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Abstract 

Botelho Goliath, Kíssila; Carlos Taissum Cardoso, Daniel (Advisor); de 
Andrade Silva, Flávio (Co-supervisor). Flexural Behavior of I-Section 
Textile Reinforced Concrete Beams. Rio de Janeiro, 2022. 165 p. Tese de 
Doutorado – Departamento de Engenharia Civil e Ambiental, Pontifícia 
Universidade Católica do Rio de Janeiro.  

The present research aims to perform an experimental investigation on the short and 

long-term flexural behavior of I-section textile reinforced concrete (TRC) beams. 

Four types of carbon fabric were used, differentiated by the mesh dimensions and 

yarn cross-section, as well as by the fabric coating. The samples were identified 

according to the name of the coating, being styrene butadiene rubber (SBR) and 

SBR impregnated with sand (SND), acrylate (ACR) and epoxy (EPX) resin. 

Initially, four‐point bending tests were performed in I‐beams, considering SBR 

fabric and the following conditions: (a) plain cementitious matrix; (b) plain matrix 

and sand‐coated textile; and (c) strain hardening cement‐based composite (SHCC) 

matrix. The main goal was to correlate the improvements on interface and matrix 

properties with the crack pattern, failure mode and ductility. A theoretical method 

was used to evaluate the flexural behavior of the beams and good agreement was 

achieved with the experimental results. In the next step, the mechanical properties 

of different types of carbon-TRC and their interface were studied through direct 

tensile, pullout and compression tests. The influence of different test configurations 

and the effectiveness of the parameters obtained in these tests were verified for the 

performance prediction of TRC beams tested in bending in a monotonic way. The 

study was able to indicate the most suitable characterization methods to derive 

mechanical properties to be used in analytical methods, as well as to show the 

influence of different testing parameters on the load capacity of the composite. 

Finally, the long-term behavior of I-section beams reinforced with carbon fabric 

under sustained loading of 4 kN was investigated. An analytical model was used to 

analyze the results in terms of effective textile moduli, concrete tensile strength and 

the nominal bond stress. The model showed that SBR textile is strongly affected by 
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sustained load. SND, ACR and EPX beams formed new cracks during creep and 

the reduction in effective modulus observed was not accompanied by increase in 

crack width. It was confirmed the great influence of adhesion between fabric and 

matrix on the load capacity of the composite, the decrease in matrix strength due to 

fabric incorporation, as well as the divergence of the conditions of composite 

characterization tests.  

 

Keywords 
Textile reinforced concrete; Carbon fabric; Beam Long-term behavior; structural 
design 
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Resumo 

Botelho Goliath, Kíssila; Carlos Taissum Cardoso, Daniel (Advisor); de 
Andrade Silva, Flávio (Co-supervisor). Comportamento à Flexão de Vigas 
de Seção-I de Concreto Reforçado com Tecido. Rio de Janeiro, 2022. 165 
p. Tese de Doutorado – Departamento de Engenharia Civil e Ambiental, 
Pontifícia Universidade Católica do Rio de Janeiro.  

Esta pesquisa tem por objetivo a análise experimental do comportamento à flexão, 

a curto e longo prazo, de vigas de seção I de concreto reforçado com tecido de 

carbono (Textile Reinforced Concrete - TRC). Foram utilizados quatro tipos de 

tecido de carbono, sendo eles diferenciados pelas dimensões da malha e seção 

transversal dos cordões, assim como pelo revestimento do tecido. As amostras 

foram identificadas de acordo com o nome do revestimento, sendo eles de estireno 

butadieno (SBR) e SBR com impregnação de areia (SND), acrilato (ACR) e epóxi 

(EPX). Inicialmente, foram realizados ensaios de flexão em quatro pontos nas 

vigas, considerando o tecido SBR e as seguintes condições: (a) matriz cimentícia 

simples; (b) matriz simples e têxtil revestido de areia; e (c) matriz strain hardening 

cement‐based composite (SHCC). O principal objetivo foi correlacionar as 

melhorias nas propriedades da interface e da matriz com o padrão de fissuração, 

modo de falha e ductilidade. Foi utilizado um método teórico para avaliação do 

comportamento à flexão das vigas, que obteve boa concordância com os resultados 

experimentais. Na etapa seguinte, as propriedades mecânicas de diferentes tipos de 

TRC e sua interface foram estudadas através de ensaios de tração direta, 

arrancamento e compressão. A influência de diferentes configurações de ensaio e a 

eficácia dos parâmetros obtidos nestes ensaios foram verificados para a previsão do 

desempenho de vigas de TRC ensaiadas em flexão de forma monotônica. O estudo 

foi capaz de indicar os métodos de caracterização mais adequados para derivar 

propriedades mecânicas a serem utilizadas em métodos analíticos, assim como a 

influência dos diferentes parâmetros de ensaio na capacidade de carga do 

compósito. Finalmente, foi investigado o comportamento de longo duração das 

vigas de seção sob carregamento permanente de 4 kN. Um modelo analítico foi 

DBD
PUC-Rio - Certificação Digital Nº 1713245/CA



9 
 

usado para analisar os resultados em termos de módulo efetivo do tecido, resistência 

à tração do concreto e tensão nominal de aderência. O modelo mostrou que o tecido 

SBR é fortemente afetado pela carga permanente. As vigas SND, ACR e EPX 

formaram novas fissuras durante os ensaios de fluência e a redução do módulo 

efetivo observada não foi acompanhada pelo aumento da abertura da fissura. 

Confirmou-se a grande influência da adesão entre tecido e matriz na capacidade de 

carga do compósito, a diminuição da resistência da matriz devido à incorporação 

do tecido, bem como a divergência das condições dos ensaios de caracterização do 

compósito. 

 

Palavras – chave 
Concreto reforçado com tecido; Tecido de carbono; Comportamento à longo prazo 
de vigas; Projeto estrutural 
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1 Introduction 

1.1. Motivation  

The construction industry is increasingly seeking materials with high strength 

and good durability, among which composites arise as an attractive candidate.  

Composite materials are obtained through the macroscopic combination of two or 

more chemically distinct constituent materials – matrix and reinforcement – to 

obtain a new material with particular properties. In a typical composite, the matrix 

binds the reinforcement together and provides protection to the reinforcement, 

while the reinforcement is responsible for the composite’s strength and stiffness 

Textile reinforced concrete (TRC) is a cementitious composite material 

characterized by a matrix of fine aggregate concrete (mortar) and an open mesh 

fabric reinforcement. The combination of these materials results in a product with 

high mechanical strength and good durability that can be used to produce new thin-

walled structural elements or to strengthen existing structures.  

The use of carbon fiber fabrics as reinforcement of TRC has been investigated 

by many authors and it has been shown that excellent mechanical performance can 

be achieved in tension [1–9] and bending [10–15]. However, the behavior of these 

structures depends on the properties of the matrix and fiber used, as well as on the 

interface between these two materials. Adhesion between matrix and fiber is the 

bond component of the interface and has been the subject of many studies 

[16,17,26,27,18–25]. Although the presence of the fabric within matrix may affect 

composite’s compressive strength negatively, few works have addressed this topic 

[28–33].  

For successful application of TRC as a structural material, validated design 

methods based on appropriate values of mechanical and bond properties determined 

through experimental tests are required. Nevertheless, there is still a gap in the 

knowledge regarding this correlation between characterization techniques and 

structural design approaches. Since there is no specific standard or code for the 

mechanical characterization or design of TRC composites, different material 
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characterization methods, specimens’ geometries and procedures to measure the 

deformation and crack pattern have been used for different research groups, with 

variations in results. Currently, a new report is being prepared by the Technical 

Committee 292-MCC: Mechanical Characterization and Structural design of 

Textile Reinforced Concrete. 

Although there are many publications in the literature about carbon TRC, there 

is still no sufficient data regarding the behavior of this material in a structural level, 

both for short and long-term loading conditions. The creep behavior of TRC 

remains a gap in the knowledge, while appropriate comprehension of the 

phenomenon is relevant for the design of structural members. So far, there is no 

sufficient experimental data available [34–38] on the overall behavior of TRC 

members to allow studying the complex interaction between phases of the 

composite and developing methodologies for a long-term prediction of the 

behavior. Highlighting, no research on creep in TRC structural members was found 

to date. Thus, this research aims to evaluate the performance of I-section TRC 

beams made with various carbon fabrics and to develop analytical models to 

correlate the mechanical properties with the structural behavior. 

 

1.2. Objectives 

The main goal of this research is to investigate the flexural performance of TRC 

I‐beams made with different carbon fabric conditions and propose analytical 

models incorporating the influence of material and interface properties. The specific 

objectives include: 

• to evaluate sand-coated and uncoated SBR-laminate carbon-TRC beams 

comprised of either a high strength matrix and a SHCC matrix to investigate 

the influence of materials on the interface properties, crack pattern, failure 

mode and ductility; 

• to compare the constitutive laws obtained through different techniques and 

for various carbon-TRC materials on the theoretical flexural response of 

carbon-TRC beams, comparing the predictions against experimental results; 

• to investigate experimentally the long-term behavior of carbon-TRC I-

section structural beams under sustained load and the influence of different 

coating conditions (SBR, ACR, EPX and SND). 
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1.3. Thesis organization 

This thesis consists of this Introduction, a Literature Review, followed by three 

chapters structured as individual full papers and Conclusions. Chapter 2 presents a 

literature review on the topics covered by the thesis, identifying the gaps in the 

knowledge. Chapter 3 presents an investigation into improved SBR-carbon fabric 

performance and proposes an analytical model to validate the experimental results. 

In Chapter 4, different constitutive laws for the TRC are obtained through various 

characterization methods and their influence on the structural performance 

prediction is evaluated. Chapter 5 presents the study about long-term behavior of 

TRC beams. Chapter 6 presents the conclusions and suggestions for future 

investigations. 
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2 Literature review 

2.1. Overview 

Different reinforcement techniques have been developed and studied to replace 

the conventional steel reinforcement in concrete structures. An example is the 

ferrocement, which can be considered a precursor of the cement-based composite 

reinforced with textile. It was used firstly by Frenchman Joseph Louis Lambot in 

France, in 1855, who constructed a ferrocement boat [39]. However, in the 1960s, 

this technology started being used in the construction industry to build slender shell 

structures such as roofs and water tanks. Ferrocement is a composite construction 

material consisting of single or multiple layers of steel mesh [40]. According to the 

report of the Committee 549 of the American Concrete Institute (ACI) [41], 

“Ferrocement is a type of thin wall reinforced concrete commonly constructed of 

hydraulic cement mortar reinforced with closely spaced layers of continuous and 

relatively small size wire mesh. The mesh may be made of metallic or other suitable 

materials”. Meshes fabricated using high-performance carbon, glass, or aramid 

fibers were more recently adopted as a reinforcement strategy, resulting in the so-

called textile reinforced concrete (TRC) [39]. 

Research works on TRC have been extensively carried out in the past decades 

and the material’s application in load-bearing members is already a reality [42–46]. 

The TRC can be applied to the exterior and interior of buildings, roofing products, 

flooring, water and sewage pipes, molded forms, rebar-free applications and various 

renovation projects. Figure 2.1 presents some examples of its application. 

 
(a) (b) 
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(c) 

 
(d) 

Figure 2.1 - TRC application examples (a) TRC barrel vault shells as roof elements [47]; 

(b) Pedestrian bridge Albstadt-Ebingen (solidiam GmbH) [48]; (c) Roof structure of 

TRC shells at RWTH Aahen [49]; (d) TRC pedestrian bridge [50]. 

Many universities have developed initiatives and prototypes to show the 

material’s potential. For example, the world's first building made of carbon concrete 

– the so-called CUBE (Figure 2.2) – is currently under construction at TU Dresden 

campus, in Germany. The building is a showcase project of the research project on 

innovative building materials "C³ - Carbon Concrete Composite", funded by the 

German Federal Ministry of Education and Research [51].  

 

Figure 2.2 - The CUBE – Henn Arquitecture [52]. 

2.2.Concrete Matrix 

The composite matrix has the main functions of binding the fibers, providing 

protection and transferring to them the external forces. In a TRC, the matrix is 

usually a mortar with a maximum aggregate size of up to 2 mm. However, due to 

its high mechanical performance, it is considered a fine-grained concrete [53,54]. 

Concrete with fine aggregate has low stiffness and high strain at break when 

compared to conventional concrete [53]. The high strength of the matrix is obtained 

through the use of pozzolanic additions, such as silica fume and fly ash. The use of 

these materials is beneficial since the pozzolanic reactions densify the matrix and 
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reduce the available calcium hydroxide in the interface transition zone, improving 

the adhesion bond between matrix and fiber [55]. It is noteworthy that, by replacing 

part of the cement with pozzolanic additions, energy consumption and CO2 

emission from conventional cement production are reduced [4]. In addition, it is 

possible to use a cement with a low clinker content once the fabric does not require 

passivation by the concrete, further reducing CO2 emissions. 

Partial replacement of cement with fly ash makes cement-based products more 

economical and the particle morphology improves the rheology of the fresh mix 

[46]. In general, it has been found that the use of fly ash leads to better workability 

and offers adequate mechanical properties [1]. 

Mobasher et al. [46] studied the incorporation of different levels of fly ash in a 

cement matrix reinforced with glass fabric. The workability of the mixture was 

improved with the addition, which was attributed to the fineness of the pozzolanic 

material. All samples tested under direct tensile showed higher strength than the 

control. However, an optimal content to be incorporated was found to be about 60% 

in volume. Through Scanning Electron Microscopy (SEM), it was shown that the 

fly ash fills the capillary voids and the transition zone in the vicinity of the spacing 

between the uncoated rovings. This explains the greater adhesion with increasing 

fly ash content. 

Silica fume is a pozzolanic material with high reactivity, very small particle size, 

high surface area and high percentage of amorphous silica. Silica reacts with 

hydrated calcium hydroxide and contributes to increased adhesion of the matrix-

fiber interface [56]. Previous studies [19,57] reported an improvement in the 

adhesion between the carbon fiber and the matrix with the addition of silica fume 

and a low water/binder ratio. 

With the incorporation of silica fume in the fine-grained concrete, an 

improvement in density occurs. This is due to the densification of the matrix around 

the fiber, which has a positive effect on the bond strength [46]. Despite this, the 

amount of silica used in the mixture must be limited to 10% of the total mass content 

of the binder, as it is not possible to obtain a fluid consistency for higher contents, 

affecting its workability [58]. 

Brittle failure is another characteristic of the cement matrix. The reinforcement 

with fibers enhances the behavior in this aspect, increasing its tensile strength, 
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tenacity, ductility and energy absorption capacity, as well as  allowing the control 

of cracking of the material [59–61]. This subject will be discussed further on. 

 

2.2.1.Fiber reinforced concrete 

Fiber-reinforced concrete (FRC) is defined by the report of the ACI Committee 

116 as a concrete containing dispersed randomly oriented fibers [62]. According to 

Bentur and Mindess [59], the oldest written record of the use of fibers as 

reinforcement in brittle matrices forming cement-based composites dates from 4000 

B.C., by the Egyptian civilization. 

Traditionally, the most common way to reinforce plain concrete is through 

continuous steel bars. Cement-based matrices are known for their low tensile 

strength and low ability to deform under tensile stresses [2]. Therefore, the steel 

bars are positioned in order to withstand the tensile forces to which the structural 

members are subjected. Short fibers can be also adopted randomly dispersed in the 

matrix, but this strategy is not as effective in transferring tensile forces. On the other 

hand, short fibers have a greater potential in terms of cracking control due to their 

homogeneous distribution inside matrix [59]. According to Bentur and Mindess 

[59], the use of short fibers is not a substitute for conventional reinforcement. In 

fact, each type of reinforcement plays a distinct role in the mechanical behavior of 

the material. The randomly distributed fibers in the cement matrix work as a 

‘bridge’ for the transmission of tensile forces between the crack edges. Thus, it can 

help controlling the crack formation and in the improvement of its distribution 

along a structural member. In this way, the fibers are used not to improve the 

strength of the concrete, but to improve the behavior of the concrete once the matrix 

was cracked. The use of short fibers, therefore, prevents the total loss of load 

capacity [59,63] and provides ductility and toughness to the material.  

The incorporation of fibers in concrete can be adopted for several purposes, such 

as the improvement of impact performance, fatigue properties and abrasion 

resistance, reduction in the shear reinforcement rate, in addition to cracking control 

and improvement of ductility already mentioned [2]. However, despite the 

numerous advantages, the use of fibers leads to a loss of workability, since a high 

demand for water is required [54].  
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The compressive strength and the modulus of elasticity in concrete for the same 

volume of fibers will vary according to the type of fibers used [64]. However, it is 

worth mentioning that the post-peak behavior can be significantly affected, showing 

a softer descending branch as a consequence of the fibers ability to tie the matrix 

together and to control transverse expansion. Therefore, a more expressive residual 

strength after rupture can be seen, improving its toughness (Figure 2.3) [65]. 

 

Figure 2.3 – Behavior of plain concrete and FRC in compression (adopted by [65]). 

Currently, there are several types of short fibers available for use in cementitious 

matrices, such as glass, steel, carbon, poly-vinyl alcohol (PVA), polypropylene (PP) 

and natural fibers. Choosing the type of short fiber will vary according to their 

physical/chemical properties, material, or their mechanical properties [2].  

The tensile behavior of FRC can be classified as strain softening or strain 

hardening, which will depend on the post-cracking strength behavior, as shown in 

Figure 2.4 [59]. Regarding the strain-softening behavior, a stress decay after initial 

cracking occurs with increasing strains and a single localized crack is formed. On 

the other hand, the strain-hardening behavior is characterized by a post-cracking 

increasing resistance, with the formation of several cracks before reaching the stress 

peak. The volumetric fraction of fibers will determine the transition between the 

two types of behavior for a given type of fiber and mixture [59,65].  
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Figure 2.4 – Tensile behavior of FRC [65]. 

With respect to the flexural behavior of FRC, at beginning of cracking the tensile 

strength of the cementitious composite is provided by the fibers bridging the cracks, 

giving the composite post-peak residual strength. This response provides a pseudo-

ductile flexural behavior compared to plain concrete. Under bending loads, the 

strain-softening composites can show either deflection hardening or softening 

behavior, as drawn in Figure 2.5. This response will depend on the fracture 

properties of the material as well as on the dimensions of the specimen [65]. For 

strain-hardening composites to achieve the deflection-hardening response under 

bending, the material must have sufficient post-peak tensile strength to change the 

stress distribution at the sample depth [59].  

 The flexural response of FRC depends on fiber related parameters, such as the 

mechanical properties, the interface between fibre-cementitious matrix, the volume 

fraction and the orientation throughout the composite. Moreover, external 

conditions such as the curing procedure, rates of load application and temperatures 

to which the material was exposed also can affect the FRC behavior [59,66,67]. 
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Figure 2.5 – Tensile behavior of FRC [65]. 

2.3. Fabric Reinforcement 

Textiles are fibers in a form multifilament yarns structured as a bi- or three-

dimensional open mesh [53]. The 3D is capable of withstanding forces in its main 

plane as well as in the direction perpendicular to it, whereas 2D or planar structures 

can support loads only acting on their plane [54]. They can offer excellent corrosion 

resistance and are lightweight materials, with high tensile strength and high 

potential to be used as reinforcement in cement-based matrices. In order to increase 

the efficiency of the composites, the warp yarns must be oriented parallel to the 

direction of main tensile stresses of the component. The transverse yarns are 

sometimes described as “non-structural” [68], although these are also responsive in 

the case of stresses not orthogonal to loading. 

Fabrics can be differentiated according to the manufacturing process, mesh 

dimensions, cross-section shape and dimensions, type of coating and/or fiber 

material. It can be also classified according to the way longitudinal and transverse 

strands are connected, e.g. woven, knitted, braided or nonwoven [53,69] (Figure 

2.6).  
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Figure 2.6 - Different fabric structure: (a) weft insertion knit fabric, (b) short weft knit 

fabric, and (c) woven fabric (plain weave) [69]. 

In general, textiles are composed by fibers such as carbon [14,26,70], alkali-

resistant glass [71,72], basalt [73,74], PBO [75–77] and natural [13,78–80] (Figure 

2.7). In order to keep the dry fibers together, to protect them, and to improve bond 

and better activation of internal filaments, textiles can be impregnated with a 

polymer matrix, e.g., styrene-butadiene rubber (SBR) [81–83], epoxy (EPX) [84–

86] or acrylate (ACR) [87–89]. Theses polymeric impregnations yields different 

fabric flexibility and bond between matrix and textile.  

