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ABSTRACT

In this study, the mechanical behavior of concrete structures reinforced with one and two layers of the
Brazilian glass textile “AR-360” was verified through direct tensile tests. The analysis of the
mechanical behavior of the structures was performed with stress-strain curves, evaluating the transition
points of the formed stages, rupture mode, rupture stress and strain, as well as an analysis comparing
experimental results with analytics. Regarding the results, there was a structural inability of the pieces
reinforced with a layer of glass textile. In the samples in which reinforcement with two layers of the
aforementioned material was evaluated, the three stages present in the stress-strain curves were
correctly identified, as predicted in the literature for the structures evaluated.
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Analise experimental do comportamento a tracdo do concreto reforcado com
téxtil de vidro brasileiro

RESUMO

Neste estudo verificou-se o comportamento mecanico de estruturas de concreto reforgadas com
uma e duas camadas do téxtil de vidro brasileiro “AR-360", através de ensaios de tragdo direta. A
analise do comportamento mecanico das estruturas foi realizada por meio dos graficos de tensao
versus deformagdo, avaliando-se os pontos de transicdo dos estadgios formados, modo de ruptura,
tensao e deformacdao de ruptura, além também, de uma andlise comparando-se resultados
experimentais com analiticos. Sobre os resultados, verificou-se incapacidade estrutural das pecas
reforgadas com uma camada do téxtil de vidro. J4 nas amostras em que se avaliou o refor¢o com
duas camadas do referido material, identificou-se corretamente os trés estagios presentes nas
curvas de tensdo-deformagao, conforme previsto na literatura para as estruturas avaliadas.
Palavras-chave: concreto téxtil; tracdo direta; té€xtil de vidro; comportamento mecanico.

Analisis experimental del comportamiento a traccion del hormigon armado
con tejido de vidrio brasilefio

RESUMEN

En este estudio se verifico el comportamiento mecanico de estructuras de hormigén armado con
una y dos capas del tejido de vidrio brasileno “AR-360", mediante ensayos de traccion directa. El
andlisis del comportamiento mecanico de las estructuras se realiz6 mediante graficas de tension
versus deformacion, evaluando los puntos de transicion de las etapas formadas, modo de ruptura,
tension y deformacion de ruptura, asi como un anélisis comparando resultados experimentales con
analitica. Respecto a los resultados se encontr6 una incapacidad estructural de las piezas reforzadas
con una capa de tejido de vidrio. En las muestras en las que se evalu6 el refuerzo con dos capas
del material antes mencionado, se identificaron correctamente las tres etapas presentes en las
curvas de tensidn-deformacidn, tal como lo predice la literatura para las estructuras evaluadas.

Palabras clave: hormigon textil; traccion directa; textil de vidrio; comportamiento mecanico.

Legal Information

Revista ALCONPAT is a quarterly publication by the Asociaciéon Latinoamericana de Control de Calidad, Patologia y
Recuperacion de la Construccion, Internacional, A.C., Km. 6 antigua carretera a Progreso, Mérida, Yucatan, 97310,
Tel.5219997385893, alconpat.int@gmail.com, Website: www.alconpat.org

Reservation of rights for exclusive use No0.04-2013-011717330300-203, and ISSN 2007-6835, both granted by the Instituto
Nacional de Derecho de Autor. Responsible editor: Pedro Castro Borges, Ph.D. Responsible for the last update of this issue,
ALCONPAT Informatics Unit, Elizabeth Sabido Maldonado.

The views of the authors do not necessarily reflect the position of the editor.

The total or partial reproduction of the contents and images of the publication is carried out in accordance with the COPE code and
the CC BY 4.0 license of the Revista ALCONPAT.

276 Experimental analysis of the tensile behavior of concrete reinforced with Brazilian glass textile

Rizzo, J., Bastos, E. S., Reginato, L. A., Lazzari, P. M., Silva Filho, L. C. P. da


mailto:alconpat.int@gmail.com
http://www.alconpat.org/

Revista ALCONPAT, 14 (3), 2024: 275 — 287

1. INTRODUCTION

Textile concrete, or simply TRC (Textile Reinforced Concrete), is formed by a fine-grained
cementitious matrix and textile fabrics that have high tensile strength. (Hegger et. al., 2007; Spelter
et. al., 2019; Adam et. al., 2020). According to Kulas (2013) and Spelter et. al. (2019), the most
common fabrics to be used with textiles are alkali-resistant glass and carbon fabrics.

