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Abstract 

Teixeira, Felipe Pinheiro; Silva, Flávio de Andrade (Advisor). Mechanical 

Behavior of Natural Fiber Cement Based Composites for Structural 

Applications.  Rio de Janeiro, 2020. 118p. Doctoral Thesis – Department of 

Civil and Environmental Engineering, Pontifícia Universidade Católica do 

Rio de Janeiro. 

This work experimentally discusses the use of natural fibers in cement-based 

composites for the strengthening of concrete structural elements. For such, the 

morphology and durability of curauá, hemp, and sisal fibers were analyzed, as well 

as their mechanical properties. Among the studied fibers, the curauá presented the 

best performance, which justified its implementation as reinforcement for cement-

based composites. For the composite design, it was decided that the volume of 

fibers would be applied splitted into three parallel layers, in a longitudinally aligned 

arrangement, like a unidirectional fabric. A layer of this fabric was performed under 

a tensile test aiming to better understand its mechanical behavior. The cement-based 

composites reinforced with curauá fabric were mechanically characterized by 

tensile, bending, combined load compression, and shear tests. After the 

investigation at the material level, the developed composite was applied over the 

surface of structural beams as laminates, seeking to provide its strengthening under 

two distinct loading conditions: bending and shear. The experimental results of the 

structural tests were confronted with analytical models for comparison. The 

composites showed a high mechanical performance, achieving the strain-hardening 

behavior in all cases. When used as a structural reinforcement, the composite 

provided to the beams increases of strength and ductility. It was also observed a 

yielding delay in the steel reabars. 

 

Key-words 

 Natural fibers; Cement based composites; Mechanical characterization; 

Structural tests. 
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Resumo 

Teixeira, Felipe Pinheiro; Silva, Flávio de Andrade (Orientador). 

Comportamento Mecânico de Compósito à Base de Cimento Reforçado 

com Fibras Naturais para Aplicações Estruturais.  Rio de Janeiro, 2020. 

118p. Tese de Doutorado – Departamento de Engenharia Civil e Ambiental, 

Pontifícia Universidade Católica do Rio de Janeiro. 

Este trabalho discute experimentalmente a utilização de fibras naturais em 

compósitos cimentícios para o reforço de elementos estruturais de concreto. Para 

tal, foram analisadas a morfologia e a durabilidade de fibras de curauá, cânhamo e 

sisal, bem como suas propriedades mecânicas. Dentre as fibras estudadas, o curauá 

apresentou o melhor desempenho, o que justificou sua implementação como reforço 

nos compósitos cimentícios. Para o projeto do compósito, foi decidido que o 

volume de fibras seria aplicado dividido em três camadas paralelas, em um arranjo 

alinhado longitudinalmente, como um tecido unidirecional. Os compósitos 

cimentícios reforçados com tecido de curauá foram mecanicamente caracterizados 

por testes de tração, flexão, compressão e cisalhamento. Após a investigação no 

nível material, o compósito desenvolvido foi aplicado sobre a superfície das vigas 

estruturais como um laminado afim de aumentar a capacidade portante sob duas 

condições de carregamento: flexão e cisalhamento. Os resultados experimentais dos 

ensaios estruturais foram confrontados com modelos analíticos para comparação. 

Os compósitos apresentaram um comportamento mecânico de alta performance, 

tendo alcançado o comportamento strain-hardening em todos os casos. Como 

reforço estrutural, o compósito proporcionou às vigas aumentos de resistência e 

ductilidade. Foi observado também um atraso no escoamento dos vergalhões de 

aço. 

 

Palavras-chave 

 Fibras naturais; Compósitos à base de cimento; Caracterização mecânica; 

Ensaios estruturais. 
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1. Introduction 

1.1. Motivation 

The use of natural fibers as reinforcement in cement-based matrices is 

presented as an economical and ecologically friendly alternative for the future of 

the construction industry. Many authors [1–9] described that this kind of composite 

material exhibits durability and excellent mechanical behavior, presenting increases 

of strength and strain capacity after the first crack, due to the multiple-cracking 

ability. However, even showing a high mechanical potential, its applications still 

limited to elements such as tiles [10–12], paving blocks [13,14], or non-structural 

masonry [15–17]. 