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

Figure 2.7 - Textile made of (a) carbon [70], (b) AR-glass[72], (c) basalt [90], (d) PBO 

[77] and (e) sisal fiber [80]. 

2.3.1.Carbon Textiles 

Carbon fibers are known for their high tensile strength and Young’s modulus, 

superior durability and its effectiveness as reinforcement in cement-based matrix 

compared to others fibers used in TRC [91]. The modulus of elasticity and the 

tensile strength of carbon fiber mainly depend on its manufacturing process, which 

are based on the different raw materials used, i.e. polyacrylonitrile (PAN) or 

petroleum and pitch [59]. 

The carbon fibers are found in the form of tows, composed of several filaments 

with a diameter between 7-15 μm [56,92]. They are inert to most chemicals and are 

therefore suitable for use in an alkaline environment such as concrete. In addition 

to the aforementioned properties, carbon fibers exhibit negligible creep behavior, 

low density, low heat expansion and high resistance against acid, alkaline and 

organic solvents [53]. 

Despite the advantages presented by the carbon fiber, this uncoated fiber has low 

adhesion to the cementitious matrix and currently has a high cost when compared 

to conventional reinforcing steel or to glass fibers. However, carbon offers more 

cost-effectiveness compared to other fibers and its importance as a reinforcement 

in concrete is increasing [59]. 

 

2.4. Textile Reinforced Concrete 

As previously mentioned, the most traditional way of reinforcing concrete (RC) 

elements is through steel bars. Despite conferring numerous positive properties to 

concrete, such as strength and stiffness, RC has a low strength-to-weight ratio. In 
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addition, it is important to highlight the need for an adequate concrete cover to 

protect the reinforcement against corrosion. 

Cement matrix composites with textiles are presented as an alternative to 

overcome the deficiencies presented by reinforced concrete. Recent studies have 

directed the use of textile concrete to produce thin, lightweight and modular 

structures, as aforementioned showed (Figure 2.1) [42,93]. 

Among the main advantages found in TRC, its high tensile strength and pseudo 

ductile behavior characterized by large deformations and the formation of multiple 

cracks before failure can be highlighted [15]. With their excellent mechanical 

properties, TRC has a wide field of applications both for the construction of new 

structures and for the repairing and strengthening of existing structures. One of the 

main advantages of using TRC over RC elements is its corrosion resistance, which 

eliminates the need for large concrete covers, allowing to fabricate thin-walled 

slender concrete members [42,53,54].  

Since there is no specific standard or code for the mechanical characterization 

or design of TRC composites, different material characterization methods, 

specimens’ geometries, and procedures to measure the deformation and crack 

pattern are used for different research groups. Thus, variations in results have been 

found in the literature [2,7,9,94].  

TRC presents a complex behavior and the design of structural members depends 

on a full characterization of the constituents, as well as of the interaction between 

them. The fabric and the matrix are usually characterized through simple uniaxial 

tensile and compressive, respectively, while the composite performance is 

evaluated through pullout and tensile tests. Although the influence of the fabric 

within matrix on compressive strength should be considered in the design, only few 

authors [29–33,95] have investigated this topic. 

 

2.5. Hybrid Fiber Reinforced Composites 

Many authors [60,64,89,96–101] have observed that the use of short fibers 

dispersed in the TRC matrix allows to control the width of the crack, providing a 

network of fine cracks. Hybrid fiber reinforced composites consisting of strain-

hardening based-cement composite (SHCC) matrices and continuous textile 

reinforcement should yield a better crack control and damage tolerance, showing a 
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more pronounced multiple cracking behavior. In addition, the use of the SHCC 

matrices leads to high inelastic deformations with a consequent pseudo-ductile 

behavior along with higher energy dissipation capacity [100–102]. 

Hinzem and Brameshuber [64] investigated the improvement in first crack forces 

and the development of a more ductile behavior in fine-grained concretes reinforced 

with alkali resistant glass fiber fabric through the incorporation of short fibers of 

glass, aramid, carbon and PVA in the matrix. Two mixtures were used, one as a 

reference and the other with an increase in the content of cement and silica fume 

for the incorporation of fibers. An increase in the first crack load was observed with 

the addition of all types of fiber in the matrix. The post-cracking behavior of the 

material depends on the short fibers that are activated after the first crack. By 

increasing first crack load, the fibers must be able to absorb the increase in energy 

released in the crack, without an unstable decrease in the load in the tensile test. 

With a good bond between matrix and fiber, in addition to a more uniform load 

transfer to the textile, the combination between textile and short fibers may lead to 

a stiffer behavior in the cracking phase. 

In the research carried out by Silva and Silva [96], rectangular section TRC 

beams were tested without and with the addition of short steel fibers and compared 

to RC beams without and with short steel fibers. According to Silva [15], the main 

difference between textile concrete and reinforced concrete beams is the ductility. 

Reinforcing steel exhibits a yield plateau and can provide a more ductile behavior 

to the structural member; unlikely, carbon fabric has a brittle behavior. However, it 

has been proven that the addition of short steel fibers can contribute to mitigate this 

negative aspect of carbon fabric, providing a more ductile behavior to the beams. 

In the work carried out by Barhum and Mechtcherine [97], the interaction 

between short fibers and continuous fibers in cementitious matrix composites was 

evaluated through bilateral pullout tests. It was observed that the addition of short 

fibers led to a considerably higher final pullout force, indicating a better bond 

between the strand and the matrix. In addition to obtaining greater pullout forces, 

the displacements measured when reaching the final force decreased slightly. This 

behavior arises as consequence of the confinement provided by the short fibers.  
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2.6. Composite characterization 

2.6.1. Fabric-Matrix Interface 

The load bearing behavior of a TRC, as well as of any composite material, is not 

achieved only by the properties of its constituent materials; the adhesion between 

reinforcement and matrix plays an important role [103]. In TRC materials, the bond 

behavior between the fabric and the matrix is one of the main factors affecting the 

overall behavior of the structure [54,63], such as its strength, crack pattern, ductility 

and toughness. In general, a stronger bond between materials leads to fracture of 

the composite, providing a material with high strength, but with low ductility or 

relatively brittle behavior. On the other hand, weak bonds can cause fiber pullout 

with lower final strengths [9,104]. 

Studies show that the geometry of the fabric (woven, knitted, braided or 

nonwoven, for example) has a great influence on the bond behavior of the 

composite, as well as the type of fabric and mesh dimensions [18,68,105]. 

The interaction nature of the cement matrix and the fabric, and individual roving 

is complex and different from other materials. This is due to the non-homogeneous 

activation of filaments and the impregnation conditions [6]. According to previous 

studies [6,106], the distribution of stresses in a yarn with a given cross-section is 

influenced by the degree of impregnation and the cross-section shape. 

The yarns of fabrics are made up of several filaments, and it is necessary to 

distinguish between two groups of filaments within a roving. For uncoated fabrics, 

the outer filaments are in direct contact with the matrix and have better bond than 

the inner filaments, which are only activated indirectly through friction; this 

delayed activation effect is called ‘shear lag’ [98]. In addition, this uncoated fabric  

presents a non-uniform stress profile [6], as shown in Figure 2.8a.  

For the coated fabrics, the coating is in contact with the cement matrix and is 

responsible to transfer the stresses to the fibers. The stress profile is strongly 

influenced by the coating material, as well as by the fraction of the area 

impregnated, as shown in Figure 2.8b-d. 
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Figure 2.8 - Stress-profile for different impregnations of textiles a) uncoated, b)SBR-

coated fabric, c) fabric with sand-epoxy impregnation and d) fully impregnated fabric 

(adapted from [6]). 

Styrene butadiene rubber (SBR) impregnation results in a flexible textile with 

ease of transportation and handling. However, the use of this polymer leads to 

poorer activation of inner filaments and bond to the concrete matrix, resulting in a 

composite with lower stiffness and characterized by wide largely spaced cracks 

[107]. In contrast to SBR, epoxy resin (EPX) coating results in a rigid textile with 

good chemical affinity with the cementitious matrices [96]. The acrylic based 

polymer (ACR) impregnation is stiffer than SBR and yields moderate adherence to 

the surrounding cementitious matrix [89]; ACR-fabric reinforced TRCs exhibit 

multiple fine cracking pattern, higher tensile strength and higher energy absorption 

compared to those reinforced with SBR-fabric [88]. One alternative to improve the 

bond performance of SBR fabrics is to manually impregnate the textile with epoxy 

resin and sand [1,23,82,96,108]. 

The most used method to characterize the bond behavior between matrix-fiber 

is through pullout tests. Several authors performed the test to better understand the 

interface behavior of fiber-reinforced cementitious matrix composites. Despite this, 

there is still a lot of divergence in the literature regarding this set up test. The more 

traditional pullout test between fiber and matrix is performed using a single yarn, 

as shown in Figure 2.9a [19,96,109]. However, acknowledging that the textile 

structure may influence the bond behavior, some studies also performed tests with 

pullout of yarn from textile (Figure 2.9b) [22,23]. 
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(a) 

 
(b)  

Figure 2.9 - Pullout test setup - (a) single yarn [96] e (b) yarn from textile [23]. 

In Figure 2.9b, a bilateral pullout test configuration developed in the work of 

Krüger [110] is presented. The sample has asymmetrical anchorage lengths, with 

one side of the sample having an embedded length of 20 mm and the opposite side 

a length of 120 mm. This test setup proves to be the most suitable for deriving the 

slip-stress response between the matrix and a fabric, particularly for carbon fiber 

fabrics [23]. 

Through fabric pullout tests of fabrics made of different materials and with 

various geometries, it has been concluded that the bond behavior is highly 
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dependent on the fabric type, matrix mix and fabrication method. In addition, the 

elastic modulus of the fabric yarn can also contribute to the pullout behavior [21]. 

Figure 2.10 shows a typical pullout response obtained by yarn pulling from a 

cement matrix. In the load versus slip curve, three stages can be distinguished. Stage 

I corresponds to a linear response, where the yarn is chemically and perfectly 

bonded to the matrix. In Stage II the response becomes nonlinear on the ascending 

branch due to initiation of debonding. As debonding progresses along the embedded 

length, the stiffness of the load-slip curve decreases until the maximum load is 

reached; at this point, the yarn is completely debonded. Finally, in Stage III the yarn 

slides out dynamically [21]. In addition, it is possible to see in Figure 2.10 that the 

nominal bond stress – pullout force divided by yarn nominal embedded surface area 

– can be correlated to the slip in the linear range through a pullout stiffness 

parameter 𝛋.	

 

Figure 2.10 - Pullout-slip response and shear strength diagram [21]. 

To date, there is no study correlating the bond response from pullout test to the 

performance of structural members. Therefore, more studies are still needed to 

better understand the best approach for interface characterization. 

 

2.6.2. Tensile Test 

There are several factors that influence the tensile performance of the TRC such 

as the load application strategy, specimen geometry, fabrication procedure and 

strain measurement technique [2,8,72,94,98,111]. Relevant parameters for the 
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design of the TRC structures can be obtained from this test such as the composite 

strength and strain at rupture, the effective modulus and cracking properties (e.g., 

first crack stress, crack width and spacing with loading).  

In general, tensile tests are performed on prismatic samples with clevis (Figures 

2.11a and b) or clamp grid method (Figure 2.11c), providing rigid and soft load 

application, respectively. The clevis grip method – used in this work – is 

recommended by ACI434.13 [112] and consists in load application through lateral 

pressure of specimen with screws (Figure 2.11a) or with steel plates glued at the 

anchorage region (Figure 2.11b). On the other hand, the clamp grip method is 

characterized by load application through applying a compressive force normal to 

the plane of the specimen at its ends (Figure 2.11c) [7]. 

Overall, the tensile behavior is characterized by three stages of response, as seen 

in Figure 2.12. In Stage I, the matrix is uncracked and is still contributing 

significantly to resist to the tensile stresses. At this stage it is possible to estimate 

the tensile modulus of elasticity through an equivalent homogeneous cross section, 

assuming a perfect bond between the matrix and the textile. The transition between 

Stages I and II takes place after the appearance of the first crack in the matrix. Thus, 

in Stage II, the tensile stress exceeds the tensile strength of the concrete and multiple 

cracks form along the specimen as deformation grows. The length and smoothness 

of the response will depend on the quality of the bond between the reinforcement 

and the matrix [53]. 

After a certain strain, the cracking pattern stabilizes, i.e., no new cracks are 

formed. In this Stage III, the relation between stress and strain is almost linear, 

where the cracks formed in the previous stage now begin to open. The slope of the 

curve is related to the effective modulus of elasticity of the textile, which is related 

to the bond behavior discussed in Section 2.6.1. 
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(a) 

 
(b) 

 
(c) 

Figure 2.11 - Clevis grip method with (a) screws[113] and (b) with glued metal tabs [72]; 

and (c) clamp grip method [113]. 
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Figure 2.12 - Typical stress versus strain curve of direct tensile test for TRC and bare 

fabric. 

To investigate the pattern of cracks in cementitious matrix composites, the 

Digital Image Correlation (DIC) technique has been used successfully 

[2,9,89,98].According to Tekieli et al. [9], DIC is a full-field optical method for 

measuring the displacement of the surface of an object. The DIC technique consists 

of high-resolution photographs in a user-defined time interval and Region-of-

Interest (ROI) throughout a test. The digital images can be taken for different 

loading stages, allowing to understand how cracks form and propagate with loading.  

In a study carried out by Hegger and Voss [103], where composites reinforced 

with different types of fabrics were tested under direct tensile, the authors pointed 

out that the fabric has negligible influence on the stiffness of the uncracked 

composite, corresponding to Stage I. In other words, the modulus of elasticity of 

the fabric will only influence the stiffness after the formation of the first crack 

(Stage II and III), where the higher the modulus of elasticity of the fabric, the greater 

the stiffness of the cracked composite. Despite having less influence on the stiffness 
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of the composite, the volumetric fraction of reinforcement used can also influence 

Stages II and III of the stress-strain curves, as observed in [96]. 

Another parameter that influences the composite tensile response is the increase 

in reinforcement volume fraction by adding more layers of reinforcement for a same 

thickness. Many authors proved the higher tensile strengths of different TRC with 

the increase of the number of textile layers [3,73,96,114]. In addition, a multiple-

cracking pattern with closer and thinner crack was observed [3,115,116]. However, 

has been also reported in literature a decrease in the effectiveness of the textile 

reinforcement for increasing reinforcement ratios [115,117].  

 

2.6.3. Compression Test 

Regarding the compressive characterization of the textile reinforced concrete, very 

little information has been reported in the literature [29–33,95]. Bochamann et al. 

[29] highlighted that the presence of the coated textiles may cause a disruption of 

the compression field, producing transverse tensile stress. Furthermore, the authors 

state that the textile forms a plane of weakness in the interface of fabric-matrix, 

reducing the material capacity against tensile splitting. Valeri et al. [33] performed 

uniaxial compression test in TRC plates with 60x60x30 mm (length x width x 

thickness). It was observed a decrease of 35% in the compressive strength when 

two layers of textile are added and a slight increase in the modulus of elasticity, as 

showed in Figure 2.13 On the other hand, Hawkins et al. [30] investigated the 

influence of load application eccentricity in TRC specimen with two layers of 

textiles with 200x15/30x15/30. The authors reported an improvement in the 

compressive strength compared to plain concrete, which is attributed to improved 

compaction of concrete when specimens are produced and to the compliance of the 

pin supports.  
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Figure 2.13 – TRC in compression [33]. 

Santos [31] analyzed the compression behavior of I-section columns and it was 

proposed the adaptation of a combined loading compression (CLC) test setup 

(Figure 2.14) used for fiber reinforced polymer materials. TRC specimens with 

dimensions of 155x15x12 mm with free gauge length of 15 mm were tested and a 

great improvement in strength was observed when compared to plain matrix tested 

in cylinder specimens. This difference is likely influenced by the different shapes 

and scales of specimens.  

 

Figure 2.14 - CLC test setup [32]. 

2.7. TRC Beams 

Tests on carbon-TRC I- and T-section beams under bending have already been 

reported in the literature [33,93,117–124]. The beams vary significantly in length 

and cross-section type.  
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Voss and Hegger and Voss [120,122] investigated the parameters that can 

influence the flexural capacity of I-section TRC beams. According to the authors, 

the performance was seen to be affected by binding of fabric, reinforcement ratio, 

fiber orientation and textile impregnation. 

Kulas [123] tested I-section beams reinforced with carbon and glass fabric with 

length of 1000 mm, width of 110 mm and height of 120 mm. To promote beam 

failure on the side of the measurement field, the shear reinforcement ratio was 

increased on the side opposite the measurement. Thereby, the author observed 

beams failure by shear due to insufficient anchorage or delamination of the bottom 

flange due to insufficient cover at the web-to-flange connection. 

Rempel et al. [124] investigated I-section beams in four-point bending tests of 

1.3 m of length and cross-section dimensions shown in Figure 2.15. The authors 

used calculation methods of steel-reinforced concrete for calculating the bending 

moment, i.e., based on simple interaction of the strain distribution. The authors 

confirm that the method provided a satisfactory prediction for ultimate bending 

capacity. 

 

Figure 2.15 – Sectional geometry tested by [124]. 

Valeri et al. [33] investigated two I-shaped beams with a depth of 290 mm and 

a total length of 2900 mm, without and with concentrated flexural reinforcement 

made of high-strength stainless steel rebars (Figure 2.16). An enhancement of the 

bending and deformation capacity was observed and the authors state that adding 

stainless steel reinforcement is a promising solution to mitigate the deficiencies of 

TRC. The beams’ failure occurred in shear was due to a combined crushing of the 

web and sliding along delamination cracks by simultaneous crushing of the web 

and delamination of the flanges. An Elastic-Cracked Stress Fields (ECSF) for beam 

modeling was proposed by authors. The combination of ECSF with efficiency 

factors allows suitably estimating the shear response of TRC members. 
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Figure 2.16 – Sectional geometry and test set-up analyzed by [33]. 

 The I-section beams tested in bending by Bielak et al. [119] were fabricated 

using a complex carbon reinforcement layout (Figure 2.17). In tension, carbon-FRP 

bars were used and epoxy-impregnated biaxial carbon grid was adopted for shear 

reinforcement. The authors tested different configurations of reinforcement, 

varying the cross-section and reinforcement layout. The carbon textile as shear 

reinforcement was efficient for I-beams with large effective depth, providing dense 

crack pattern and bridging shear cracks efficiently. Geometric and physical 

nonlinear finite element calculation was used providing accurate results. 
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Figure 2.17 – Cross-sections and reinforcement layout of beams tested by [119]. 

Kromoser et al. [93] combined carbon-fiber-reinforced polymers (CFRP) with 

ultra-high-performance concrete (UHPC) to create very lightweight precast 

concrete members 6-meter long (Figure 2.18).  CFRP rebars were used as bending 

reinforcement and CFRP textile as shear reinforcement. The authors highlight the 

need for accurate properties to be provided by the manufacturer, since the structural 

behavior can be influenced by the CFRP properties (cross section geometry of the 

roving, the mesh size, the fiber type, the weaving process, the type of impregnation). 

The authors performed nonlinear finite element analyses to show the potential of 

the chosen approach due to the close results obtained between the model and the 

experimental results. 

Different reinforcement layout and cross-section dimensions for TRC beams in 

bending tests were investigated in previous works. Several design models and 

design strategies were also adopted. However, the influence of constitutive laws 

obtained for different set-up tests on design methods was not found in literature, as 

well as the flexural creep behavior of TRC structural elements. 

DBD
PUC-Rio - Certificação Digital Nº 1713245/CA



45 
 

 

 

Figure 2.18 – Dimensions of the T-beams tested by [93]. 

2.8.Design Models 

To evaluate the flexural response of TRC beams, the usual cross-sectional 

analysis adopted for reinforced concrete beams can be used [117,125–127] and 

moment-curvature relationships can be established. This design approach allows a 

correlation between material and section properties to other member stiffness and 

strength. The following hypotheses are considered: i) Bernoulli’s principle of plane 

sections; ii) compatibility of strain between concrete and reinforcement, i.e., perfect 

bond between constituents; and iii) stresses can be computed from stress-strain 

curves for each material. The influences of bond performance and shear lag are 

considered through an correction factors for strength and modulus of elasticity [33].  