As textile fabric is a polymeric material, it does not produce corrosion in structures, which helps to
reduce pathological manifestations of buildings and significantly increase the useful life of
structures (Spelter et. al., 2019; Adam et. al., 2020). In addition to this advantage, due to their high
tensile strength, structures reinforced with this element can have less concrete coverage and,
consequently, be lighter, slimmer and more economical (Hegger and Voss, 2008).

In this sense, Germany, which stands out as the world leader in research on textile concrete
(Scheerer et. al., 2015), has been building structures that encompass bold and modern design
concepts for this composite material, such as: shell-shaped structures (Hegger et. al., 2018); bridges
(Michler, 2013) and facades (Raupach and Cruz, 2016). According to Brameshuber et. al. (2016),
direct tensile tests make it possible to identify more clearly the potential of textile-reinforced
concrete through its mechanical behavior. According to Jesse (2005), Molter (2005), Voss (2008)
and Kulas (2013), the mechanical behavior of this material can be explained through the stress-
strain curves, consisting of three stages: I, I1a and IIb.

Santis et. al., (2017) identified transition points between the stages that help in understanding the
behavior of the analyzed material. According to the authors, stress (o) and strain (g;) correspond
to the transition points between stages I and Ila. Still in stage I, the modulus of elasticity (EI) of
the textile concrete is identified. Between the end of stage Ila and the beginning of stage IIb, stress
(op1) and strain (gpp) are found. At the peak of the graph, it is possible to identify the rupture stress
and strain, named as (f;) and (&;).

In Brazil, there are few scientific investigations on textile concrete. Research by Giese (2019),
Reginato (2020), Silva e Silva (2020), Dalazen (2021) and Ortolan (2021) are examples of
Brazilian studies on this material. In this sense, it is important to conduct further investigations into
the mechanical behavior of textile fabrics available in Brazil, adapted to the brazilian inputs that
make up concrete, in order to advance scientifically the understanding of this material in the
country.

Therefore, this research corresponds to an analysis of the mechanical behavior of concrete
reinforced with Brazilian alkali-resistant glass textile from the company Texiglass, called “AR-
3607, where, through direct tensile tests of samples reinforced with one and two layers of the textile
fabric, curves of stress-strain of the material were generated, and from them, a detailed analysis of
the composite material was carried out. In addition, the results obtained experimentally were also
verified with analytical calculations.

2. METHODOLOGY

The methodology of this work consisted of carrying out three stages, namely: preparation of the
cement matrix; samples reinforced with textile fabric and direct tensile tests. Below, a brief
summary of each stage indicated above is detailed.

2.1 Preparation of the cementitious matrix

One challenge for using textile reinforcement with concrete is that it needs to be fluid and self-
compacting, so that the concrete can move freely between the fabric grids without the need for
vibration. In addition to these characteristics, the concrete must have high compressive and tensile
strengths, thus providing greater mechanical capacity to the composite material.

In order to use a concrete that meets the above characteristics without excessive losses during mix
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tests, the dosing methodology for ultra-high-performance concrete (UHPC), proposed by Christ
(2019), was applied. In this method, the theoretical packing curve of the materials was calculated
using the Funk and Dinger equation. After selecting the constituent inputs of the cement matrix,
the program developed by Christ (2019) in Excel software was used to compare the theoretical
packing curves and the chosen mixture, whereby iterating the quantity of inputs, it was possible to
choose the mix with the lowest packing deviation index (IDE), which was equal to 114.2.

Table 1 shows the mix and consumption of the constituent materials of the cement matrix of this
research. By applying this dosage method, it was possible to produce a self-compacting, cohesive,
fluid concrete, with an average compressive strength at 28 days equal to 80.07 MPa and an average
tensile strength equal to 4.5 MPa. Figure 1 shows the fluidity of this concrete (a) and its spreading
(b) without exudation and segregation problems.

Table 1. Mix design of concrete.

Component Unit mix Content (Kg/m?)
Cement 1 471.26
Active Silica 0.24 113.1
Fly Ash 0.76 358.16
Calcium Carbonate 0.71 334.59
Sand 2.05 966.08
Water/Binder 0.28 263.9
Superplasticizer 3% 28.28
Viscosity Modifier 1% 9.43
Air Detraining 1% 9.43

g i 1 Y
) ‘1',. o PR e |

e

Figure 1. Appearance of concrete (é) and spréading of concrete (b).

