	10 × 10
	1078
	1100
	41
	0.025
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Table 3. Summary of experiment results.
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	Specimen ID
	No. of TRC Layers
	Ultimate Load (N)
	Ultimate Flexural Stress (MPa)
	Peak Deflection
	First Crack Load (N)
	First Crack Deflection (mm)





	TRC-L1-s1
	1
	88.2
	1.72
	1.96
	66.5
	0.15



	TRC-L1-s2
	1
	159.2
	3.11
	2.08
	180.5
	0.23



	TRC-L1-s3
	1
	146.7
	2.87
	2.93
	9.9
	0.048



	TRC-L2-s1
	2
	205.1
	4.01
	3.40
	183.1
	0.299



	TRC-L2-s2
	2
	304.8
	5.95
	3.10
	193.5
	0.265



	TRC-L2-s3
	2
	268.1
	5.24
	3.20
	134.8
	0.232



	TRC-L3-s1
	3
	461.1
	9.01
	2.71
	268.5
	0.149



	TRC-L3-s2
	3
	431.1
	8.42
	6.53
	149.9
	0.415
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Table 4. Properties of carbon and basalt fiber textile.






Table 4. Properties of carbon and basalt fiber textile.





	Material
	Tensile strength (MPa)
	Elastic modulus (GPa)
	Ultimate strain (mm/mm)





	Basal fiber textile
	884
	45
	0.022



	Carbon fiber textile
	2180
	109
	0.02











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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