In taking into account the factors that influence the determination of ultimate 

tensile force, coefficients k1, k2 and k0,α are adopted. The coefficients k2 and k0,α 

consider, respectively, a state of biaxial stress and the slope of the reinforcement in 

relation to the applied load direction -- both considered equal to 1.0 in the present 

study. In the case of TRC members subjected to bending, an increase in effectivity 

has been observed due to curvature of yarns. Thus, when calculating the flexural 

load capacity, an additional 𝑘!" factor is considered [128]. However, these factors 

do not lead to a clear understanding of the tensile behavior due to the stress 
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distribution profile in a roving for different coating or impregnation degree (as 

showed in Figure 2.6). Furthermore, this analysis usually does not consider other 

effects such as the tension-stiffening effect –the contribution of concrete between 

cracks –and the effective modulus of elasticity of the composite due to shear lag 

effect. 

In the development of model, the constitutive laws of concrete materials and 

textile reinforcement should be firstly known, regardless of the cross-section shape. 

In general, these constitutive laws are experimentally determined in concrete 

cylinder compression and yarn tensile tests. Thus, diagrams can be converted into 

idealized models for theoretical prediction. As aforementioned, to take into account 

the characteristics of TRC it is necessary to consider the effective modulus of 

elasticity. A major disadvantage of the cross-sectional analysis is that it does not 

account for the contribution of concrete between cracks and, ultimately, cannot 

provide information about crack spacing and opening. Although cracking models 

for TRC have been developed elsewhere [33], to the best of author’s knowledge 

there is presently no cracking model applied to structural members. Such model 

must be simple and relatively accurate for acceptance among engineers. 

 

2.9. Flexural creep behavior of TRC 

TRC has been largely investigated for the past three decades and has been also 

used for applications in structural load-bearing members under sustained loading. 

Information on long-term behavior is essential during design stage to ensure 

appropriate member performance within lifespan.   

Non-corrosive reinforcements (e.g. carbon, alkali resistant glass and basalt) 

increase the durability of structural concrete members [49]. TRC durability was 

investigated by many authors [10,58,129–132] including the effect of temperature, 

moisture, alkaline environment and load level on the composite. However, it is of 

high interest the mechanisms that affect the service life of a structure, i.e. the 

excessive deflections, crack formation and opening, to provide data about long-term 

behavior which includes the time-dependent parameters such as creep and fatigue. 

The fatigue behavior has been analyzed by some authors [84,133,134], but less 

effort has been devoted to creep so far.  
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Creep is the main factor to be considered in long-term analyzes and there is 

insufficient data to provide an adequate framework for long-term assessment of 

TRC behavior [135]. To describe this phenomenon, it is necessary to understand 

the sum of the behavior of the cementitious matrix as well as the filaments, the 

fiber-matrix interface and the filament-filament interface on sustained load [34] 

Other aspects that can influence creep resistance such as load level, chemical 

compositions of the fibers and coatings and environment conditions are important 

to consider [136]. All factors act combinedly and influence the creep rupture 

capacity.  

The creep behavior results typically on time-dependent curves which can be 

described as structure deformation under constant load over a certain period. 

According ACI 440 3R-12 [137], the creep rupture capacity is the stress at which 

failure occurs during a creep test. Generally, the creep behavior analysis is based 

on the deflection-time curve and strain-time curves [37]. These curves show three 

typical stages. The first one is denominated primary creep which corresponds to a 

decrease in strain rate, attributed to hardening effects. At secondary creep, the strain 

rate remains constant and eventually reaches a minimum. Finally, the tertiary creep 

is characterized by an exponential rise in the strain rate until failure; however, this 

final stage may not occur during testing.   

It is possible to estimate the deformation due to creep and concrete cracking at 

serviceability state through the introduction of a creep coefficient which reduces 

the Young’s modulus of the concrete [49]. As previously described, the analysis of 

the TRC creep behavior must take into account other properties and there is a lack 

of information on those mechanisms so far. Tensile creep tests were performed by 

[34,37,138] on TRC specimens with AR-glass and [136] investigated the creep 

behavior of the AR-glass filaments on uniaxial tension tests.  

Freitag et al. [34] carried out tests in pre-cracked plates on climate chamber at 

20°C and relative humidity of 65%. The specimens were manually loaded at load 

levels between 30 and 80 % of the reference strength (obtained in short-term tests). 

It was possible to observe a slow strain rate during the primary and secondary strain 

rise phases. The deformations increased and time-to-failure decreased with 

increasing load levels.   

Uniaxial tension tests were performed by Ortlepp and Jesse [37] at three different 

load paths. Long-term creep tests were loaded with manual control up to 80% of 
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reference strength and were conducted for six months.  None of the specimens failed 

at a load level below 60 %. The results clearly show the common three creep stages. 

They concluded that lifetime decreases under sustained load with an increasing load 

level. It was also observed that the filament failure and bond failure interact during 

loading.  

In order to develop a mechanical model to predict the long-term behavior of 

textile reinforced concrete, Seidel et al. [136] performed tensile tests on AR-glass 

26-long filaments under constant tensile loads of 80 to 90% of failure load. It was 

observed a significant increase in elongation on the first day of test, yet it became 

smaller overtime. It was observed that the initial deformation could be associated 

with a rearranging of the disordered filaments. This post load application effect 

increases in relation to the load level and the stretched yarn initial length.  

Spelter et al. [138] proposed a testing concept to investigate the long-term 

durability of the AR-glass TRC under constant load. The tests were conducted at 

three different temperatures (20, 40 and 60°C) and load levels between 70 and 97%. 

For the purpose of deriving a time to failure curve and determining a reduction 

factor for the tensile strength of the carbon textile reinforcement, the testing concept 

described above [138] was used by [35]. The specimens were exposed to water, 

temperature and pH solution and pre-cracked up to the final crack pattern. When 

analyzing the residual capacity, no strength loss was observed for this specimen. 

An increase of strength was found after more than 5000 h of testing in comparison 

to the short-term tests. The higher mean ultimate stress was attributed to the 

alignment of filaments.  

It is important to highlight that the results obtained by [34,35,37] cannot be 

transferred to other material combinations. Further research is needed to be able to 

quantify the effects of sustained loads in TRC composites with different types of 

textiles and loading, as well as to understand the performance of structural 

members. 
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3 Flexural behavior of carbon-TRC I-section beams 

Article published: January 5, 2021 – Composite Structures 

 

 

3.1. Introduction 

Corrosion resistant materials, such as carbon or alkali-resistant glass fibers, to 

reinforce cement-based matrix have become a considerable alternative to replace 

conventional steel bars reinforcement. These materials can be used in the form of 

textile [1-3] or fiber reinforced polymer (FRP) bars [4-6]. It has been proposed as 

an alternative to overcome some of the deficiencies presented by the conventional 

reinforced concrete (RC), such as the need for large reinforcement cover, 

susceptibility to corrosion and heavy weight.  

Textile reinforced concrete (TRC) is a relatively new and promising cement-

based composite since this material has high tensile strength and high durability, 

with potential to build thin, modular, low weigh structures and slender concrete 

members [8,9]. This composite has been used for new constructions and load-

bearing structural members, as well as precast elements [10], shell structures [11-

13], parking slabs [14] and sandwich elements [15-18]. Many applications in 

combination with FRP bars can also be found in the literature, e.g. prestressed 

elements [19], foot and cycle-bridges [20,21] and precast slabs [22]. 

Design models to predict load-bearing behavior of full TRC beams under 

bending have already been reported in the literature, [8,9,23-33], but these usually 

reduce to the well-known cross-section analysis (moment-curvature) commonly 

adopted for the design of conventional RC. This model, however, is not able to 

provide information on the tension-stiffening and cracking behavior of TRC beams. 

Models based on moment-rotation behavior, on the other hand, may be used to 

incorporate influence of the bond and concrete softening mechanisms, but their use 

has been limited to RC beams [34-41]. For such comprehensive evaluation, it is 

important to obtain adequate constitutive relations for the materials and interface 
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through mechanical characterization [42], that affect serviceability and load-

carrying capacity of TRCs [43]. It is worth mentioning that TRCs exhibit a crack 

formation stage, followed by crack growth with strain-hardening behavior. For 

flexural members, this results in high deflection values and significant crack 

openings prior to failure [44], which is a problem for the serviceability limit state.  

To model TRC behavior, different efficiency factors are usually adopted to 

account for the characteristics of the fiber textile, e. g. the number and length of the 

fibers strands and the shear lag effect associated to late activation of inner filaments 

comprising the textile yarn. The factors kf and kc describe the efficiency of the fabric 

[26, 33, 45, 46] and the fiber inside the composite [23-27, 46,47], respectively. On 

the other hand, [48] showed that these factors do not lead to a clear understanding 

of the tensile behavior due to the stress distribution profile in a roving for different 

coating or impregnation degrees. Design approaches were proposed by these 

authors and took into account the coaxial ring model, differentiating the sleeve and 

core filaments level of stress. Other aspects, such as tension stiffening effect and 

material adherence were included. In addition, it was suggested a bond-lag effect in 

the roving filaments. Some authors reported greater efficiency for plates tested 

under bending, which has been associated to the resulting yarn curvature, producing 

friction that ends up improving the transference of force from outer to inner 

filaments [25-29]. In their analysis of TRC beams, to account for the shear lag 

effect, Valeri et al. [33] also considered a stiffness factor ke, defined as the ratio 

between effective textile modulus and the expected yarn modulus obtained from 

uniaxial test [25, 49-51].  

In order to improve the handling of fabrics when manufacturing the elements, to 

protect and keep the dry fibers together to form complex structures, stiffer coatings 

such as epoxy and polyacrylate or flexible system like styrene-butadiene rubber 

(SBR) resins [52-62] may be used, which also improves the bond of the inner 

filaments and load transmission. In opposition to epoxy, SBR laminated textiles are 

flexible and provides easy transportation and application. On the other hand, SBR 

coatings usually exhibit a poor adherence and frictional bond to the concrete matrix, 

resulting in a composite unable to form a multiple fine cracking pattern, ultimately 

leading to a tensile behavior characterized by complete pullout of the yarns.  

One alternative to improve bond performance is to impregnate the textile with 

epoxy resin and sand. Some studies have found that the use of sand-epoxy 
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impregnation can enhance mechanical bond strength, frictional resistance and 

stiffness [63-70], thus improving member bearing. This is due to the increased 

surface roughness introduced by sand, reducing the slip between fibers and matrix 

[71] and making the forces between constituents to be transferred more effectively. 

Moreover, crack pattern is improved by reducing crack spacing and openings. 

However, the strong bond strength may lead to a simultaneous abrupt fracture of all 

filaments comprising the textile, which characterizes a brittle failure [72].  

Hybrid fiber reinforced composites consisting of strain-hardening based-cement 

composite (SHCC) matrices and continuous textile reinforcement yield a better 

crack control with a pronounced multiple cracking behavior [73-80]. Research 

papers [44, 71, 78] have reported an increase in composite strain capacity and 

mechanical properties when simultaneously applying textiles and short fibers as 

reinforcement in cementitious matrices in comparison to ordinary TRC. 

Conversely, other authors [74, 79] have reported no gain in ultimate strain. In 

addition, the use of the SHCC matrices results in high inelastic deformations, 

making the composites to exhibit ductile behavior along with higher energy 

dissipation [75, 76].  

The main goal of this research is to investigate the performance of carbon-TRC 

I-beams made with SBR laminated textile and considering three different material 

conditions: plain TRC, sand-coated TRC and hybrid TRC-SHCC. An experimental 

investigation consisting in four-point bending tests is carried out and the results 

such as failure modes, load-deflection curves, moment-curvature relations and 

cracking patterns are reported. For a comprehensive analysis, the results of a full 

mechanical characterization for materials and interface are also presented. Digital 

Image Correlation (DIC) technique was used to monitor displacement field and 

crack patterns. Finally, the experimental results are compared to an analytical 

approach incorporating the influence of material and interface properties. 
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3.2. Experimental Program 

3.2.1.Materials and Mechanical Characterization 

3.2.1.1.Carbon Textile 

A flexible carbon textile coated with styrene-butadiene rubber (SBR) resin 

supplied by the company V.FRASS denominated SITgrid017KB was used in the 

study. It is a bidirectional mesh with openings of 8.5 and 10 mm and widths of 4.2 

and 2.7 mm in the warp and weft directions, respectively. Details of the warp yarns 

that form the textiles were observed using a Nikon stereo microscope model 

SMZ800N and a cross-sectional area of 3.32 mm² and a perimeter of 9.1 mm were 

measured. Uniaxial tension tests in the same carbon warp yarn used in the present 

work were performed by Santos [81], indicating a tensile strength (ff) of 1140 MPa 

and an average modulus of elasticity of (Ef) 189 GPa, referred to the measured 

cross-section area. This modulus of elasticity is within the range of values reported 

in literature [8, 9, 32, 50] and slightly lower than the reference value provided by 

the manufacturer (250 GPa). On the other hand, the strength obtained by Santos 

seems to be lower than expected; an ultimate strain of approximately εfu = 0.010 to 

0.015 has been reported in literature [8, 9, 32, 50]. 

To improve the bond between the textile and the cementitious matrix, which is 

usually poor for SBR laminated textiles, an extra impregnation with epoxy resin 

and sand – hereafter referred as rigid impregnation – was applied over the yarns. 

The textile was not stretched before manually application of the rigid impregnation. 

The enhancement in the bond performance after sand-epoxy impregnation has 

already been shown elsewhere in literature by means of pullout and tensile tests [67, 

69, 71, 72, 76]. In the present investigation, the epoxy resin used was Sikadur®-32 

and the natural sand had the same grain size as the sand used as fine aggregate in 

the matrix (1.18 mm). A period of at least 24 hours was adopted for curing of resin 

before the sand-coated textile was applied. Throughout the work, the specimens 

made with textile with and without a rigid impregnation were denominated ST 

(Sand-epoxy impregnation) and RT (SBR-laminated Reference textile), 

respectively. 
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3.2.1.2.Matrix 

Two different types of matrices were used in this study, the plain concrete and 

the strain-hardening cement-based composite (SHCC) with 2% in volume of PVA 

(Polyvinyl Alcohol) microfibers, designed M1 and M2 respectively. The Kuralon® 

REC15 fibers used, supplied by Kuraray™, had a length of 12 mm and an average 

diameter of 40 μm.  

The plain concrete was designed for a cement-based composite reinforced with 

textile. The combination of high amount of cement with fly ash and micro silica 

provides a high compressive strength matrix. In its composition, a fine aggregate 

natural sand with 1.18 mm maximum diameter was used, along with a water-to-

binder ratio of 0.3, adapted from previous studies [74]. The SHCC matrix was 

chosen based on its ability to improve ductility of TRC [44, 73-76]. For the 

composition of the SHCC matrix, an adaptation of the mix design adopted by 

Curosu [77] was used. To obtain this behavior and ensure the initiation of cracks, a 

restricted particle size distribution is necessary, obtained with fine-grained material 

(finer sand, fly ash and CP V) [77]. The compositions used for both matrices are 

presented in Table 3.1. 

Table  3.1 - Composition for cementitious matrices per m3 and main compressive 

properties. 

Material M1 M2 
CP2 cement 632 - 
CPV cement - 505 

Sand (1.18 mm) 947 - 
Sand (0.06-0.2 mm) - 536 

Fly ash 265 621 
Micro silica 50.5 - 

Water 266 338 
Super plasticizer (Glenium) 25 11.3 
Viscosity modifying agent - 1.2 

PVA fibers - 26 
Water-to-binder ratio 0.3 0.3 

Mechanical Properties M1 M2 
Compressive strength (MPa) 76.0 ± 2.6 37.8 ± 1.5 

Compressive strain at peak (mm/mm)  0.0033 0.0038 
Young’s Modulus (GPa) 28.4 ±0.8 23.1 ± 0.4 

To evaluate the mechanical properties of the studied matrices, compression tests 

were performed using a servo hydraulic testing machine MTS 810 with load 

capacity of 500 kN (Figure 3.1a). The compressive strength and Young’s modulus 
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of each matrix were evaluated at 28 days of age and can be seen in Table 1. Modulus 

of elasticity was determined as the slope of the chord between stresses 

corresponding to 25 and 50% of the peak strength, according [82]. Properties were 

obtained with average of three samples with 50 mm in diameter and 100 mm of 

height. The tests were conducted at a constant displacement rate of 0.2 mm/min up 

to failure. Figure 1 shows average stress-strain curves for the two matrices studied. 

It is important to highlight the behavior after peak of the M2 matrix (Figure 3.1b). 

The SHCC shows a smooth decay in resistance after the peak load, which may 

contribute to the ductility of TRC beams failure mode governed by compression. 

 
(a) 

 
(b) 

Figure 3.1 – (a) Compression test set up and (b) Mechanical response of the concrete 

matrices in compression test. 

3.2.1.3.Pullout Test 

In order to characterize the interface, pullout tests consisting in pulling the 

embedded yarn out from the matrix were performed. The influences associated to 

the use of a sand-epoxy coating and a SHCC matrix were evaluated.  

The pullout specimens were prepared using a cylinder mold with 25 mm x 20 

mm (diameter x height) and the embedded length of the yarns was 20 mm. A single 

warp yarn was positioned in center of mold and filled with matrix. All the samples 

were tested on a servo hydraulic MTS 810 Universal Machine with a load capacity 

of 250 kN at a vertical displacement rate of 1.5 mm/min. A 2.5 kN load cell was 

used to improve accuracy of load acquisition. The test set up used can be seen in 

Figures 3.2a and 3.2b. The average bond stress was calculated dividing the pullout 

force by the yarn surface area (perimeter multiplied by nominal embedded length). 
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Figure 3.2c presents bond stress versus slip curves from pullout tests obtained as 

the average result from five specimens tested for each condition. It can be noted 

that the average bond strength obtained for the sand-epoxy impregnated yarn (2.87 

± 0.02 MPa) is up to 2.7 times greater than that obtained for the reference yarn 

without impregnation (1.10 ± 0.04 MPa). For RT-M1 specimens, the weak bond 

between textile-SBR coating-matrix led to a complete pullout of the yarns, while 

the interlock produced by the sand-coating in ST-M1 specimens reduced 

considerably the relative slip between the yarn and the matrix, as expected [71]. 

Such improvement makes the reinforcement to be more efficiently activated in 

structural members [27]. Another interesting comparison can be done between RT-

M1 and RT-M2. Usually, the bond-slip response increases with the concrete 

compressive strength and, therefore, a lower bond strength would be expected for 

the RT-M2 case. However, the confinement provided by PVA fibers in M2 as the 

yarn is pulled out mobilizes a greater friction force along the interface, ultimately 

increasing the bond strength and making the peak bond stresses for RT-M1 and RT-

M2 to be nearly the same – 1.10 ± 0.04 MPa and 1.0 ± 0.04 MPa, respectively.  In 

previous studies performed by [75], the peak forces for SBR-carbon yarn from plain 

matrix and PE-SHCC were nearly identical in the pullout tests; however, it was 

observed that PBO fibers led to an increase of about 20% of the pullout force. In 

both cases where the pullout behavior was improved (ST-M1 and RT-M2), an 

abrupt drop in the bond-slip curve was seen after the peak. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.2 - Pullout test: (a) Set up scheme; (b) overview of test setup; (c) average bond 

stress versus average slip. 
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On the other hand, specimens with SHCC (RT-M2) exhibited smaller slip values 

when compared to the plain concrete. The RT-M1 provided bond stress–slip 

relationships with a pronounced softening branch, i.e. smooth yarn pullout. 

Considering the bond stiffness Kb as the slope of the secant line from origin to a 

bond stress equivalent to 40% of the bond strength, the following values can be 

obtained for RT-M1, ST-M1 and RT-M2, respectively: 0.21, 4.08 and 0.30 

MPa/mm. It can be seen that the stiffness for the sand-coated specimens is about 

twenty times that obtained for the plain textile, which basically have their linear 

response governed by adhesion mechanism. It is worth highlighting that the 

aforementioned pullout behavior does not include the mechanical anchorage at the 

cross (weft) yarn junctions [83-85]. 

 

3.2.1.4.Four Point Bending Test 

Carbon-TRC beams were tested in four-points bending test to assess their 

flexural performance in three different conditions: with reference textile and plain 

matrix (RT-M1), with sand-epoxy impregnation and plain matrix (ST-M1) and with 

reference textile and SHCC (RT-M2). Three 2000 mm long beams having I-

sections with 80 mm of flange width, 180 mm of depth and 12.5 mm of thickness 

for both web and flange were fabricated, one sample for each aforementioned 

condition.  