2.2 Samples reinforced with “AR-360" glass textile

The glass textile selected for this research is alkali-resistant and is called “AR-360, with 2400 tex,
from the company Texiglass, as shown in Figure 2 (a). The main direction chosen for analysis
purposes in the tensile tests was the warp direction. According to the characterization carried out
by Dalazen (2021), the cross-sectional area of the warp direction is equal to 1.80 mm?, with a 10
mm distance between the grids of the textile mesh. According to mechanical tests carried out in a
previous work, (Rizzo, 2023) the average tension of the fiber yarn of this material in the warp
direction was found to be equal to 566.72 MPa.
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Figure 2. Glass textile (a) Dimensions of the sample (b) and Demonstration of the textile layer on
the sample (¢).

2.3 Development of reinforced samples

Seven samples reinforced with textile fabric were analyzed. The structures named CTG11; CTG12
and CTGI13 correspond to the samples that have textile reinforcement of only one layer, or 1.38%
textile reinforcement rate (p). The samples CTG21; CTG22; CTG23 and CTG24, on the other hand,
have two layers of textile fabric reinforcement, which corresponds to the total of p = 2.77%.
Regarding their manufacture, structures in the shape of a “bone” were chosen, as shown in Figure
2 (b).

The selected forms were built in steel. Concerning the manufacture of the samples, the textile
reinforcement was inserted using the lamination technique, as specified by Brameshuber et al.
(2016). Through this, the samples were manufactured in layers, with the first layer of concrete
being added to the form first, then the textile reinforcement (Figure 2 (c)) and finally the last layer
of concrete. This procedure was repeated until all layers were placed in the form. It is worth
mentioning that the height of the concrete was controlled using a measuring ruler, as shown in
Figure 1 (a), where, in the samples with one layer of textile reinforcement, the textile fabric was
placed in half the thickness of the sample, and in the case of two layers, they were inserted with an
equidistance equal to 3.16 mm.

2.4 Direct tensile tests

Direct tensile tests were performed with concrete curing age of 28 days, in a press with a capacity
of 100 kN and a displacement speed of 1 mm/min. A steel gripper system was designed so that the
transmission of forces from the press to the structural part was done by steel plate pieces, located
in the chamfers of the samples. In this same location, 1 mm thick rubber was inserted to reduce the
concentration of stresses in the part.

Also with the aim of reducing excessive load concentrations in the gripper area, thus helping to
ensure that the rupture actually occurred in the measurable area of the parts, two layers of carbon
fiber were placed and glued to the ends of the structure using sikadur resin. In Figure 3 (a), the
rupture of the sample reinforced with glass fiber in the measurable area can be seen, in addition to
the carbon fiber located at the ends of the part.

In order to check the displacement of the parts, an LVDT with a 10 mm cursor fixed to one of the
faces of the sample was used, as shown in Figure 3 (b).
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Figure 3. Sample rupture in the measurable area (a) and Demonstration of the gripper and LVDT
system (b).
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3. RESULTS

The results of this research were expressed through stress-strain curves. The transition points
between the stages were described in Tables, as well as the rupture mode, in addition to the
maximum rupture stress and strain. As indicated by Santis et. al. (2017), in order to prevent possible
errors resulting from the variation in concrete thickness, the stress analysis was performed through
Tables and description of the results, considering the stress of the fiber yarn of the samples,
obtained by dividing the force by the total cross-sectional area of the fiber yarns of the textiles
(Atex,n). However, the stresses of the composite material were also represented on the right side
of the “y” axis in the graphs, in order to assist in understanding the mechanical behavior of the
samples.

3.1 Concrete reinforced with one layer of glass textile

In the three samples analyzed with the reinforcement of one layer of glass textile, the formation of
stage [ was verified correctly, as predicted by the literature, being linear, without the formation of
cracks. Figures 4 (a), (b) and (c) show the stress-strain curves of the referred samples. Regarding
the type of rupture, all presented rupture in the measurable area of the pieces, which can be
classified as being a type “B” rupture, as determined by Santis et. al., (2017). Figures 5 (a) and (b)
show the rupture in the measurable area of samples CTG11 and CTG13, respectively.
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Figure 4. Mechanical behavior of samples CTG11 (a), CTG12 (b) and CTG13 (¢).

After the formation of the first crack in the concrete, stage Ila began (Jesse, 2005). At this stage,
the literature indicates the formation of multiple cracks. However, this behavior was not observed
in the samples reinforced with one layer of textile fabric. In samples CTG11 and CTG12, only two
cracks formed at this stage, with no clear distinction between stages Ila and IIb, the latter being
characterized by the end of cracking and the respective rupture of the material. It is worth
mentioning that Ortolan (2021) also did not clearly identify the formation of the three stages in the
stress-strain response curve of samples reinforced with one layer of brazilian glass textile.
However, in sample CTG13, after the formation of the third crack in stage Ila, stage IIb was formed,
as observed in Figure 4 (c). In this case, it is suggested that there was a greater connection between
the concrete and the textile fabric, resulting in a higher rupture deformation value (g;) = 1.32%, as
shown in Table 2.