The beams were cast using a steel I-shape formwork with the desired final 

dimensions (Figure 3.3a). The assembled cage reinforcement was placed in the 

formwork before the beam was cast horizontally as shown in Figure 3.3b. Along 

the junction between web and flanges, a nylon line was used to keep the layers of 

the reinforcement together. In the Figure 3.3c it is possible to observe the simple 

connection between web and the flange, i.e. the junction of the assemble cage. Care 

was taken to place the textile in the middle of the specimen thickness. Beams were 

removed from the formwork after 48 hours and kept in a humid chamber until the 

test day, at 28 days of age. 
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(a) 

 
(b) 

 
(c) 

Figure 3.3 - (a) Positioning of the reinforcement in the form and (b) concrete being cast 

in the form. 

The beams were tested in a four-point bending configuration over an 1800 mm 

span and with a shear span of 750 mm. A hinge was placed over the load distribution 

beam to ensure equal forces to be applied at the loading points. Testing was 

conducted using a servo-controlled hydraulic actuator with load capacity of 500 kN 

under displacement control at a rate of 1 mm/min. The deflection was measured 

with a displacement transducer placed at the mid-span and a strain gage was 

installed at the top of the beam mid-span to capture the compressive strain evolution 

throughout the test. The curvature and crack propagation were monitored by DIC 

technique over a web area of 300 x 155 mm at the constant moment region. To 

validate the DIC analysis, the displacements obtained using this technique with the 

aid of software GOM [86] were compared with the transducer displacement, 
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showing good agreement. An overview of the test setup is presented in Figure 3.4a, 

whereas a detailed scheme is shown in Figure 3.4b. 

 
(a) 

 
(b) 

Figure 3.4 -  Four-point Bending Test: (a) overview of test setup; (b) scheme of test and 

cross-section (dimensions in mm). 

3.3. Results and Discussions 

In this Section, the flexural behavior of the analyzed carbon-TRC I-beams 

obtained experimentally are reported, discussed and compared to analytical 

predictions. Table 3.2 summarizes the main results obtained experimentally. 

The tested beams presented different failure modes, as reported in Table 3.2. 

Figure 3.5 shows the failure mode of the beams. RT-M1 exhibited three macro-

cracks along the constant moment region. However, its failure was governed by 

shear between support and load application, without mobilization of its maximum 

flexural capacity. The shear failure was characterized by the formation of a critical 

diagonal crack and flange detachment along web-to-flange junction, as shown in 

Figure 3.5a. This failure mode was induced by the weak type of connection used 
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between the web and flanges reinforcement, which consisted in simply crossing the 

web weft yarns with the flange mesh, as shown in Figure 3.3c. The uncoated weft 

yarns have low penetration into the flange and poor adherence to the matrix, 

resulting in a low ability to transfer forces along the junction. In the case of the RT-

M2 beam, the PVA fibers helped to transfer the forces between web and flange and, 

for the ST-M1 beam, the sand-coated weft yarns have better adherence and were 

able to transfer forces between web and flange. In the case of the beam with surface 

treated textile (ST-M1), the failure mode was characterized by rupture of 

longitudinal yarn in the tension zone. The improvement in bonding between matrix 

and fabric modified the rupture shape, making ST-M1 fail by bending, as presented 

in Figure 3.5b. Finally, the beam with SHCC matrix (RT-M2) exhibited a local 

failure, characterized by crushing of concrete near the load application point, with 

spalling of concrete cover at the web and formation of wedge sliding mechanism at 

the flange (Figure 3.5c). This failure may be dependent upon the size of the load 

introduction region. 

Table  3.2 - Summary of experimental results. 

Result Specimen 

Description Units RT-M1 ST-M1 RT-M2 

Failure mode - Shear 
Flexural 

(tension) 

Flexural 

(compression) 

Maximum load (Fmax) kN 13.45 16.06 12.70 

Maximum moment (Mmax) kN.m 5.04 6.02 4.76 

Deflection at failure (δu) mm 26.89 25.48 31.64 

Curvature at peak moment (Φpeak) 1/m 0.077 0.076 0.125 

Load at first crack (Fcr) kN 1.17 1.76 2.27 

Mean crack spacing (sm) mm 110.16 25.64 21.46 

Service crack spacing  (s2.5) mm 110.20 31.10 33.50 

Mean crack opening (wm) mm 0.87 0.15 0.09 

Service crack opening  (w2.5) mm 0.41 0.06 0.03 

 

 

 

 

 

 

DBD
PUC-Rio - Certificação Digital Nº 1713245/CA



74 
 

 
(a) 

 
(b) 

 
(c) 

Figure 3.5 - Failure mode of beams: (a) RT-M1; (b) ST-M1; (c) RT-M2 beams. 

The load-deflection curves of TRC beams, which were measured with 

displacement transducers, are shown in the Figure 6. It can be noticed that the ST-

M1 presented the highest peak load, i.e. an increase of 19.5 % with respect to RT-

M1, which failed prematurely due to shear. An essentially linear elastic behavior 

was obtained for both beams, with a similar mid-span deflection at failure of 25 

mm, followed by an abrupt failure (Table 3.2). The results therefore show there was 

an improvement in the flexural behavior in terms of strength and stiffness after 

sand-coating. The RT-M2 presented a behavior similar to ST-M1 at initial loading 

stages before the first crack load and during the beginning of crack formation 

(Figure 3.6b), confirming the positive influence of the fibers to the behavior. For 

beam RT-M2, there was a loss of linearity between 10 and 20 mm of deflection and 

the final load was 5.6 % smaller than RT-M1, but with a failure deflection of 31.64 

mm, i.e. 17.7 % greater than RT-M1. Although the lower compressive properties 

of SHCC matrix, its ability to transfer tensile stresses through cracks contributed to 

enhance the crack control and to improve the stiffness in the cracked state. The 

ductility of RT-M2 is associated to the so-called concrete softening mechanisms, 

namely cover spalling and wedge-sliding with friction, as well as to a possible decay 

in the capacity of transferring tensile stresses after significant increases in crack 

width. 

Figure 3.6b presents a detail of the load-deflection curve for low deflections to 

obtain information about the pre-cracked stage. The exact cracking load (Fcr) cannot 
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be clearly obtained directly from this plot. Therefore, DIC analysis was conducted 

to identify the instant of time associated to the first crack formation at the constant 

moment region and the corresponding load (Table 3.2). It can be seen that the 

cracking load for ST-M1 and RT-M2 increased with respect to RT-M1. It was 

noticed that the use of the SHCC matrix was more efficient than surface treatment. 

The improvement for each was respectively 1.94 and 1.50 times greater than the 

reference textile with plain matrix value (1.17 kN). This can be explained by the 

fact that, due to the low adhesion of the uncoated textile, the cross yarn (weft) acts 

like a defect, making the tensile stress trajectory to deviate and inducing a stress 

concentration in the vicinity, as shown in Figure 3.7. This effect was partially 

mitigated with the improvement of adherence (ST-M1) or through the fiber-bridge 

mechanism (RT-M2). For the case of specimen ST-M1, the enhanced interface 

allows a small portion of the stresses to be transferred through the transverse yarn, 

despite its lower stiffness when compared to the surrounding concrete, leading to a 

slightly higher cracking stress when compared to the uncoated specimen. 

 
(a) 

 
(b) 

Figure 3.6 - Load-deflection curves: (a) for full test; (b) detail for low deflections. 

 

Figure 3.7 - Tensile stress trajectory. 
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Moment-curvature relations are presented in Figure 8a, derived using DIC and a 

procedure similar to that described by [87]. It is important to highlight that these 

relations were obtained over the constant moment region and, therefore, include the 

contribution of concrete between cracks (tension stiffening). From these relations, 

the cracking moments can be clearly identified, as shown in Figure 3.8b. In the 

initial part of the curves (Figure 3.8b), it is observed the transition from stage I, 

where concrete still resists to tension, to stage II, where multiple cracks are formed. 

Beams RT-M1 and ST-M1 presented a similar slope at stage II, only shifted 

upwards for ST-M1 due to a greater tension stiffening effect. For RT-M2, a lower 

stiffness was seen for stage I, which is associated to the lower modulus of M2. On 

the other hand, the stiffness at stage II is similar to the beam reinforced with sand-

coated fabric. According to [72], the improvement in stiffness after the cracking is 

due to a delay in crack expansion as a result of the bridge effect caused by the short 

fibers. A similar curvature at failure of approximately 0.076 m-1 was obtained for 

beams RT-M1 and ST-M1 (Table 3.2). For RT-M2, an increase of 64 % in curvature 

at failure was obtained with respect to RT-M1 (Figure 3.8a). According [41], the 

major contribution of fibers in tension region is not in flexural capacity but through 

the tension stiffening mechanism allowing the development of more and finer 

cracks (as will be seen later). In addition, there were opposing effects for this 

specimen: while the fibers were able to improve the crack pattern (Figure 3.9c), the 

porosity of the matrix might have increased [46, 74, 76], affecting negatively the 

matrix response for compressive stresses. 

 
(a) 

 
(b) 

Figure 3.8 - Moment-curvature relations (a) and initial moment stages in detail (b). 
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Figure 3.9 shows the details about crack spacing and crack opening with loading 

gathered with the DIC technique using an approach similar to that reported by [87]. 

Table 2 shows the mean crack spacing and mean crack opening, evaluated with the 

average cracks at the maximum moment, and the properties at the service moment 

of 2.5 kNm. To measure the average crack spacing, four load stages set to 0.4, 0.6, 

0.8 and 1 of the maximum moment were used and are shown in Figure 3.9e. It can 

be clearly seen that ST-M1 and RT-M2 beams (Figures 3.9b and 3.9) had their 

cracking behavior greatly improved with respect to the reference condition (RT-

M1, Figure 3.9a), respectively due to enhanced bonding associated to the interlock 

effect from sand-coating and due to fiber-bridging mechanism. The beam with 

uncoated textile and plain matrix presented crack widths of 82.8 % and 89.7 % 

higher than ST-M1 and RT-M2, respectively. The mean spacing crack decreased 

with increasing curvatures for ST-M1 and RT-M2. For RT-M1, after the appearance 

of the cracks (Figure 3.9d) is it followed by a stabilized cracking stage characterized 

by the widening of cracks up to sudden failure (Figure 3.9e). In the case of ST-M1 

and RT-M2 beams, new cracks are formed as the curvature increases until it reaches 

saturation (Figure 3.9e). The use of the SHCC matrix was very efficient in 

controlling crack opening, keeping it below 0.1 mm, as show in Figure 3.9d. As 

seen in Section 2.3, M2 presented a peak bond stress peak nearly identical to the 

plain matrix. However, the addition of discontinuous PVA fibers to the matrix 

resulted in a network of fine cracks (Figure 3.9c) and increased the rate of 

reinforcement. 
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(a) 

 
(d) 

 

 
(e) 

  
(b) 

  
(c) 

Figure 3.9 -DIC analysis of the (a) RT-M1, (b) ST-M1 and (c) RT-M2 beams; (d) 

Moment vs average crack opening; (e) mean crack spacing vs curvature. 

To evaluate the influence of material and interface properties and geometry to 

the beam response, a mechanical model based on the tension stiffening approach 

presented in the Model Code 2010 [86] for conventional RC is adopted. Based on 

the assumption that the bond stress developed along the reinforcement-matrix 

interface is constant along the length over which transference of forces occurs 

(Figure 3.10), it can be easily shown that the average stress, σ, calculated as the 

total force necessary to produce an average strain εav = ΔL/L in the composite 

divided by the reinforcement area is given as: 

𝜎 = 𝜀#$𝐸!𝑘% +
1
2
(𝑓&'( + 𝑓&'))

𝜌!
 

Eq. 3.1 
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where εav = ΔL/L is the average strain, Ef is the modulus of elasticity of the 

reinforcement, ke is stiffness factor due to shear lag effect, fctm is the mean concrete 

cracking strength, fctr is the concrete residual tensile stress transferred across crack 

and ρf is the reinforcing geometric ratio. Other tension stiffening models for TRC 

members subject to tension are available in literature [81, 82, 87], but these usually 

adopt more complex bond-slip laws. 

 

Figure 3.10 - Tension stiffening model adopted for TRC with fiber reinforced concrete. 

 

To obtain the response of a beam considering the tension-stiffening effect, the 

neutral axis position and the bending moment acting on the beam can be determined 

from balance of forces and moments for a given average curvature Φav, assuming 

the usual plane section hypothesis. Two additional considerations are adopted in 

the present work: i) the stresses throughout the tension (cracked) zone are 

determined according to Eq. 3.1, assuming a homogeneous material; and ii) the 

compressive stresses are determined neglecting the contribution of the textile in 

compression. Although the contribution of the textile may be effective up to a 

certain level of compressive strain, it is strongly dependent on the ability of concrete 

to provide lateral restrain, which is compromised as the concrete enters its non-

linear regime characterized by significant lateral expansion. Moreover, the 

constitutive relationships adopted are presented in Figure 11 and the parameters are 
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summarized in Table 3.3. In these relations, it is important to highlight the following 

features: i) a constant residual stress fctr = 0.9 fctm is adopted in the post-cracked 

condition for the SHCC matrix; ii) stiffness and effectivity factors are adopted for 

the textile, for an appropriate correlation between experimental and theoretical 

slopes during the cracked stage; and iii) the concrete tensile strength at cracking 

was assumed equal to the elastic stress at first crack obtained experimentally from 

data presented in Table 3.2. 

 

Figure 3.11– Constitutive relationships assumed in the model. 

In Figure 3.12, the moment-curvature relations determined with the theoretical 

approach are compared to those obtained experimentally. For the RT-M1 and ST-

M1 specimens, curves neglecting the concrete contribution (without tension 

stiffening, ‘No TS’) are also plotted. A good agreement between experiment and 

theory was obtained and the model is able to capture the greater tension-stiffening 

for the ST-M1 specimen, although the strength seems to be overestimated if ηf = 

1.0 is assumed. It must be noted that the stiffness factors ke were selected to obtain 

a similar slope between experiment and test. For the RT-M2 beam, a good 

agreement was also achieved for the linear range of the experimental curve. 

However, it seems that the beginning of local failure made the actual response 
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deviates from the expected behavior, similar to what was observed by Preinstorfer 

et al. [8]. For a more rational approach incorporating local mechanisms such as that 

presented by Barros et al. [88], further tests and analyses are required. 

 
RT-M1 

 
ST-M1 

 
RT-M2 

Figure 3.12 – Comparison between moment-curvature relations obtained theoretically 

and experimentally. 

The model can also be extended to provide information about crack opening and 

spacing. Using the model presented in Figure 3.13, the crack spacing and opening 

can be written respectively as: 

𝑠! = 2
(𝑓!"# − 𝑓!"$)
𝜏%(𝑈&/𝐴&)𝜌&

 Eq. 3.2 

 

𝑤 =
𝑠!
𝐸&𝑘'

0𝜎 −
1
2
(𝑓!"# + 𝑓!"$)

𝜌&
41 +

𝑘'𝐸&𝜌&
𝐸!(

56 
Eq. 3.3 

where Uf is the perimeter of the reinforcement and τb is the nominal bond stress, 

assumed equal to the bond strength obtained experimentally and reported in Section 

3.2.2. As mentioned previously, the bond behavior does not include the presence of 

the transverse yarns, which improve the bond behavior [8, 52, 89, 90]. To account 

for the additional pullout strength provided by the cross yarns, a second condition 
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with nominal bond strength taken as 2τb was considered. In Figure 3.13, the crack 

openings obtained with DIC are compared to those computed according to Eq. 3.3. 

In general, the correlation between model and experiment was satisfactory for 

design purposes, but the following important remarks must be made: i) the 

condition of 2τb (considering influence of cross yarn) for beam RT-M1 resulted in 

excessive underprediction of crack openings; and ii) the condition of τb (neglecting 

influence of cross yarn) for beam ST-M1 resulted in much greater values of crack 

opening. These observations suggest that the influence of the cross yarn is strongly 

dependent on the textile surface configuration. For the case of RT-M2 beam, the 

cracking response is mostly affected by the concrete residual tensile strength the 

cross yarns seem to have lesser influence to the response. 

Table  3.3– Properties adopted in theoretical model. 

Parameter 
Specimen 

RT-M1 ST-M1 RT-M2 

𝒇𝒄  (MPa) 76 76 37.7 

𝒌𝒄  1.3 1.3 2 

𝜺𝒄𝟐  0.0033 0.0033 0.0033 

𝜺𝒄𝒖,𝒄  0.0042 0.0042 0.0330 

𝜺𝒄𝒖,𝒕  - - 0.015 

𝒇𝒄𝒕𝒎 (MPa) 2.20 3.31 4.27 

𝒇𝒄𝒕𝒓 (MPa) 0 0 3.5 

𝑬𝒄𝒊 (GPa) 33 33 20.6 

𝑬𝒇 (GPa) 189 189 189 

𝜼𝒇 1.0 1.0 1.0 

𝒌𝒆  0.4 0.45 0.4 

𝜺𝒇𝒖  0.015 0.015 0.015 

𝝉𝒃  (MPa) 1.1 2.9 1.1 
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RT-M1 

 
ST-M1 

 
RT-M2 

Figure 3.13– Comparison between moment vs crack opening relations obtained 

theoretically and experimentally. 

In order to evaluate the applicability of proposed approach, comparison was made 

to experimental results available in literature, considering beams failing in bending: 

i) beam BV1 from Valeri et al. [33]; and ii) specimen D95 E38 tested in four-point 

bending from Preinstorfer et al. [8]. For appropriate comparison, cross-section 

geometry and material properties were adopted as reported by the authors. In both 

studies, ke = 0.8 was adopted and cracking tensile strength was assumed equal to 

2.5 MPa, obtained indirectly from the cracking moment. It can be seen, in Figure 

14, that a good agreement was achieved in both cases, although the response 

obtained by Preinstorfer et al. [8] has been also influenced by local failure 

(spalling). Finally, using Eqs. 2 and 3 along with an estimated bond strength of 2.0 

MPa (halfway between specimens RT-M1 and ST-M1), crack spacing and opening 

of 100 mm and 0.22 mm, respectively, were obtained for specimen D95 E38 for an 

applied moment of 30 kN.m, in comparison to the values of 66 mm and 0.19 mm 

obtained experimentally by Preinstorfer et al. [8]. Again, the theoretical predictions 
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would reduce and approach experimental results if the bond strength is increased to 

account for the influence of cross yarns. 

  
(a) (b) 

Figure 3.14 - Figure 3.14 – Comparison with experimental moment vs average curvature 

relations available in literature: a) Valeri et al. [33]; b) Preinstorfer et al. [8]. 

 

3.4. Conclusions 

In the present work, the bending behavior of carbon-reinforced textile concrete 

I-beams for structural applications was studied and compared to the analytical 

model. From the experimental and theoretical results, the following conclusions can 

be drawn: 

1) the effectiveness of the surface treatment in comparison to SBR laminated 

was confirmed by the stiffer and stronger interface obtained with sand-epoxy 

coating. The bond stress was 2.7 times greater than the reference yarn without 

extra impregnation. In addition, the impregnation improves the junction 

behavior, i. e., the connection between warp and weft yarns; 

2) the use of SHCC matrix did not affect significantly the bond performance 

between carbon-textile and concrete. The addition of fibers in matrix was able 

to improve ductility and cracking load in carbon-TRC elements, yet it has not 

increased their load-bearing behavior. Slight changes during the uncracked stage 

was observed.  

3) premature failure due to weak junction and the poor adhesion with the matrix 

in the RT-M1 beam was observed. The extra impregnation and the SHCC matrix 

changed the failure mode from shear to flexure-governed and crushing of 
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concrete, respectively. Wedge-sliding mechanism and cover spalling it was 

observed in RT-M2;  

4) after cracking the use of sand-coating and SHCC were able to improve 

tension stiffening and crack control of structural members. They contributed to 

reduce crack spacings and openings, which were about 1/10 of the openings 

measured for the RT-M1 beam; 

5) finally, a design model is proposed to evaluate the bending performance of 

the TRC beams based on RC-beam flexural-strength design including tension 

stiffening and cracking pattern response. Moment-curvature experimental and 

theoretical relations present good agreement for M1 beams. For the M2 beam, it 

is necessary to consider the premature softening mechanism through of a 

reduction factor. To measure crack opening in ST specimen, it is necessary to 

take into account the influence of the cross yarn. For M2 specimen, the cracking 

response it was more affected more the concrete residual tensile strength. 
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4 Material characterization of carbon-TRC composites 

4.1. Introduction 

Textile Reinforced Concrete (TRC) composites consist of one or more layers of 

fabric reinforcement embedded in an inorganic matrix. This is a mixture made of 

fine-grained concrete with a high dosage of cementitious and fly ash that could be 

enriched with short fibers. Comparing to conventional reinforced concrete 

structures, TRC has become attractive due to the use of a high-strength and 

corrosion-resistant reinforcement [1,2], leading to reduced maintenance costs. This 

composite material also allows the fabrication of thin-walled structures and 

components, reducing costs of transportation and erection. Another advantage is 

related to the possibility of building more climate-friendly constructions due to the 

smaller concrete cover required for TRC members. In addition, low clinker content 

cement may be used, since the fabric does not need passivation by the concrete, 

thus reducing CO2 emissions [3]. 