Experimental analysis of the tensile behavior of concrete reinforced with Brazilian glass textile 281

Rizzo, J., Bastos, E. S., Reginato, L. A., Lazzari, P. M., Silva Filho, L. C. P. da



282

Revista ALCONPAT, 14 (3), 2024: 275 — 287

Figure 5. Rupture of samples CTG11 (a) and CTG13 (b).

As in CTG11 and CTGI12 there was no distinction between stages Ila and IIb, the same values of
the transition points between stages Ila and IIb were considered, namely oy and f;, in addition to
gy and g, as shown in Table 2.

Table 2. Samples CTG11, CTG12 and CTG13 results.

& €y O] on f, & E,
Cp Rupture
(%) (%) | (N/mm?) | (N/mm?) | (N/mm?) | (%) [|(N/mm?)
CTG11 | 0,019 0,977 412 443 443 0,977 2080,8 B
CTG12 | 0,036 0,761 367 439 439 0,761 1019,44 B
CTG13 | 0,047 0,639 372 377 441 1,32 791,49 B
Average | 0,034 0,792 383,66 | 419,66 441 1,01 1297,24
CV (%) | 32,43 17,63 5,24 7,19 0,37 22,58 433

3.2 Concrete reinforced with two layers of glass textile

The samples that were reinforced with two layers of glass textile correctly presented the three stages
present in the stress-strain response curve, as predicted by the literature. In stage Ila, multiple
cracks were formed, with a clear distinction of the transition points between stages Ila and IIb.
Regarding the type of rupture, samples CTG21, CTG22 and CTG24 presented rupture in the
measurable area, and can be classified as a type “B” rupture. In sample CTG23, the rupture
occurred close to the gripper area, however, there was no displacement of the concrete or sliding
of the fabric. In addition, it was observed that there was no mechanical loss of this piece, since the
rupture stress and strain values were close to the samples in which the rupture occurred in the
measurable area. Therefore, sample CTG23 can be classified as a type “A” rupture, as indicated by
Santis et. al., (2017).

Figure 6 shows the stress-strain curves of the samples in question. In samples CTG21, CTG22 and
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CTG23, small load drops were observed in the structures during stage IIb. According to Jesse
(2005), these load drops can be classified as diffuse cracks.
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Figure 6. Mechanical behavior of samples CTG21 (a), CTG22 (b), CTG23 (c) and CTG24 (d).
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Table 3 presents the results obtained from the experimental analysis of these samples. Sample
CTG21 stood out in terms of maximum rupture stress, f;, reaching a maximum value of 550 N/mm?.
Sample CTG24 obtained the highest values between the transition points of stages I and Ila (g; e
o;) and Ila and IIb (op e gp). In this case, it is suggested that there was a higher quality of
connection between the cement matrix and the textile fabric, thus reaching the highest value of
rupture strain, €, among the samples analyzed, which was equal to 1.7%.

Table 3. Samples CTG21, CTG22, CTG23 and CTG24 results.

Cp € £n O Ou f, & E; Rupture

(%) (%) |(N/mm?) | (N/mm?) | (N/'mm?)] (%) |(N/mm?)

CTG21 | 0,0309 | 0,412 172 304 550 1,32 556,63 B

CTG22 | 0,0502 | 0,672 106 306 530 1,37 211,15 B

CTG23 | 0,0552 0,6 153 315 545 1,39 277,17 A

CTG24 | 0,0827 | 0,806 214 329 541 1,7 258,76 B

Média | 0,054 0,622 | 161,25 313,5 541,5 1,44 325,93

CV (%) | 33,81 22,85 24,05 3,14 1,36 10,34 41,53

3.3 Comparison of experimental and analytical results
The model chosen for the analytical calculation of the rupture stress of thin concrete elements
reinforced with glass textile was that of Kulas (2013), as indicated in expression 1 below:

a

SV Ags# fosr ey () 1)

Fey = Ak * ft,K * Iy, (1 -

Onde:

Ak € Ay s = Cross-sectional area of warp and weft, respectively;

fex € fts = Tensile strength of the textile fabric of the warp and weft, respectively;
k, = Reduction factor equal to 0.84 due to lateral contraction of the locks;

o = Angle between force and bending direction.