Fabrics are usually composed of synthetic fibers (e.g., carbon, aramid, basalt, 

AR-glass, PBO) that can be impregnated for protection and durability. The coating 

or impregnation also leads to a better activation of inner filaments within the yarn 

and to an improved bond between textile and cement matrix, playing a substantial 

role in mechanical response of the composite [4,5]. Another important factor that 

could influence the mechanical response of the composite is the mesh opening and 

the cross section of the roving [6,7]. 

Since there is no specific standard or code for the mechanical characterization 

or design of TRC composites, different material characterization methods, 

specimens’ geometries and procedures to measure the deformation and crack 

pattern have been used for different research groups, with variations in results. 

Since the release of the state-of-art report prepared by RILEM Technical 

Committee TC 201-TRC [1], many other techniques and approaches have been 

proposed by researchers worldwide. Currently, a new report is being prepared by 
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the Technical Committee 292-MCC: Mechanical Characterization and Structural 

design of Textile Reinforced Concrete. 

TRC presents a unique behavior and the design of structural elements depends 

on the complete characterization of the constituent materials, as well as of their 

interface. The fabric and the matrix can be characterized by simple uniaxial tensile 

and compressive tests, respectively, whereas pullout and tensile tests can be adopted 

to characterize the interface and the composite, respectively. Although the presence 

of the fabric within matrix may affect composite’s compressive strength, few works 

have addressed this topic [3,8–11]. 

Besides the constituents properties, there are several factors that influence the 

tensile performance of the TRC such as load introduction, specimen geometry and 

fabrication [5,12–16]. Important parameters can be derived from this test for the 

design of the TRC structures, such as the composite strength and deformation at 

failure, effective modulus and cracking pattern (e.g., first crack stress, crack width 

and spacing with loading). Other important variables that affect the tensile response 

are the anchorage and gauge lengths [17,18]. 

Regarding the compressive characterization of the textile reinforced concrete, 

little information can be found in the literature [3, 9-12]. Valeri et al. [3] performed 

uniaxial compression tests in TRC plates with 60x60x30 mm (length x width x 

thickness). On the other hand, Hawkins et al. [10] investigated the influence of load 

application eccentricity in TRC specimen with two layers of textiles with 

200x15/30x15/30. Santos [11] analyzed the compression behavior of I-section 

columns and it was proposed the adaptation of a combined loading compression 

(CLC) test setup. Finally, Pinheiro [19] used CLC test to analyze the compression 

behavior of TRC with curaua fibers. 

The fabric characteristics have a strong influence on the bond behavior and the 

results obtained from single yarns may not correspond to the actual fabric response. 

Thus, new yarn pullout test configurations are constantly proposed [20–22]. 

Traditionally, the bond behavior between matrix-fiber is characterized through 

pullout tests and several authors performed this test to better understand the 

interface behavior of fiber-reinforced cementitious matrix composites. Despite this, 

there is still a lot of divergence in the literature regarding the most appropriate test 

setup. The more traditional pullout test consists in a single yarn test [23–25], but 
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some studies also performed tests with pullout of yarn from textile to evaluate the 

influence of textile structure [20,21]. 

For successful application of TRC as a structural material, validated design 

methods based on appropriate values of mechanical and bond properties determined 

through experimental tests are required. Nevertheless, there is still a gap in the 

knowledge regarding this correlation between characterization techniques and 

structural design approaches. Thus, the objective of the present research is to 

compare the constitutive laws obtained through different techniques for various 

carbon-TRC materials. Finally, the parameters obtained from tests are used to 

predict the response of carbon-TRC beams flexural and the predictions are validated 

against experimental results. 

4.2. Experimental program 

4.2.1. Materials 

The fine-grained cement matrix adopted in the present work has been detailed in 

a previous work [26]. It was composed by the Brazilian Portland cement CPII F-

32, fly ash, micro silica and a fine aggregate natural sand with 1.18 mm maximum 

diameter. This mixture composition leads to a matrix with a flow table spreading of 

345 mm and cylinder compression tests revealed a compressive strength of 76 ± 2.6 

MPa and a modulus of elasticity of 28.4 ± 0.8 GPa at 28 days. The characterization 

was performed using a servo hydraulic testing machine MTS 810 with load capacity 

of 500 kN. 

Four carbon fabrics were used in the study, with differences in mesh dimensions, 

yarn shape and type of coating or impregnation. Regarding the impregnation, 

fabrics with styrene-butadiene rubber (SBR), acrylate (ACR), epoxy resin (EPX) 

were used, as well as an SBR textile with extra sand-coating (SND) manually 

applied. Figure 4.1 shows the different configurations for the bidirectional textiles 

considered. Table 4.1 reported the nominal properties for EPX fabric was provided 

by manufacturers and for SBR and ACR were reported by [39]. In addition, the 

measured properties by authors were added, i.e, warp and weft area and warp 

perimeter. 
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Figure 4.1 -Carbon fabrics with different coating conditions: a) SBR, b) SND, c) ACR 

and d) EPX. 

Table 4.1 - Carbon fabric properties. 

 SBR ACR EPX 

Tensile strength (MPa) 1638 2911 2700 

Modulus of Elasticity (GPa) 126 162 250 

Warp Yarn area (mm2) 3.34 1.80 5.44 

Weft Yarn area (mm2) 3.30 0.45 3.85 

Warp Perimeter (mm) 3.24 2.81 9.06 

 

4.2.2. Composite characterization 

4.2.2.1. Bond properties 

To obtain the nominal bond stress (𝜏b) and to characterize the interface of 

different carbon fabrics, pullout tests with the single warp yarn embedded in the 

matrix were performed. A servo hydraulic MTS 810 Universal Machine with a load 

capacity of 250 kN was used and tests were conducted at a displacement rate of 1.5 

mm/min. A 2.5 kN load cell was used to improve accuracy of load acquisition. The 

specimens consist in small cylinder having 25 mm x 20 mm (diameter x height) 

made of cement matrix and a carbon yarn embedded 20 mm. Figure 4.2 presents 

the test setup used and the specimen dimensions. The average bond stress was 

calculated dividing the pullout force by the yarn surface area (perimeter multiplied 

by nominal embedded length). Ten samples were tested for each type of textile. 
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(a) 

 
(b) 

Figure 4.2 - Pullout test: (a) Set up scheme and dimensions (in mm) and (b) overview of 

test setup. 

4.2.2.2.Compression Test 

To evaluate the influence of the textile on the compressive strength of the matrix, 

compressive tests on TRC prisms with one fabric layer having two longitudinal 

yarns were performed. Prismatic samples were considered and three different 

testing conditions were considered: i) direct compression on samples cut from 

undamaged portions of the web of I-section tested in a previous work [26]; ii) 

directed compression on specimens extracted from plates; and iii) combined 

loading compression (CLC) tests on specimens extracted from plates. For 

conditions (ii) and (iii), only SBR textile was studied, whereas all types of textiles 

were considered in condition (i). The second condition was performed to analyze 

the influence of the casting process on the compressive strength of the matrix, while 

the latter to analyze the influence of test setup.  

Figure 4.3a shows an overview of setup test for (i) and (ii) conditions, where 

specimens having 12.5x30x60 mm (thickness x width x length) were tested. The 

mean compressive strength in each case was obtained from an average of five 

samples. CLC tests adapted from the ASTM D6641 [30] and illustrated in Figure 

4.3b were performed on samples of extracted from 10-mm thick plates with a single 

textile layer in the middle. Two different unsupported lengths were adopted for the 

TRC samples tested in the present research: 30 and 40 mm. In all, six specimens 

were tested, three for each aforementioned condition. For control, three additional 
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samples of plain matrix and unsupported length of 30 mm were also adopted. Table 

4.2 summarizes the tests, number of specimens and geometries considered in the 

study. 

All tests were conducted at a constant displacement rate of 0.3 mm/min up to 

failure in a servo hydraulic testing machine MTS 810 with load capacity of 500 kN. 

Table 4.2 shows the nomenclature adopted, which includes the type of coating 

(SBR, SND, ACR or EPX) and type of specimen (B- prisms cut out from beams, 

P- prisms cut from plates and C- prisms for CLC tests). For TRC samples, the yarn 

in the direction of compressive force direction was distinguished, e.g. longitudinal 

- L (warp) and transversal - T (weft). The specimens of CLC test also were 

distinguished by unsupported lengths for the TRC samples tested: 30 or 40 mm. For 

example, specimen SBR-C-30-L refers to the composite with SBR-fabric tested, 

CLC setup, unsupported lengths of 30 mm and longitudinal yarn parallel to 

compressive force; and ACR-B-T refers to the composite with ACR-fabric prisms 

cut of beams in transversal yarn in the direction of compressive force. 

Table 4.2 - Summary of specimen tested in the compression test. 

Specimen ID Specimen Set-up Test 
Yarn 

Direction 

Width 

(mm) 

Thickness 

(mm) 

Length 

(mm) 

M-P 
Plain Matrix 

Uniaxial 

compression 
- 30 12.5 60 

M-C-30 

CLC 

- 30 10 170 

SBR-C-30-L 

SBR-TRC 

Warp 30 10 170 

SBR-C-40-L Warp 10 10 180 

SBR-P-L 

Uniaxial 

compression 

Warp 30 12.5 60 

SBR-B-L Warp 30 12.5 60 

SBR-P-T Weft 30 12.5 60 

SBR-B-T Weft 30 12.5 60 

SND-B-L 
SND-TRC 

Warp 30 12.5 60 

SND-B-T Weft 30 12.5 60 

ACR-B-L 
ACR-TRC 

Warp 30 12.5 60 

ACR-B-T Weft 30 12.5 60 

EPX-B-L 
EPX-TRC 

Warp 30 12.5 60 

EPX-B-T Weft 30 12.5 60 
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(a) 

 
(b) 

Figure 4.3 - Overview of test setup of (a) compression test and specimen dimensions (in 

mm) and (b) CLC test and specimen dimensions (in mm). 

4.2.2.3.Tensile Test 

Direct tensile tests were carried out to derive the composite constitutive 

relationship in tension. First, all specimens having 120 mm of width and 1000 mm 
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long were produced with a single textile layer in the middle of the thickness using 

a hand-lamination technique. All textiles described in Section 4.2.1 were 

considered. To ensure that the material rupture occurred in the central section, i.e. 

avoiding premature failure near grips, the samples had their thickness reduced at 

this region, using two aluminum plates of 500 x 120 x 2 mm on each side. 

Therefore, samples were 14-mm thick in the central region and 18-mm thick at the 

ends. In the gauge area, considering the longitudinal yarns, volume fractions of 

1.99, 1.08, 2.29 % were ensured for SBR/SND, ACR and EPX, respectively. 

The tensile tests were performed on a universal mechanical testing machine 

model MTS 311 with a loading capacity of 1000 kN. Clevis grip load introduction 

method was adopted at the ends, according to ACI434.13 [27]. The samples were 

pressed over an area of 120 x 250 mm with torques defined according to the fabric 

adopted, as shown in Table 4.3. A rough surface was introduced on the clamping 

area to increase friction and prevent slippage of the plates. Before the test, 

specimens were aligned and a preload of 0.2 kN was applied. The test was 

conducted under displacement control at a rate of 0.5 mm/min, up to failure. A pair 

of displacement transducers was coupled to the specimen to measure its 

deformation over the 450-mm gage length. Figure 4.4 shows the test setup and the 

dimensions adopted.  

To assess the crack formation and growth over the gage length, in addition to the 

visual control, the digital image correlation (DIC) technique was adopted. The setup 

consisted in a Canon camera model EOS Rebel T6, positioned with direct framing 

for the tests and configured to record an image every 10 seconds, together with a 

LED light source to provide uniform lighting during the test, as shown in Figure 

4b. The images were analyzed using GOM Correlate [28] software, with the 

purpose of obtaining information about the crack formation and evolution with the 

applied load. 
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(a) 

 
(b) 

  
(c) 

Figure 4.4 - Tensile Test: (a) dimensions (in mm), (b) DIC scheme and (c) clevis grip 

detail. 

In order to analyze the influence of the different testing configurations on TRC 

properties, SBR specimens were tested in three additional conditions, as shown in 

Table 3. In these cases, specimens were fabricated with a width of 80 mm, with 

little influence of the reinforcing ratio. The three conditions are characterized by: i) 

bolted ends with anchorage and gauge lengths of 250 and 400 mm; ii) glued ends 

with anchorage and gauge lengths equal to condition (i); and iii) glued ends with 

anchorage and gauge lengths of 400 and 100, respectively (Figure 5). 

Table 3 summarizes the specimens tested in this study. The nomenclature 

adopted includes the type of coating (SBR, SND, ACR or EPX), type of clamp grip 

(S - screws or G - tabs glued), width (120 or 80), and the gauge length. For example, 

SBR-S-80-400 specimen refers to the composite with SBR-fabric tested, screws 

clamping, dimensions of 80 x 14 mm and gauge length of 400 mm. 
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Table 4.3 - Summary of specimens tested under direct tension. 

Specimen ID Coating 
Clamp 

grip 

Torque 

(Nm) 

Width 

(mm) 

Thickness 

(mm) 

Lanch  

(mm) 

Gauge 

Length 

(mm) 

Fiber 

strands 

(FS) 

𝜌f 

(%) 

SBR-S-120-450 

styrene 

butadiene 

rubber 

Screws 

(S) 

13 120 14 250 450 10 1.99 

SBR-S-80-400 13 80 14 250 400 7 2.09 

SBR-G-80-100 tabs 

Glued 

(G) 

- 80 14 400 100 7 2.09 

SBR-G-80-400 
- 

80 14 250 400 7 2.09 

SND-S-120-450 sand-epoxy 
Screws 

(S) 

15 120 14 250 450 10 1.99 

ACR-S-120-450 acrylate 15 120 14 250 450 10 1.07 

EPX-S-120-450 epoxy 18 120 14 250 450 10 2.29 

 

 
 (a) 

  
(b) 

Figure 4.5 - Tensile test with steel tabs glued with different gauge lengths. 

4.3.Results and Discussions 

4.3.1.Pullout Test 

Representative bond stress vs slip curves obtained from pullout tests for all 

materials considered are shown in Figure 4.6. Table 4.4 summarizes the results for 

this test, including the maximum pullout load (Pmax), the corresponding bond 

strength (𝜏b) and the bond stiffness (𝜅b), defined as the slope of the secant line from 

origin to a bond stress equivalent to 40% of the bond strength. 
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Table 4.4 - Results obtained from pullout test. 

 SBR SND ACR EPX 

Pmax (N) 198.9 ± 8.3 533.4 ± 22.9 1118.7 ± 63.8 1230.6 ± 160.9 

𝜏b (MPa) 1.10 ± 0.04 2.94 ± 0.11 17.26 ± 0.98 21.90 ± 2.86 

𝜅b (MPa/mm) 0.21 ± 0.04 4.08 ± 0.26 31.49 ± 14.52 55.33 ± 18.03 

 

 

Figure 4.6 - Representative bond stress versus slip curves. 

Results show that the surface coating has a significant influence on the bond 

stress-slip response. The lower bond stress of 1.104 MPa for SBR confirms the 

weak adhesion of the styrene butadiene rubber with the cementitious matrix, 

already described in previous studies [24,26,29]. When the sand-epoxy 

impregnation was adopted, an enhanced interfacial behaviour was achieved and the 

bond strength was 2.7 times greater than that for plain SBR. For ACR and EPX 

materials, the higher bond strengths confirm the superior adhesion between these 

materials and the matrix. The bond strengths of ACR and EPX are respectively 15.7 

and 19.9 times greater than that obtained for the plain SBR, respectively.  

Regarding the bond stiffness 𝜅b, it can be seen that there is large difference 

between the specimens. In the case of SBR, ACR and EPX, 𝜅b is governed by 

adhesion mechanism of bond, while for SND there is an additional interlock 

mechanism. It is worth highlighting that the connection between warp and weft 

yarns plays an important role at stiffness response of the TRC and the pullout results 

discussed in this Section do not account for the contribution of this mechanism [30–

33]. 
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4.3.2.Compression Test 

Table 4.5 presents a summary of results for compression tests, showing the 

compressive strength fc,TRC for each condition studied, as well as the normalized 

values, taking the mean plain matrix cylinder strength as reference (fc,cyl). To 

compare the influence of textile of different carbon textile condition and sample 

dimensions on compressive strength is also presented in Table 4.5. This properties 

was also normalized with the mean plain matrix for each dimensions condition, 

where prism compressive strength (fc,prism) and CLC compressive strength (fc,clc). 

The influence of warp and weft yarn of different carbon textile condition on 

compressive strength is graphically shown in Figure 4.7a, whereas Figure 4.7b 

presents the comparison between SBR and plain matrix samples. 

Table 4.5 - Results of compressive strength for different compression tests. 

Specimen 
Compressive 

strength (MPa) 
fc,TRC/fc,cyl fc,TRC/fc,prism fc,TRC/fc,clc 

Cylinder 76.0 ± 2.6 1.00 - - 

M-P 57.8 ± 9.9 0.76 1.00 - 

M-C-30 84.1 ± 4.7 1.10 - 1.00 

SBR-C-30-L 73.2 ± 3.8 0.96 - 0.87 

SBR-C-40-L 70.6 ± 5.9 0.92 - 0.84 

SBR-P-L 47.5 ± 9.9 0.62 0.82 - 

SBR-B-L 42.4 ± 8.6 0.56 0.73 - 

SBR-P-T 62.1 ± 6.0 0.81 1.07 - 

SBR-B-T 46.8 ± 6.7 0.61 0.81 - 

SND-B-L 37.2 ± 6.9 0.49 0.64 - 

SND-B-T 39.4 ± 6.1 0.52 0.68 - 

ACR-B-L 57.4 ± 5.0 0.75 0.99 - 

ACR-B-T 27.0 ± 5.9 0.35 0.47 - 

EPX-B-L 28.5 ± 7.7 0.37 0.49 - 

EPX-B-T 48.0 ± 6.5 0.63 0.83 - 
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(a) 

 
(b) 

Figure 4.7 - Results of compression tests for (a) different carbon textiles and (b) SBR 

samples under different testing conditions. 

Analyzing the plain matrix compressive strength (Figure 4.7b), an increase of 10 

% and a decrease of 24 % were respectively observed for CLC and direct 

compression on prismatic samples with respect to cylinder tests (76.0 MPa). These 

results indicate a significant influence of shape and scale effect on the results. As 

presented in Figure 4.8, the CLC tests allow limited space for crack propagation 

and may have also contributed for a higher capacity. 

 
(a) 

 
(b) 

 
(c) 

Figure 4.8 - Failure mode of CLC specimens: (a) M-C-30 (b) SBR-C-30-L and (c) SBR-

C-40-L. 

For TRC samples, a slight decrease on compressive strength was observed for 

specimens cut from beams in comparison to specimens extracted from plates. It is 

possible that the process of producing TRC-beams resulted in a poorer compaction 
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of the matrix. Comparing the results of specimens cut out from plates for SBR-TRC 

with those for plain matrix with the same geometry, a reduction of 17.9 % (47.5 

MPa) and an improvement of 7.4 % (62.1 MPa) on compressive strength were 

observed for longitudinal and transverse yarn directions, respectively. 

When comparing the influence of test setup, the best results were found for CLC 

tests. However, it is possible to observe that, even in this case, the presence of fabric 

led to a decrease in compressive strength. In fact, strength of TRC samples when 

tested in CLC was reduced by roughly 13 - 16 % and no significant difference was 

noticed between specimens with 30 and 40 mm of unsupported length. 

Comparing the results for different types of carbon textile, reductions on 

compressive strength were seen for all TRC specimens with respect to plain matrix, 

as discussed in previous studies [3,34–36]. A more pronounced difference on 

compressive strength was observed for ACR and EPX samples. It is important to 

highlight that SBR yarns in warp and weft directions have similar cross-sectional 

areas and sizes, whereas a significant difference can be found for ACR and EPX 

(Table 1). In addition, as already mentioned, a more rigid connection between yarn 

for ACR and EPX is proven due to the stiff impregnation of the textiles, providing 

greater transverse yarn stiffness.  According to Bochman [9] the parameters that 

can influence the behavior of the TRC material under compression are: 

“reinforcement ratio (number of weakness planes); yarn size (size of individual 

weakness); effective area (transverse tensile stress load paths), soft or stiff 

impregnation type of yarn (transverse yarn stiffness); and textile reinforcement 

orientation (inclination of weakness planes) with respect to the loading direction”. 

In all cases, failure was initiated by a longitudinal crack formed in the fabric region. 

As aforementioned, the results obtained for TRC with respect to the plain matrix 

tested to the same setup, the reduction of compressive strength was of about 13-18 

% for CLC test and for the plain prism. Ortlepp et al. [34] proposed a design model 

with a reduction factor of 0.6 for TRC under compression due to the observed 

disintegration when RC columns with TRC confinement was tested. A compression 

strut failure at about 60% of the predicted load was reported by Molter [35] and 

Voss [36] proposed a reduction factor of about 0.30 on compressive strength for 

TRC composites. 
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4.3.3.Tensile Test 

Table 4.6 summarizes the average tensile properties for specimens of 120 x 14 

cross-section area for different carbon-TRC composites and Figure 4.9 shows the 

representative stress-strain curves for each type of carbon-TRC. The composite 

stress was calculated dividing the applied force by the cross-sectional area of 

longitudinal yarns, as suggested in previous works [13,18]. The theoretical tensile 

response can be described by a trilinear curve, where the main stages are: 1) 

uncracked; 2) crack formation; and 3) crack widening up to failure, as presented in 

Figure 4.9. In the figure, the stress and strain corresponding to matrix cracking and 

that define the transition from Stage 1 to Stage 2 are defined as 𝜎cr and εcr, 

respectively. The ultimate stress (𝜎u) and strain (εu) correspond to the curve peak 

load and an efficiency factor kf can be defined as the ratio between σu and the 

nominal textile strength ffu. The slope of third branch of the curve corresponds to 

the effective modulus of elasticity of the textile, defined in this work as Ef,eff.  

The idealized behavior described in the previous paragraph follows the model 

proposed by Goliath et al. [26] and accounts for the tension stiffening effect and for 

the textile efficiency, which depends mainly on the bond between yarn and matrix, 

as well as on the type of impregnation and its ability to activate inner filaments [4, 

16, 37, 38]. The application of the model along with a regression technique to the 

experimental results allows the determination of the following parameters: i) the 

effective stiffness factor that is defined as the ratio between effective and nominal 

textile moduli (ke = Ef,eff/Ef); and the effective concrete tensile strength (fct). Figure 

4.10 presents the model applied to the representative tensile curves. 
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Figure 4.9 - Representative curve for tensile test. 

Table 4.6 - Average results of tensile test for different carbon fabrics. 

Specimen SBR-S-120-450 SND-S-120-450 ACR-S-120-450 EPX-S-120-450 

ncr 1.33 ± 0.57 12.67 ± 1.53 15.50 ± 0.71 19.33 ± 1.53 

Sm (mm) - 40.33 ± 5.07 33.18 ± 1.87 28.32 ± 4.21 

N (mm-1) 0.30 ± 0.13 2.8 ± 0.33 3.40 ± 0.15 4.20 ± 0.33 

wm,u (mm) 0.52 ± 0.17 0.14 ± 0.05 0.38 ± 0.16 0.22 ± 0.12 

wmax,u (mm) - 0.24 ± 0.08 0.58 ± 0.18 0.47 ± 0.16 

𝜎cr (Mpa) 101.11 ± 34.98 107.29 ± 22.48 225.07 ± 65.64 116.58 ± 11.38 

𝜀cr (%) 0.008 ± 0.005 0.007 ± 0.004 0.007 ± 0.001 0.008 ± 0.002 

Fu (kN) 11.30 ± 2.01 23.11 ± 1.37 45.80 ± 7.61 45.84 ± 2.26 

𝜎u (Mpa) 318.33 ± 47.82 694.17 ± 41.00 2242.81 ± 422.48 1190.71 ± 58.80 

𝜀u (%) 0.88 ± 0.21 0.84 ± 0.19 1.03 ± 0.32 1.40 ± 0.14 

kf	 0.18 0.41 0.87 0.45 

Results obtained by the model 

wm,u,mod	 0.87 0.47 0.14 0.38 

𝜏b,ind (MPa) 1.92 9.96 9.29 23.36 

fct (MPa) 2.90 3.58 1.74 4.46 

Ef,eff (GPa) 33.1 64.3 208.7 70.6 

ke 0.19 0.38 1.23 0.42 
ncr – average number of cracks within gauge length; 

N – crack density = number of cracks related to the gauge length; 

wm – average crack width at ultimate tensile strength; 

wmax – maximum crack width at ultimate tensile strength; 

wm,u, mol  – average crack width obtained with the model; 

𝜏b,ind –nominal bond stress determined indirectly with the model. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.10 - Tensile stress vs strain curve for (a) SBR-S-1-450, SND-S-1-450, ACR-S-1-

450 and (d) EPX-S-1-450. 

As reported in previous studies [24, 39], the SBR coating over the dry fibers 

leads to poor adherence to the concrete matrix, ultimately leading to low tensile 

load-capacity (318.2 MPa) and low stiffness after the crack formation stage, as 

shown in Figure 4.10. In this case, dissipation of energy occurs due to slippage and 

SBR-coated TRC specimens exhibit pseudo-ductility [38, 40-42]. When the sand-

epoxy coating is added, the sand improves the friction at the interface between 

matrix and fabric reinforcement and an increase in the tensile strength can be 

observed – 694.2 MPa, i.e. 2.2 times the capacity of plain SBR samples.  
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Superior tensile response was observed for the ACR specimens, despite having 

the lowest reinforcement ratio, with a tensile strength of 2243 MPa. On the other 

hand, EPX samples did not reach the high tensile strength expected values for this 

fabric, with a tensile strength of 1191 MPa. After the tests, EPX specimens 

exhibited microcracks in the grip area. This may have led to inefficient activation 

of the inner filaments, making both strength and stiffness to be lower than expected. 

The crack parameters were obtained using DIC technique. Table 4.6 shows larger 

crack widths at ultimate strength for SBR (0.52 mm) and a reduction of 73% was 

seen when sand-epoxy impregnation was used. It is possible to note a better 

response of SND, ACR and EPX with respect to crack control, confirming that the 

greater bond leads to a denser cracking pattern. In addition, the number of cracks 

of SND, ACR and EPX specimens were about 13, 16 and 19, with average spacings 

of the 40.3, 33.2 and 28.3 mm (Table 4.6) at the failure, respectively.  

To compare the tensile response of different carbon-TRC, the nominal bond 

stress (τb,ind) was determined indirectly through the model proposed by Goliath et 

al. [139]. The parameter was evaluated with the values obtained experimentally in 

tensile test. The values of τb,ind are reported in Table 4.6 and it can be confirmed 

that highest and lowest values of nominal bond strength of 23.4 MPa and 1.92 MPa 

were seen for EPX and SBR, respectively. Both values agree with the results 

obtained in pullout test (Table 4.3). On the other hand, values for ACR and SND 

were near and respectively equal to 9.29 and 9.96 MPa. For ACR specimens, this 

result was half of the peak bond strength observed in pullout test, suggesting that 

the bond capacity was not mobilized due to reduced crack values and limited yarn 

slip during tests. For the SND specimens, the higher bond strength determined 

indirectly (3.4 times the peak bond strength from pullout tests) may be related to 

the positive influence of transverse yarns. 

Regarding the influence of different geometries and setups adopted for SBR 

samples, a significant variation in the strength, strain at failure, stiffness and crack 

width values was observed, as shown in Table 4.7. Using the same approach 

adopted previously, indirect properties can also be obtained and are presented in the 

table. Figure 4.11 shows the stress vs strain curves to assess the influences of cross 

section (Figure 4.11a), setup (Figure 4.11b) and gauge length (Figure 4.11c).  
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Table 4.7 - Average results of tensile test for SBR specimens for different set up 

conditions. 

Specimen SBR-S-120-450 SBR-S-80-400 SBR-G-80-100 SBR-G-80-400 

ncr 1.33 ± 0.57 1.67 ± 0.57 1.00 ± 0.00 3.67 ± 0.58 

N (%) - 0.40 ± 0.14 1.00 ± 0.00 0.90 ± 0.35 

wm,u (mm) 0.30 ± 0.13 0.71 ± 0.16 - 3.33 ± 2.81 

wmax,u (mm) 0.52 ± 0.17 0.74 ± 0.03 3.74 ± 0.69 7.37 ± 4.25 

𝜎cr (Mpa) 101.10 ± 25.19 103.30 ± 14.90 158.00 ± 27.10 92.50 ± 37.68 

𝜀cr (%) 0.008 ± 0.005 0.013 ±0.003 0.002 ± 0.0004 0.021 ± 0.035 

Fu (kN) 11.30 ± 2.01 8.00 ± 0.75 13.50 ± 0.82 10.30 ± 0.77 

𝜎u (Mpa) 318.2 ± 47.82 344.3 ± 32.22 580.10 ± 34.66 453.20 ± 33.35 

𝜀u (%) 0.880 ± 0.210 0.355 ± 0.191 2.993 ± 0.523 2.193 ± 0.692 

kf	 0.18 0.20 0.34 0.27 

Results obtained by the model 

wm,mod 0.87 0.34 4.69 3.70 

𝜏b,ind (MPa) 1.52 0.52 0.64 0.91 

fct (MPa)	 2.90 1.42 2.98 2.80 

Ef,eff (GPa)	 33.1 62.2 13.5 15.6 

ke	 0.19 0.37 0.08 0.09 

 

The reduction of 33 % in the width from 120 to 80 mm led to a slight 

improvement in the tensile strength of about 8 %. According [7], the width depends 

on the mesh dimensions, with a minimum number of fiber strands in the width, 

making possible this reduction for SBR fabric with no loss in tensile strength. 

However, a major difference was observed in the strain capacity, which decreased 

from 0.88 to 0.30 % when reducing the sample width. Consequently, stiffness 

increased significantly and stiffness factors of 0.37 and 0.19 were respectively 

obtained for SBR-S-80-400 SBR-S-120-450, respectively. Since the reinforcing 

ratios are near, the stiffer behavior observed for narrower specimens may be 

explained by crack formation outside the measurement area in all specimens tested 

for the sample SBR-S-80-400. Once the crack forms outside the LVDT 

measurement area, the material behavior becomes apparently stiffer, as can be seen 

in Figure 11a for a strain of about 0.4 %. In addition, an increase of 0.45 to 0.74 

mm was observed for average crack width for these specimens in ultimate tensile 

strength. Comparing the nominal bond stress determined indirectly, smaller values 

for SBR-S-80-400 were obtained (0.52 MPa) compared to SBR-S-120-450 (1.52 
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MPa).  The SBR-S-80-400 lower bond performance may be associated with the 

smaller amount of fiber strand observed for this specimen and the relationship 

between the number and width of cracks. 

 
(a) 

 
(b) 

 
(c) 

Figure 4.11 - Representative tensile stress vs strain curve for SBR specimens: (a) effect 

of cross section, (b) effect of testing setup and (c) effect of gauge length. 

The setup and the gauge length effect is presented in Figure 4.11b. Comparing 

the influence of the grip used, increases of about 30 % in tensile strength and 518 

% in strain capacity were observed for glued tabs in comparison to the screw 

clamped condition. The major influence of the setup was in terms of cracking 

pattern, with an increase of average crack number formed in the specimen from 

1.67 to 3.67 mm and crack width from 0.75 to 7.37 mm for SBR-S-80-400 and 

SBR-G-80-400, respectively. However, in relation to the different setup and 

DBD
PUC-Rio - Certificação Digital Nº 1713245/CA



118 
 

dimensions used, it was observed that the variability in the strain measured at the 

end of each phase is mainly related to the location of the cracks within the gauge 

length. Thus, this fact will directly affect the effective modulus and, consequently, 

the stiffness factor. No studies were found that compare results between the same 

techniques analyzed in this study. 

With respect the gauge length, the reduction of gauge length from 400 to 100 

mm led to a significant increase in tensile strength (30 %) and decrease in strain 

capacity (36.5 %), as can be seen observed in Figure 4.11c. This is a consequence 

of the increase in the anchorage length from 250 to 400 mm. However, the effective 

modulus is the similar in both cases (ke = 0.08~0.09) as well as the crack density (1 

– 0.9 %). A similar behavior was observed in literature [17, 43, 44]. Arboleda et al. 

[37] also observed that increasing the contact length between the metal tabs and the 

specimens the TRC apparent tensile strength increases. According to [17], the 

shorter the gauge length, the greater tensile strength. 

 

4.4.Influence of Material Parameters on Beam Response 

In this Section, the constitutive laws derived from the experimental program are 

adopted in a moment-curvature analysis of TRC beams tested by the authors. The 

experimental program and results are reported in Goliath et al. [26].  

A typical cross-section analysis was carried out, using idealized constitutive 

laws for matrix and reinforcement as presented in Figure 4.12. It is important to 

highlight that an effective response in tension is considered for concrete, to account 

for the influence of textile and tension stiffening effect. Different combinations of 

material parameters were considered for comparison, as summarized in Table 4.7. 

Figure 4.13 presents comparisons between experiments and models adopted, based 

on experimental tensile properties of specimens having 120 mm of width and 400 

mm of anchorage length. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.12 - Idealized constitutive laws. 

Table 4-8 - Different combinations of material parameters. 

Specimen 
Parameters 

ke kf fct (MPa) η  

SBR-S-120-450 0.18 0.19 2.90 0.6 0.8 1.0 

SBR-S-80-400 0.37 0.20 1.42 - - 1.0 

SBR-G-80-100	 0.08 0.34 2.98 - - 1.0 

SBR-G-80-400	 0.09 0.27 2.80 - - 1.0 

SND-S-120-450	 0.38 0.41 3.58 0.6 0.8 1.0 

ACR-S-120-450 1.23 0.87 1.74 0.6 0.8 1.0 

EPX-S-120-450 0.28 0.42 4.46 0.6 0.8 1.0 
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With respect to the reduction factors (η) applied to concrete strength to account 

for the influence of textile on the compressive strength of concrete, it can be seen 

from Figure 4.13 that this parameter did not play a major role on the response. It is 

worth mentioning that in all cases the failure did not occur by crushing the concrete, 

but by shear failure or yarn rupture. Thus, the reduction used had no impact on the 

flexural response of the beams. 

In terms of overall response, a poorer agreement was observed for SBR beams, 

indicating that the properties adopted from the reference tests are not appropriate – 

this difference will be better discussed in the next paragraph. For SND and EPX 

specimens (Figures 4.13b and 4.13d), the models underestimated the flexural 

capacity and stiffness of the beams, but a reasonable agreement with the initial part 

of the curve (up to a moment of 2.5 kNm). For ACR (Figure 4.13c), a better 

agreement was reached when using the parameters derived from the tensile tests. 

However, a shear failure was reported for ACR beam, making the model to 

overestimate the capacity. 

The influence of cross-section, setup and gauge length for SBR can be evaluated 

from Figure 4.14. The best agreement was presented for model with properties 

derived from SBR-S-80-400 tests (model by Goliath et al. [26]), despite the lower 

flexural capacity observed. The greater bending capacity of the specimens may be 

related to the higher transversal stresses acting on the yarn, improving the textile 

effectivity [103]. The SBR-S-120-450, SBR-G-80-400 and SBR-S-80-400 

produced similar effectiveness factor of 0.19, 0.27 and 0.20, respectively. 
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(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

Figure 4.13 - Influence of different parameters on the flexural response of TRC beams. 

 

Figure 4.14 - Influence of different tensile test on flexural response of SBR-carbon TRC. 
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4.5. Conclusions 

In the present work, the mechanical characterization of different carbon-TRC 

composite is investigated and the results used in an analytical model to evaluate the 

flexural response of carbon-TRC I-section beams. Based on the results of the 

experimental investigation carried out in this paper, the following conclusions can 

be drawn: 

1) The characterization of the interface between matrix and yarn indirectly 

measured in tensile test was comparable to the same properties obtained in 

single yarn pullout test for SBR and EPX. In case of SND, the nominal bond 

strength is enhanced in tensile test due the strong connection between warp 

and weft yarn. On the other hand, for ACR specimens, the consideration of 

the weft yarn leads a decrease of bond strength due to the smaller yarn cross-

section area in this direction and less rigidity in the connection between the 

yarns. 

2) The compressive strength of the matrix is reduced due to the incorporation 

of the textile, as well as to the manufacturing process of the TRC elements. 

However, this reduction does not affect the flexural response of tension-

governed carbon-TRC beams. 

3) Tensile tests for different carbon textiles showed the great influence of 

coating, mesh dimensions and stiffness of the fabric in tensile properties. 

The best behaviors were observed for ACR, EPX and SND, respectively, in 

terms of tensile strength, crack pattern and effectiveness modulus of 

elasticity. The results obtained in this test were used to determine indirectly 

the parameters be used in analytical models. 

4) The characterization results for SBR fabric revealed that there was a strong 

influence of dimensions and setup test on the TRC composite response. The 

gauge length has more impact on crack pattern and tensile strength, but 

slight difference in terms of effective modulus of elasticity. 

When comparing analytical results from the models, a major parameter of 

influence is the stiffness factor. It was seen that the test setup consisting of screws 

and a cross section area of 80 x 14 mm led to the better agreement between model 

and experiments. 
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5 Flexural creep of carbon-TRC beams 

Article submitted: January, 2022 – Composite Structures 

 

5.1.Introduction 

Research works on Textile Reinforced Concrete (TRC) have been extensively 

carried out in the past decades and the material’s application in load-bearing 

members is already a reality [1-4]. To date, the main applications for the TRC 

structures are for pedestrian bridges [5], façade panels [6], TRC-pavilions [7,8] and 

parking slabs [9]. TRC is also attractive in structural strengthening of RC beams 

against bending [10-12] and shear [13,14], RC columns [15] and masonry structures 

[16.17].  

Textiles offer superior corrosion resistance and are lightweight materials with 

high tensile strength, therefore rising as potential candidate for internal 

reinforcement of cement-based matrices. These textiles are comprised of 

multifilament yarns in a structured open mesh form. In general, carbon [18-20], 

alkali-resistant glass [21,22], basalt [23,24], PBO [25,26] and natural [27-30] fibers 

have been commonly adopted to produce TRC composites. These fibers can be 

impregnated with a polymer matrix, e.g., styrene-butadiene rubber (SBR) [31,32], 

epoxy [33-36] or acrylate [37-39] for protection, for durability, to allow a different 

yarn shape or to improve bond between yarn and cement matrix [40,41]. Among all 

the fibers used in TRC, carbon is known for its high tensile strength and Young’s 

modulus, superior durability and its effectiveness as reinforcement in cement-based 

matrix [42,43]. Carbon-TRCs exhibit a strain-hardening behavior with crack 

formation and growth stages strongly dependent on the coating adopted [32,38]. 

This will have a significant impact on the serviceability limit states (SLS) of 

structural members, for which appropriate cracking and deflection control must be 

ensured [44,45].  

The bond behavior between carbon fabric and cement matrix has been largely 

studied by many authors [19,20, 32, 38, 46-48] and it has been seen that, in 
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impregnated textiles, this property is highly related to the type of polymer used. 

Epoxy coating (EPX) results in a rigid textile with good chemical affinity with the 

cementitious matrices [49]. In contrast to epoxy, styrene butadiene (SBR) 

impregnation leads to poorer activation of inner filaments and adherence to the 

concrete matrix. The result is a composite with lower stiffness and characterized by 

wide largely spaced cracks [50]. The acrylic based polymer (ACR) impregnation is 

stiffer than SBR and yields moderate adherence to the surrounding cementitious 

matrix [39]; ACR-fabric reinforced TRCs exhibit multiple fine cracking pattern, 

higher tensile strength and higher energy absorption compared to those reinforced 

with SBR-fabric [51]. Despite the relative differences between these impregnations, 

it is known that polymers exhibit relevant creep deformations even at room 

temperature, although studies on fiber reinforced polymers have shown that the 

presence of fibers may reduce significantly the long-term deformation [52,53]. To 

date, little is known about the time-dependent behavior of TRCs with different 

impregnations, which is required for an appropriate assessment of SLS in a 

structural level. 