In this calculation, the first part of equation 1 was considered, since the main direction chosen for
the technical tests was the warp direction. Considering the average stress of the glass textile as
being equal to 566.72 N/mm?, the rupture stress of the analyzed samples was found. Table 4 shows
the results obtained experimentally and analytically, with the analysis of the difference between
both, in percentage.

Table 4. Results of stresses obtained experimentally and analytically.

Cp ft Experimental | ft Analytical | Difference
(N/mm?) (N/mm?) (%)
CTGl11 443 476,05 -6,94
CTGI12 439 476,05 -7,78
CTGI13 441 476,05 -7,36
CTG21 550 476,05 +15,53
CTG22 530 476,05 +11,33
CTG23 545 476,05 +14,48
CTG24 541 476,05 +13,64
284 Experimental analysis of the tensile behavior of concrete reinforced with Brazilian glass textile
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From the results listed, it was observed that the samples reinforced with 1 layer of textile fabric
were those that presented the smallest difference values between the stresses obtained analytically
and experimentally. The stresses obtained experimentally from the samples composed of two layers
of textile were greater than those from the analytical calculation. In this case, it is suggested that
the resistance reduction factor (kv), equal to 0.84, can be disregarded for the analytical calculation.
In the CTG21 sample, disregarding this factor, the analytical ft value results in 566.72 N/mm?.
Compared with the experimental value, the difference between the two methods results in only -
2.95%.

3.4 Comparative analysis of the results obtained through different textile reinforcement rates
The technique used in this study to evaluate the mechanical response of the Brazilian glass textile
“AR 360 presented results consistent with those found in the literature. The care taken in using a
self-compacting cementitious matrix with high mechanical strengths promoted the mechanical
capacity of the structural material, achieving results consistent with the cementitious matrices used
by Brockmann (2006), Kulas (2013), Molter (2005), Hinzen (2014) and Voss (2008).

Regarding the mechanical properties, the samples with two layers of textile reinforcement
presented mechanical behavior in accordance with the stress-strain curve for textile concrete
structures, that is, stages I, IIa and IIb were correctly formed, as described by Jesse (2005), Molter
(2005), Voss (2008), Kulas (2013) and Santis et. al., (2017). Regarding the structures evaluated
with a single-layer reinforcement rate, there was structural incapacity of the element. This pattern
of mechanical response was also described by Colombo et al. (2013), where in the sample called
“F1-1”, reinforced with a layer of glass textile fabric, there was no formation of stages II and III,
according to the constitutive law of textile concrete. As the authors listed, few cracks were formed
in this sample, with no pattern of multiple cracks for textile concrete elements known in the
literature. In Brazil, this behavior of glass textile was also verified by the research carried out by
Ortolan (2021).

In general, it was found that, with the increase in the number of layers in the structure, there was
the formation of multiple, thinner cracks, with smaller spacing between them, a behavior expected
for structures reinforced by textile fabric (Kulas, 2013; Hinzen, 2014). Furthermore, in the samples
with a higher reinforcement ratio, gains in terms of rupture stress and strain ((f;) and (g;)) of
18.56% and 29.86%, respectively, were observed.

4. CONCLUSIONS

Based on the results obtained, it was found that concrete pieces reinforced with glass textile have
structural incapacity when reinforced with only one layer. However, with two layers, the samples
correctly presented the mechanical behavior of textile concrete pieces, with multiple cracks in stage
Ila, in addition to the correct formation of the three stages in the stress-strain mechanical response
curve. Regarding the crack pattern, it was observed that the higher the textile reinforcement rate,
the more cracks were formed and with smaller spacing between them. In the samples with
reinforcement rate = 2.77%, on average seven cracks were formed, while in the samples with p =
1.38%, on average, only two cracks were observed in stage Ila.

Another point to be highlighted is that the chosen gripper system and the “bone” shape of the
structures favored the pieces reinforced with brazilian glass fabric, since there were no cracks in
the gripper area or concrete displacement in this region, where most of the ruptures occurred in the
measurable area of the samples.

In addition, the rupture stress achieved experimentally and analytically reached similar values, with
a low percentage of difference, also indicating that the stress distribution and the technical process
of the test occurred appropriately. In this sense, it is concluded that the glass fabric available in
Brazil has great potential for use in future constructions, since, in the pieces with a reinforcement

Experimental analysis of the tensile behavior of concrete reinforced with Brazilian glass textile 285

Rizzo, J., Bastos, E. S., Reginato, L. A., Lazzari, P. M., Silva Filho, L. C. P. da



286

Revista ALCONPAT, 14 (3), 2024: 275 — 287

rate equal to 2.77%, the mechanical behavior of the analyzed pieces was observed, as predicted by
the literature.
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