The understanding about TRC flexural creep behavior is essential for the design 

of structural load-bearing components in terms of serviceability throughout desired 

lifespan. When subjected to sustained loading, increases in deflections and crack 

widths are likely to occur and, in addition, creep rupture may occur at higher 

stresses. This behavior requires a complex understanding of the individual influence 

of the cementitious matrix, filaments, fiber-matrix interface, and filament-filament 

interaction for sustained load over time [54]. The properties that affect the fabric 

behavior under sustained loading are related to the constituents, i.e., fiber 

mechanical properties and coating characteristics. In fact, the quality of 

impregnation is fundamental, and the occurrence of flaws or pores increase stress 

concentration that can result in microcracks [55] that grow under constant loading 

over time until filament fracture. Moreover, cracks in the coating may lead to fiber 

exposure [56, 57]. 

Another parameter that influences creep response is the load ratio – ratio 

between applied load and material’s short-term strength – and environmental 

conditions [54, 58]. Ortlepp & Jesse [58] performed tensile tests in AR-glass TRC 

under sustained load for load ratios up to 80% for a time period of six months. None 

of the specimens failed at load ratios below 60% and they concluded that the time 
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to failure decreases with increasing load ratios for AR-glass TRC. Interaction 

between filament and bond failures was also reported. 

Freitag et al. [54] carried out tests in pre-cracked plates on a climate chamber at 

20°C and relative humidity of 65%. The specimens were manually loaded at load 

ratios between 30 and 80%. As conclusions of the study, slow strain rates during 

the primary and secondary creep stages were observed. The deformations increased 

and time-to-failure decreased with increasing load ratios. 

Spelter et al. [59] investigated the long-term durability of the AR-glass TRC 

under constant load at three different temperatures (20, 40 and 60°C) and load ratios 

between 70 and 97%. For the purpose of deriving a time to failure curve and 

determining a reduction factor for the tensile strength of the carbon textile 

reinforcement, the testing concept described above [59] was used by Spelter et al. 

[56]. The specimens were exposed to water, temperature and pH solution and pre-

cracked up to the final crack pattern. When analyzing the residual capacity, no 

strength loss was observed for this specimen. In fact, an increase of strength was 

found after more than 5000 h of testing in comparison to the short-term tests, which 

was attributed to the alignment of filaments. 

The creep behavior of TRC remains a gap in the knowledge, while appropriate 

comprehension of the phenomenon is relevant for the design of structural members. 

So far, there is no sufficient experimental data available on the overall behavior of 

TRC members to allow studying the complex interaction between phases of the 

composite and developing methodologies for a long-term prediction of the 

behavior. Current guidelines for TRC establish upper bound limits for TRC service 

tensile stress when used for external strengthening of existing masonry or concrete 

structures [59-61].  

The objective of the current research is to investigate experimentally the long-

term behavior of carbon-TRC I-section structural beams under sustained load and 

the influence of different coating conditions (SBR, ACR, EPX and SND). The 

flexural creep tests reported in this work were carried out for three months, during 

which time-dependent deflections and crack openings were monitored. Then, 

specimens were unloaded and had their recovery evaluated for ten days. Finally, 

monotonic tests were performed to assess the members’ residual capacity.   
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5.2.Experimental program 

5.2.1. Materials  

5.2.1.1. Carbon Textile 

Carbon fabrics with three different types of coating were used in this study, 

namely styrene-butadiene rubber (SBR), acrylate (ACR) and epoxy resin (EPX), 

resulting in flexible, moderately-stiff and rigid carbon textiles, respectively. Due to 

the usually poor bond observed for SBR-coated textiles [62], a fourth condition was 

considered, in which an extra impregnation with sand-epoxy (SND) was manually 

applied over the SBR-yarns, resulting in a rigid textile. The different conditions for 

the bidirectional textiles are shown in Figure 5.1 and the properties for each fabric, 

for EPX fabric was provided by manufacturers and for SBR and ACR were reported 

by [51]. by manufacturers are reported in in Table 51. The SBR and ACR carbon 

fabrics were produced by V. FRAAS, Germany, while the EPX-carbon fabric was 

fabricated by Solidian, Germany. 

 
(a) 

 
 

(b) 
 

(c) 
 

(d) 

    

Figure 5.1 - Carbon fabrics with different coating conditions: a) SBR, b) SND, c) ACR 

and d) EPX. 
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Table  5.1– Carbon fabric properties reported by manufacturers. 

 SBR ACR EPX 

Tensile strength (MPa) 1638 2911 2700 

Modulus of Elasticity (GPa) 126 162 250 

Warp Yarn cross-section (mm2) 3.34 1.80 5.44 

Weft Yarn cross-section (mm2) 3.30 0.45 3.85 

Mesh Geometry (mm) 10 x 8.5 16 x 12.7 11.5 x 10.5 

 

5.2.1.2.Cementitious Matrix 

The fine-grained concrete used to produce the TRC beams was composed by the 

Brazilian Portland cement CPII F-32, fly ash, micro silica and a fine aggregate 

natural sand with 1.18 mm maximum diameter. The compressive strength and the 

Young’s modulus were obtained as the average of three samples having 50 mm in 

diameter and 100 mm of height. The characterization was carried out according to 

the ASTM C39 [63], using a servo hydraulic testing machine MTS 810 with load 

capacity of 500 kN. The mixture composition leads to a matrix with a flow table 

spreading of 345 mm, compressive strength of 76 ± 2.6 MPa and a modulus of 

elasticity of 28.4 ± 0.8 GPa at 28 days. More information about the matrix is 

presented in a previous work [64].  

 

5.2.2.I-section beams production 

The I-section structural beams were produced with a total length of 2000 mm, 

having 80 mm of flange width, 180 mm of depth and 12.5 mm of thickness. Eight 

beams were fabricated, with two samples for each impregnation condition studied 

– one for reference monotonic test and another for the flexural creep test. The beams 

were named according to their respective coating condition, i.e. SBR, ACR, EPX 

and SND. All beams were manufactured using the same steel formwork with the 

desired final shape and a single layer of reinforcement was adopted for web and 

flanges. Along the junction between web and flanges, a nylon line was used to tie 

together the orthogonal layers of the reinforcement for assembly purposes, as 

shown in Figure 5.2a. Although preferrable, the reinforcement could not be 
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assembled in C-shape configuration as done in previous works [71, 72, 79, 80], 

because the fabrics used in the present work were supplied with coating and were 

relatively rigid. Therefore, bending in such small radius would cause the transverse 

yarns to break. The I-shape reinforcement was placed in the formwork before 

casting the concrete with the beam positioned horizontally, as shown in Figure 5.2b. 

The concrete was manually vibrated on the outside of the formwork. In all cases, 

the textile warp direction (see Figure 5.1) was placed parallel to the beam axis. 

While the reinforcement was placed manually, care was taken to keep it in the 

middle of the wall thickness. The beams were removed from the formwork after 48 

hours and cured in a humid chamber until they reached 28 days of age.  

As the yarn cross section area of each fabric was different, the geometric 

reinforcing ratio (ρf) for each beam varies, as presented in Table 5.2. The highest 

and lowest reinforcement ratios were 2.74% and 1.28%, respectively for EPX and 

ACR beams, while the SBR and SND had a ratio of 2.29%. This parameter was 

computed using the total yarn cross-sectional within I-section. 

 
(a) 

 
(b) 

Figure 5.2– (a) Reinforcement assemble cage detail and (b) concrete casting process. 

5.2.3. Overview of Experimental Program 

The experimental program includes short- and long-term tests, as detailed in the 

flowchart presented in Figure 5.3. For the short-term reference tests, four beams 

were loaded monotonically up to failure in a four-point bending configuration, 

while having their flexural behavior monitored. For the long-term tests, the program 

comprised the following steps: i) a pre-cracking stage for a total load of 4 kN to 

DBD
PUC-Rio - Certificação Digital Nº 1713245/CA



134 
 

produce an initial cracking pattern; ii) creep tests under a sustained load of 4 kN for 

90 days; iii) unloading and recovery for 10 days; and iv) post-creep monotonic tests 

performed up to failure to assess residual capacity. All tests were initiated with 

specimens at 28 days of age. 

 

Figure 5.3– Flowchart representation of experimental program process. 

5.2.3.1. Monotonic Test 

The beams were tested in a four-point bending configuration over an 1800 mm 

span, with a shear span of 750 mm and constant moment region of 300 mm, as 

shown in the Figure 5.4a. A hinge was placed over the load distribution beam to 

ensure equal force distribution to the loading points. The tests were performed at a 

constant displacement rate of 1 mm/min up to failure using an MTS servo-

controlled hydraulic actuator with 500 kN capacity. A displacement transducer was 

used to monitor the beam mid-span deflection. To measure the crack development, 

digital image correlation (DIC) technique was used over the constant moment 

region. In addition, a strain gage was placed on the top of the beam to record the 

concrete compressive strain at the mid-span. Figure 5.4 shows an overview of the 

setup test and the instrumentation adopted. The same methodology was adopted for 

the pre-cracking and post-creep tests, except that, for the former, tests were 

interrupted at an applied load of 4 kN (roughly 16 – 36 % of the ultimate load) and 

unloaded at a force rate of 1 kN/min. 
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(a) 

 
 

(b) 

Figure 5.4– Overview of the (a) scheme of test and (b) four-point bending setup and 

cross-section beam. 

5.2.3.2.Long-term Test 

As mentioned previously, the long-term test is divided in four main steps, 

namely (1) pre-cracking, (2) sustained loading, (3) recovery and (4) post-creep 

monotonic test, as shown in the flowchart of Figure 5.3. After the pre-loading stage 

up to 4 kN and subsequent unloading, beams were moved to a room with controlled 

temperature (24 ± 1.5° C) and humidity (55 ± 5 %) conditions for the flexural creep 

tests. Figure 5.5a shows an overview of the test setup adopted, which reproduces a 

four-point bending configuration with a constant moment region of 300 mm. For 

reasons of rationalization of laboratory space, only three frames were used to test 

the beams. The SND and ACR beams were tested in the same frame simultaneously 

(SND below), while SBR and EPX were tested in a separate frame.  

Figure 5.5b shows details about instrumentation and load application. A support 

was placed in the middle of the beam span to support the displacement transducer, 

allowing to capture only the mid-span deflection for each beam. As depicted in 

Figure 5b, some of the rollers were allowed to move to mitigate the development 
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of horizontal forces. The load application system consists of a 1000 mm lever arm 

pinned at the wall and supported over the loaded structure. Prior to testing, the 

system was calibrated using load cells and it was concluded that a total dead load 

of 730 N should be added to the system to achieve an applied load of 4 kN over the 

beams. The dead weights were gradually applied over a period of approximately 2 

min to avoid dynamic overload. It is important to highlight that the weight of the 

top beam is approximately 350 N, which is lower than 10% of the applied load and 

is assumed negligible in further analyses.  

The same service load of 4 kN was applied for all specimens. The main objective 

was to analyze the behavior of the beams for a similar applied load. The ratios 

between applied and ultimate loads Ps/Pu (Ps = applied service load; Pu = ultimate 

load) for the beams are shown in Table 2. It is worth mentioning that this ratio does 

not correspond to the textile service-to-failure stress ratio because beams failed in 

shear (see Section 5.3.1). Therefore, Pu is not directly associated the textile capacity 

in tension. The mid-span deflection and compressive strain on the top of the beam 

were continuously monitored with displacement transducer and strain gage, as 

shown in the Figure 5.5. The crack opening of the widest crack was monitored 

weekly through pictures taken from the constant moment region, analyzed with 

Image J software [65].  

After 90 days, the load was removed and the elastic recovery data acquired. The 

DIC technique was used during the unloading process to analyze the crack closure 

and to capture the formation of new cracks. After unloading, the beams were kept 

in the test setup for another ten days and the creep recovery was monitored. Finally, 

the specimens were subjected to a post-creep four-point bending test until failure 

using the same loading system described in Section 5.2.3.1. 
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(a) 

 
(b) 

 
(c) 

Figure 5.5 - (a) Scheme of flexural creep test and (b) details of the instrumentation and 

load application; (c) flexural creep test setup. 
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5.3.Results and discussion 

5.3.1.Short-term Monotonic Tests 

Table 5.2 summarizes the results obtained for the short-term monotonic tests 

carried out for the reference beams and Figure 5.6 shows the failure mode observed. 

SND had its failure governed by yarn rupture in the tension zone (Figure 5.6b), 

whereas SBR (Figure 5.6a) and ACR (Figure 5.6c) exhibited a shear dominated 

failure, characterized by the formation of a critical diagonal crack as well as 

longitudinal cracks along the web-to-flange junction, as a consequence of the weak 

connection used between the web and flange reinforcements (Section 5.2). Sand 

coating strategy was able to prevent the web weft yarns to be pulled out of the 

flange, leading to increased shear capacity. In the case of the EPX (Figure 5.6d) 

concrete cover spalling and yarn rupture of flange and web reinforcements were 

also observed. This beam also presented a shear dominated failure with a critical 

diagonal crack, similar to SBR and ACR. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.6– Failure mode of beams in monotonic test: a) SBR; b) SND; ACR and EPX. 
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Table  5.2– Summary of short-term monotonic tests results. 

Specimen SBR SND ACR EPX 

ρf (%) 2.29 2.29 1.28 2.74 

Pcr (kN) 1.27 1.59 2.02 2.38 

Pu (kN) 13.45 16.06 11.21 24.71 

Ps/Pu 0.30 0.25 0.36 0.16 

δu (mm) 26.89 25.48 18.97 36.06 

Mu (kN.m) 5.04 6.02 4.21 9.26 

fct (MPa) 2.26 4.82 5.03 5.89 

Ef (GPa) 71.6 76.1 147.8 68.6 

σf,s (MPa) 234.8 235.3 422.0 197.1 

σc,s (MPa) 13.9 13.7 13.3 13.4 

LR 0.14 0.14 0.15 0.07 

wm,s (mm) 0.25 0.04 0.02 0.02 

wmax,s (mm) 0.32 0.09 0.06 0.05 

sm,s (mm) 110.32 36.15 49.64 22.00 

sm,u (mm) 110.32 25.64 35.42 14.84 

𝜏b  (MPa) 0.36 0.54 4.08 37.6 

Failure mode 
Shear 

Flexural 

(tension) 
Shear 

Shear (yarn 

rupture) 

ρf – geometric reinforcing ratio; 

Pcr – first crack load; 

Ps and Pu – service (4 kN) and ultimate loads, respectively; 

Mu – bending moment at ultimate load; 

δu – mid-span deflection at ultimate load; 

σf,s – tensile stresses at outermost yarns for service load; 

σc,s – compressive stress at the outermost concrete fiber for service load 

wm,s and wmax,s – mean and widest crack widths at service load; 

sm,s and sm,u – average crack spacing at service and ultimate loads; 

𝜏b – nominal bond stress; 

fct – effective concrete tensile strength; 

Ef – effective textile tensile modulus; 

LR – load ratio 

 

Since beam response is highly influenced by coating [64], the effective modulus 

of elasticity (Ef) and the effective cracking stress (fct) for each beam were indirectly 

obtained through regression of experimental results for load interval between 2 kN 

and 6 kN, considering the approximate linear elastic model described in Appendix 

A. Values of Ef and fct are summarized in Table 5.2. Comparing these effective 

moduli of elasticity with those reported by manufacturer (Table 5.1), efficiency 
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factors of 0.57, 0.60, 0.91 and 0.27 are found for SBR, SND, ACR and EPX. While 

efficiency factors for SBR, SND [64] and ACR are in good agreement with 

literature, EPX value seems quite low. According to Valeri et al. [71], once the 

fabric is embedded in a cementitious matrix, a reduction in the cracked stage is 

assumed and the efficiency factor is adopted to take into account the non-uniform 

profile of stresses. This response depends on many factors related to the type of 

fabric (mesh opening, manufacturing process, coating, surface treatment, 

bumpiness) and on its anchorage conditions (length and properties) [71-78].  

The stresses mobilized at the outermost yarns in tension can then be obtained 

from a typical linear cross-section analysis. Based on the reference ultimate strains 

presented in Table 5.1 for each material (1.3% for SBR and SND; 1.8% for ACR; 

and 1.1% for EPX) , the load ratio (LR) with respect to the textile strength can be 

estimated for each case, as presented in Table 5.2. It can be seen that the load ratio 

ranges from 0.07 to 0.15, which indicates low utilization of the textile. Under these 

assumptions, it can be seen that the stresses differ for each beam due to the different 

geometric reinforcing ratios. The anticipated maximum textile stress at service 

occurs for the ACR beam (422 MPa), while the stress for EPX beam were slightly 

lower than 200 MPa (less than half of ACR). Regarding the concrete compressive 

stress, values ranging between 13.3 and 13.9 MPa were observed. 

 

Figure 5.7– Load-deflection curves from monotonic test for beams with different textile 

reinforcements and reinforcing ratios. 
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Figure 5.8 shows the crack patterns at the constant moment region obtained with 

DIC technique for all beams at two different instants of time: at a service load Ps of 

4 kN and immediately before failure (Pu). The number and width of the cracks, the 

distance between them and the crack associated with the corresponding analyzed 

loads were monitored using DIC. At first, it can be seen that the service load does 

not correspond to the end of the crack formation stage, particularly for SND, ACR 

and EPX beams, for which the number of cracks significantly increased with 

loading. This figure reveals an excellent bond performance for SND and EPX 

beams and a poor cracking behavior for SBR. ACR exhibited a lower number of 

cracks in comparison to SND and EPX, which can be partially associated to its 

lower reinforcing ratio. 

 

 Ps Pu 

SBR 

  
(a) 

SND 

  
(b) 

ACR 

  
(c) 

EPX 

  
(d) 

Figure 5.8– Cracking pattern of beams not in scale, only for crack pattern observation 

purposes): a) SBR; b) SND; c) ACR; d) EPX. 
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Crack growth was also analyzed through the moment vs crack opening relation 

(M x w), as shown in Figure 5.9, where the average crack opening was estimated as 

the total elongation monitored at the bottom of the beam within the constant region 

divided by the final number of cracks formed at this region. This figure indicates 

an excellent bond performance for EPX beam, with very thin cracks formed. ACR 

also exhibited cracks, despite the lower ρf and larger stresses applied. Finally, it can 

be seen that the additional sand-coating strategy for SBR led to a significant 

improvement of cracking performance, as already observed in previous works [49, 

66-70]. Values of crack opening and spacing load are also presented in Table 2 for 

reference. Since cracking openings are dependent on a number of parameters that 

are different for each beam such as the applied stress, modulus of elasticity, 

concrete tensile strength and reinforcing ratio, an attempt was made to compare the 

performances in terms of the nominal bond stress, τb. To do so, the model described 

in Appendix A was used and τb was determined indirectly through regression to 

minimize the error between the slopes of theoretical and experimental M x w curves 

at the stabilized cracking stage. Based on the values of τb reported in Table 2, it can 

be confirmed that EPX has the strongest bond strength (37.6 MPa), which is about 

100 times that of SBR (0.36 MPa). On the other hand, values of τb for ACR and 

SND were near and respectively equal to 4.08 and 5.04 MPa.  

 

Figure 5.9– Moment vs average crack opening. 

5.3.2. Long-term Tests 

Table 5.3 summarizes the global results obtained during the long-term tests 

campaign, while typical load vs deflection and deflection vs time curves are 
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presented in Figures 5.10a and 5.10b, respectively. In Figure 10b, relevant creep 

parameters such as the immediate deflection (δ0), the long-term deflection (δ90) and 

deflection recovery (δr) are defined. In the discussions presented hereafter, these 

and other similar parameters related to crack opening (w0, w90 and wr) and 

compressive strain (ε0, ε90, εr) are adopted. Additionally, the numbers used in the 

subscript correspond to the age at which the parameter was evaluated, e.g. ε90 

corresponds to the strain measured at 90 days. 

 
(a) 

 
(b) 

Figure 5.10– Flexural creep test graphical representation of the (a) process and (b) creep 

parameters over time. 

Table  5.3– Summary of long-term tests results. 

Specimen  SBR SND ACR EPX 

Pre-cracking Pcr (kN) 2.22 3.66 2.27 2.13 

Post-creep 

tests 

Pu (kN) 13.45 21.15 11.12 25.04 

δu (mm) 25.63 29.13 15.71 35.51 

Mu (kN.m) 5.19 7.93 4.40 9.39 

sm,u (mm) 156.00 13.12 36.98 12.00 

Failure mode Shear 
Shear (Yarn 

rupture) 
Shear 

Shear (Yarn 

rupture) 

Pcr – first crack load; 

Pu – ultimate load; 

δu – deflection at ultimate load; 

Mu – ultimate moment; 

sm, u – average spacing at ultimate load. 
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Figure 5.11 presents the load vs deflection curves for short and long-term tests, 

for each beam type. A good agreement between tests was achieved for the pre-

cracking stage, with differences mainly associated to the inherent variability in 

concrete tensile. Higher cracking forces (Pcr) were particularly observed for SBR 

and SND beams, i.e. 74.8% and 108% with respect to the short-term tests. When 

unloaded and reloaded for the creep test, ACR and SND beams exhibited ‘jumps’ 

in the immediate deflection, with the formation of additional cracks that could not 

be captured in a controlled way. This may be attributed to the incremental manual 

force application procedure during the reloading of beams at the creep frames. 

Nonetheless, immediate deflections at the beginning of creep tests were similar to 

that observed at service load (4 kN) during short-term tests. Aspects of the behavior 

observed at the post-creep test will be discussed further. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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Figure 5.11– Load-deflection curves comparing the monotonic test with the creep 

process for a) SBR, b) SND, c) ACR and d) EPX. 

The deflection response of the beams analyzed during the creep tests is presented 

in Figure 5.12a, whereas the evolution of creep deflection coefficient – φδ,t = δt/δ0 

– is shown in Figure 5.12b, in which δ0 and δt are deflections occurred at given 

times 0 and t, respectively, where 0 corresponds to the instant of time immediately 

after load application was completed. The behavior resembles a typical creep 

response, with well-marked primary and secondary creep stages – tertiary does not 

appear due to relatively short test duration. It can also be seen that deflections grow 

quickly immediately after loading for SBR specimen, which indicates a high creep 

rate at the primary creep stage. The deflections δ0 and δ90 and some φδ,t values are 

presented in Table 5.4. As expected, SBR beam exhibited the greatest immediate 

deflection (δ0 = 3.77 mm) and EPX the lowest (2.49 mm). When analyzing the creep 

deflection coefficient, the SBR deflection after 90 days was 2.3 times the immediate 

value; in fact, a significant increase could already be seen after 10 days. Other 

beams also exhibited relevant creep coefficients, nearly 1.4-1.6 after 90 days, i.e. 

much lower than that SBR. In this context, it is interesting to compare the results 

for SBR and SND beams, which are reinforced with the same type of textile (but 

different coating conditions) and are subjected to similar tensile and compressive 

stresses (see Section 5.3.1), but have different φδ,t values. This difference indicates 

that the effective compliance of the reinforcement is dependent not only on the 

textile material properties, but also on its bond with the matrix. In the graphs, small 

discontinuities in the curves might be related to slight variations in temperature and 

humidity during the test. 

Table  5.4– Long-term evolution of parameters related to overall beam performance. 

Parameter SBR SND ACR EPX 

δ0 (mm) 3.77 3.55 2.97 2.49 

δ90 (mm) 8.67 5.73 4.40 3.62 

δr (mm) 3.43 2.80 2.74 2.35 

φδ,10 1.92 1.39 1.32 1.25 

φδ,30 2.07 1.48 1.40 1.34 

φδ,60 2.17 1.55 1.44 1.41 

φδ,90 2.30 1.61 1.48 1.45 

ε0 (mm) -0.39 -0.30 -0.32 -0.30 
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ε90 (mm) -0.69 -0.53 -0.66 -0.70 

εr (mm) * -0.34 -0.37 -0.30 

φε,10 1.77 1.17 1.66 1.70 

φε,30 1.87 1.50 1.94 2.03 

φε,60 1.72 1.53 1.84 2.07 

φε,90 1.77 1.77 2.06 2.33 

Ef,0/Ef,10 1.79 1.30 1.16 1.10 

Ef,0/Ef,30 1.92 1.32 1.19 1.12 

Ef,0/Ef,60 2.04 1.37 1.23 1.16 

Ef,0/Ef,90 2.13 1.39 1.23 1.16 

* After the unloading process, the compressive strain can not be measured for SBR 

specimen. 

 

 
(a) 

 
(b) 

Figure 5.12– Long-term deflections: a) deflection-time curves and b) evolution of creep 

deflection coefficients. 

The unloading process occurred after 90 days, and the deflection recovery (δr) 

was recorded (Figure 5.12a). Overall, the immediate elastic deflection recovery was 

slightly lower than the immediate deflection after loading. SND, ACR and EPX 

beam had a similar recovery of 2.80, 2.74 and 2.35 mm, respectively, while the 

SBR beam presented a recovery of 3.43 mm. Negligible long-term recovery was 

observed during the remaining 10 days for all beams. 

In Table 5.4, the compressive strains measured at the beginning and by the end 

of the creep tests (ε0 and ε90, respectively) at the compression region of each beam 

are reported, as well as the creep strain coefficients at various t days of ages (φε,t = 

εt/ε0). It can be seen that, after 90 days, the strains roughly doubled. It is interesting 
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to point out that, although the compressive stresses at the SBR and SND beams are 

higher at the service load (Table 5.2), these beams exhibited lower creep 

coefficients than ACR and EPX beams. This may be associated to slight changes in 

the neutral axis depth during creep due to differential long-term deformations of 

concrete and textile reinforcement. 

To estimate the textile compliance with time, two main hypotheses are assumed: 

i) the beam deflection at a given time t is obtained as the difference between the 

deflection calculated considering cracked stiffness (δcr) and the tension stiffness 

contribution (δc), following the model described in Appendix A; and ii) the 

variations in the concrete compressive strain with time described by parameter φε,t 

can be interpreted as a reduction in the concrete modulus, i.e. φε,t = Ec,0/Ec,t, where 

Ec,0 and Ec,t are the moduli at times 0 ant t, respectively. As a consequence of these 

assumptions and considering negligible changes in the tension stiffening 

contribution with time, the time-dependent cracked stiffness Ec,tIcr,t can be 

correlated with the immediate cracked stiffness Ec,0Icr,0 according to Eq. 5.1 – with 

δc/δ0 estimated from short term tests for the service load. Then, having the concrete 

modulus and Ec,tIcr,t values for each instant of time t, the time-dependent textile 

effective modulus Ef,t can be determined indirectly from the simple cross-sectional 

model (Appendix A). Values of Ef,0/Ef,t – hereafter called normalized textile 

compliance – for different instants of time are reported in Table 5.4 and it can be 

seen that SBR-based textiles exhibit significant deformation under sustained load 

due to the viscoelastic nature of the coating. Comparing SND and SBR beams, it is 

clearly seen that the bond also plays an important role, avoiding slippage with time 

and keeping the effectivity of the reinforcement. In fact, the effective textile 

deformation after 90 days increased 113% and 39% for SBR and SND beams, 

respectively. On the other hand, epoxy- and acrylate-based textiles seem to be much 

less affected by sustained load – 16% of increase for EPX and 23% for ACR. 

Although simple, the strategy presented in this paragraph allows estimating the 

contribution of long-term textile performance to the creep behavior of the structural 

member. 

𝐸&,'𝐼&),' = 𝐸&,+𝐼&),+
1 + 𝛿&/𝛿+
𝜑,,' + 𝛿&/𝛿+

 Eq. 5.1 

Figure 5.13 shows the crack patterns for the constant moment region in three 

different stages: i) after the pre-loading stage at a 4 kN load (Ps); ii) after the creep 
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tests, with members unloaded; iii) immediately before failure, after post-creep test 

(Pu). It can be seen that additional cracks formed during the creep tests for SND, 

ACR and EPX beams. As mentioned previously, some cracks formed during the 

manual loading application, but a few formed also during the creep test, which may 

indicate a certain enhancement of nominal bond stresses. Additional cracks formed 

during the post-creep test. Graphs of moment vs crack opening for the widest crack 

of each beam are also presented in Figure 5.14, along with corresponding openings 

observed in the short-term tests. Creep crack coefficients – φδ,t = wt/w0 – are 

summarized in Table 5.5, where w0 and wt are openings observed at 0 and t days, 

respectively. It can be seen that cracks for the SBR beam almost doubled after 90 

days, while the ACR cracks showed increases as low as 6% in the same period. 

Cracks for EPX and SND beams increased by about 20%. It is important to note 

that precision and accuracy of crack opening measurements during creep tests were 

low and the coefficients presented in Table 5.5 correspond to rough approximations. 

Considering the simple crack model described in Appendix A, the long-term 

nominal bond stress τb,t at a time t can be related to its immediate value according 

to Eq. 5.2. The ratios between τb,0 and τb,t for t = 30, 60 and 90 days are presented 

in Table 5.5. The results for all beams but EPX apparently reveal that two 

competing mechanisms developed with time: i) at early ages, nominal bond stress 

was enhanced due to late cement hydration and/or, in case of an ascending linear 

bond-slip law branch, due to small increments in textile slip; and ii) later, bond 

stress started decaying possibly due to long-term slippage at the matrix-textile 

interface. For the EPX beam, results are not conclusive. 

𝜏-,' = 𝜏-,+
𝐸!,+/𝐸!,'
𝜑.,'

 Eq. 5.2 

 
 Pre-cracking – Ps Unloaded Complete 4-point bending test – Pu 

SBR 

   
(a) 

SND 
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(b) 

ACR 

   
(c) 

EPX 

   
(d) 

Figure 5.13– Cracking pattern of beams obtained using DIC: a) SBR; b) SND; c) ACR; 

d) EPX. 

 

Table  5.5– Long-term evolution of parameters associated to cracking. 

Parameter SBR SND ACR EPX 

w0 (mm) 1.07 0.10 0.12 0.09 

w90 (mm) 2.21 0.12 0.13 0.11 

φw,30 1.35 1.10 1.00 1.11 

φw,60 1.68 1.10 1.00 1.22 

φw,90 1.98 1.20 1.08 1.22 

τb,0/τb,30 0.70 0.83 0.84 0.99 

τb,0/τb,60 0.83 0.80 0.81 1.05 

τb,0/τb,90 0.92 0.86 0.88 1.05 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 5.14– Moment vs maximum crack opening for: a) SBR; b) SND; c) ACR and d) 

EPX beams. 

The failure modes for the beams after long-term testing are shown in Figure 5.15. 

All beams presented a similar abrupt and shear failure mode, with one critical 

diagonal crack between one of the supports and the nearest load application point. 

A similar failure was observed for SBR and ACR specimens for both short-term 

(Section 5.3.1) and post-creep tests, with slight changes in the crack shape and 

position. In the case of ACR, the diagonal crack failure region was larger and 

showed greater concrete spalling, whereas for the EPX beam no difference in the 

failure mode was found. Nevertheless, reinforcement failure was observed for the 

latter and beam was separated into two parts instantly once ultimate load was 

achieved. The SND beam presented the most significant difference rupture among 

tested beams; as shown in Figure 5.15b, rupture of web warp yarn occurred, 

followed by longitudinal tearing along web-to-flange junction across the entire 

length between the support and the load application point. This beam also showed 

an increase of about 32% in the load-carrying capacity when compared to its short-

term counterpart, while the other had similar ultimate loads for both tests. This 

difference may be associated to inherent variabilities of material and fabrication 

procedure and more tests are necessary to confirm this trend. In general, no strength 

loss was observed for carbon-TRC beams after being subjected to a sustained load 

for 90 days, in agreement to the behavior observed by Spelter et al. [56] for carbon-

TRC plates subject to tension. Finally, Figure 5.11 shows that all the specimens 
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tested followed load-displacement paths similar to that for short-term tests, 

indicating negligible loss of stiffness after the sustained loading period. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.15– Failure mode of beams after residual bending tests: a) SBR; b) SND; ACR 

and EPX. 

5.4.Conclusions 

To investigate the long-term behavior of the carbon-TRC beams, short and long-

term bending tests were performed for beams with different coating conditions 

(styrene‐butadiene rubber - SBR, acrylate - ACR and epoxy - EPX, and SBR with 

an extra sand-coating - SND). It is important to highlight that although important 

conclusions were provided for the knowledge of the creep behavior of TRC beams, 

the number of samples was small, requiring further investigation. The main 

conclusions that can be drawn from this paper are: 

1) All beams, in both tests, presented an abrupt failure at ultimate load, mainly 

governed by shear. Beams subjected to post-creep test did not show any sign 

of reduction in capacity; SND beam, in fact, showed a significant increase, 

but this trend needs to be confirmed with additional tests. 

2) Since beams had different reinforcing ratios, an analytical linear model was 

successfully used to derive indirectly the effective textile moduli, concrete 
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tensile strength and the nominal bond stress, leading to results similar to 

those observed in literature. 

3) The aforementioned model was later used to assess the evolution of long-

term textile modulus and bond stress. The method indicates that SBR 

textiles are strongly affected by sustained load and have their effective 

deformation increased by 113% beams after 90 days, while increases of 39, 

23 and 16% were seen for SND, ACR and EPX, respectively, under the 

same load. The differences between SND and SBR beams seem to indicate 

the bond also plays an important role, avoiding slippage with time and 

keeping the effectivity of the reinforcement. 

4) With respect to cracking, SBR beam exhibited few wider cracks that grew 

significantly over time, while EPX had the closest and finest cracks among 

all beams. SND, ACR and EPX beams formed new cracks during the 

manual loading application procedure, as well as during the creep test. The 

reduction in effective modulus was not accompanied by the crack width. In 

fact, the results revealed an enhancement of bond stress at early ages, which 

may be partially attributed to late cement hydration. As time increased, the 

bond stress started decaying, possibly due to long-term slippage at the 

matrix-textile interface. 

5) Results presented in the current work may raise interesting discussion about 

the different mechanisms affecting creep behavior and the parameters 

obtained may be useful for the development of a design strategy.  
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6 General Conclusions 

This work presented the results of an investigation including the experimental 

characterization of carbon-TRC and the response of I-beams made with the 

material. For such, a literature review was exposed to demonstrate the TRC 

application and to evaluate the composite properties, as well as its response in short- 

and long-term test. Finally, the experimental mechanical characterization of these 

carbon-TRC composites was widely analyzed and then investigated their flexural 

response as a profiled beam. 

The general conclusions are: 

• cracking behavior was greatly improved with the use of SHCC matrix with 

respect to a plain matrix. The use of short fibers in combination with textile 

was not able to enhance the bond performance between carbon-textile and 

concrete and the load-bearing beam capacity. However, the SHCC matrix 

was able to improve the ductility and cracking load due to concrete softening 

mechanism and fiber bridging mechanism, respectively. 

• the effectiveness of the sand surface treatment in SBR laminate fabric was 

confirmed by the stiffer and stronger interface compared to plain SBR 

fabric. Improvement in load-bearing capacity, the tension stiffening 

mechanism, the connection between warp and weft yarn, the crack pattern 

and bond performance were observed when sand-epoxy was used. 

• a design model proposed to evaluate the bending performance of the TRC 

beams presented a good agreement for moment-curvature experimental and 

theoretical relations for beams. For the beam with SHCC, it is necessary to 

consider the premature softening mechanism through of a reduction factor. 

To measure crack opening in specimen with sand-impregnation, it is 

necessary to take into account the influence of the cross yarn.  

• the characterization of the interface between matrix and yarn indirectly 

measured in tensile test was showed to be more effective in representing the 

bond performance between materials. In this way, it is possible to take into 

account the influence of connection between warp and weft yarn. 
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• despite the compressive strength of the matrix to decrease due to the 

incorporation of the textile, this reduction does not affect the flexural 

response of tension-governed carbon-TRC beams.  

• the tensile tests revealed that there was a strong influence of dimensions and 

setup test on the TRC composite response, as well as the different coating 

of the fabrics. The major difference in test configuration was observed in 

terms of effective modulus of elasticity, when analyzed the use of this 

parameter in analytical model. The gauge length has more impact on crack 

pattern and tensile strength, but slight difference in terms of effective 

modulus of elasticity. Tensile tests for different carbon textiles showed the 

great influence of coating, mesh dimensions and stiffness of the fabric in 

tensile properties. Suitable values can be derived from the tensile parameters 

and to characterize the composite, making it possible to predict the bending 

response of carbon-TRC elements with a great agreement of experimental 

curves.  

• carbon-TRC beams subjected to post-creep test did not show no loss in 

flexural capacity. All beams, in short and long-term tests, presented an 

abrupt failure at ultimate load, mainly governed by shear. An analytical 

linear model was successfully used to derive indirectly the effective textile 

moduli, concrete tensile strength and the nominal bond stress, leading to 

results similar to those observed in literature.  

• the aforementioned model indicated that SBR beam is strongly affected by 

sustained load and it was observed a poorer creep behavior in terms of 

deflection and crack width for this beam. The use of sand-impregnation in 

SBR-laminate textile indicated the bond also plays an important role in 

sustained loading, avoiding slippage with time and keeping the effectivity 

of the reinforcement. SND, ACR and EPX beams formed new cracks during 

creep and the reduction in effective modulus observed was not accompanied 

by increase in crack width. This can be explained by an improvement in 

bond stress at early ages. 
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6.1. Suggestions for Future Works 

This study has presented novel results to contribute to TRC knowledge regarding 

the material characterization and flexural creep behavior. However, it is evident 

that, in parallel, it demonstrates new demands for specific investigations that may 

be explored in future works, such as: 

 

• Investigate the long-term behavior of TRC-beams with SHCC matrix; 

 

• Production of beams with better flange-to-web connection (better “assemble 

cage reinforcement”) as well as increased reinforcement rate; 

 

• Investigation of the parameters that influence the shear strength of carbon-

TRC beams; 

 

• Creep tests of the fabric and composite under tensile stresses as well as the 

fabric-matrix interface. 
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7 APPENDIX A 

In this Section, the simplified model adopted throughout the present work to 

analyze the behavior of an I-section is presented. First of all, the moment x average 

curvature (M x Φ) is assumed according to Figure 7.1a, where Mcr = 2 Ig fct / h is 

the I-section moment at cracking (Ig is the moment of inertia of the gross section 

about major axis, fct is the effective concrete tensile strength and h is the beam 

depth), EcIcr is the cracked flexural stiffness (Ec is the concrete modulus of elasticity 

and Icr is the cracked moment of inertia) and ΔΦ is the reduction in curvature due 

to tension stiffening effect. The slope of the curve before Mcr is reached is equal to 

EcIg. The value of Ig can be estimated assuming a plain concrete I-section, whereas 

the value of Icr can be obtained from the transformed section method, considering 

usual beam theory hypotheses, linear elastic materials and neglecting influence of 

concrete in tension. Finally, ΔΦ is defined as ΔΦ = ΔM/EcIcr, in which ΔM is the 

additional moment produced by the average concrete tensile stresses acting at the 

tension portion – vary from 0 at the cracked section to approximately fct between 

cracks. For sake of simplicity, superposition of effects and plastic stress distribution 

are assumed and, therefore, ΔM = Zpl (fct/2), where Zpl is the cross-section plastic 

modulus. 

  
(a) (b) 

Figure 7.1– Models adopted for theoretical analysis: a) moment vs curvature; b) moment 

vs crack opening. 
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With the theoretical moment-curvature (M-Φ) relation properly defined, its 

correlation with load-displacement (P-δ) at mid-span can be estimated through the 

classic elastic line equation for a four-point bending configuration, as follows: 

Φ =
24𝛿

3𝐿/ − 4𝑎/ 
Eq. 7.1 

 

in which L and a are the beam length and shear span, respectively. Moreover, 

correlation between the total load P and the bending moment M is simply given as 

M = Pa/2. 

In Figure 16b, the simple moment x crack opening relation adopted in the work is 

presented, which is divided in two stages: i) sudden crack growth (plateau); and ii) 

linear crack growth (stabilized). As a first step, the average crack spacing, sm, can 

be determined according to the model described by Goliath et al. [64], as follows: 

s( = 2
𝑓&'

𝜏-=𝑈!/𝐴!@𝜌!
 Eq. 7.2 

 

where τb is the nominal bond stress, ρf is the reinforcing ratio and Uf/Af is ratio 

between reinforcement perimeter and cross-sectional area. Finally, assuming that 

the textile tensile stress remains approximately constant between cracks at the 

stabilized crack stage and considering negligible deformation of concrete, the crack 

opening in the linear range can be estimated according to Eq. 7.3. In this equation, 

Ef is the textile modulus of elasticity and the term in parenthesis represents the stress 

at the outermost yarn. 

𝑤 =
𝑠(
𝐸!
C
𝑀
𝐼&)
ℎ
2F 

Eq. 7.3 
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