Therefore, to fill this gap, the present work develops and analyzes a 

cementitious composite reinforced with natural fibers, aiming its application as a 

structural reinforcement, evaluating its contribution to the strengthening of concrete 

elements. 

 

1.2. Objectives 

The present work seeks to study the use of a cementitious composite 

reinforced with natural fibers applied as a structural reinforcement. For this, three 

stages were developed: 1) the analysis of the morphology, mechanical strength, and 

durability of natural fibers; 2) the development and mechanical characterization of 

a composite reinforced with natural fibers; and 3) the application of this new natural 

fiber-composite as a reinforcement of structural elements and the characterization 

of its mechanical contribution. 

This study seeks to explore the mechanical characterization of the composite 

to understand its failure mode and cracking processes, correlating its behavior at 

the material level to the structural performance and, finally, proving its potential for 

use. 
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1.3. Work Organization 

Chapter 1: Introduction 

This chapter presents the thesis motivation and objectives. 

Chapter 2: Literature Review 

This chapter presents a literature review on 1) natural fibers; 2) cementitious 

composite; and 3) natural fibers reinforced cement-based composites. It presents 

information about mechanical behavior, durability, and application of fibers 

reinforced composites. 

Chapter 3: Degradation Mechanisms of Curaua, Hemp, and Sisal Fibers 

Exposed to Elevated Temperatures 

This chapter presents the influence of elevated temperatures on mechanical 

behavior and morphology of different natural fibers. The thermal influence is 

discussed in a microstructural basis. 

Chapter 4: On the Use of Natural Curauá Reinforced Cement Based 

Composites for Structural Applications 

This chapter shows an investigation about mechanical behavior and cracking 

mechanisms of a cementitious composite reinforced with natural fiber, towards its 

use as reinforcement for a structural concrete element. 

Chapter 5: On the Shear Behavior of Natural Curauá Reinforced Cement 

Based Composite Systems 

This chapter seeks to comprehend the shear mechanical behavior of a 

cementitious composite reinforced with natural fibers and its application as a shear 

structural reinforcement. 

Chapter 6: Conclusions 

This chapter presents a general briefing on the issues discussed in the thesis. 
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2. Literature Review 

2.1. Natural Fibers 

The natural fibers can be primarily divided by their origins: vegetable, animal, 

and mineral [18,19]. The vegetable fibers have been used in composite research 

investigations [9,20–22] due to their properties like tensile strength and strain 

capacity. The natural fibers can be obtained from many parts of different plants 

(Table 2-1). 

Table 2-1. Examples of natural fibers and where in the plant it is obtained (Kiciska-Jakubowska et 

al. [23]). 

Fiber Plant Obtained From 

Flax (Linum usitatissimum) 

Bast Hemp (Cannabis sativa) 

Jute (Corchorus capsularis) 

Curaua (Ananas erectifolius) 

Leaf Palm (Eleias guineensis) 

Sisal (Agave sisalana) 

Cotton (Gossypiun hirsutum) 
Seed 

Poplar (Populus tremula) 

Coir (Cocus nucifera) 
Fruit 

Luffa (Luffa aegyptiaca) 

Bamboo (Bambusa shreb.) 
Grass and Reed 

Totora (Scirpus californicus) 

 

2.1.1. Mechanical, Morphological and Chemical Characteristics 

The natural fibers are formed mainly by cellulose, hemicellulose, and lignin. 

According to Yan at al. [19], cellulose is a natural polymer whose glucose 

molecules form long and aligned chains that unit in bundles called microfibrils. The 

cellulose is a semicrystalline polysaccharide with a large amount of hydroxyl, 

which attributes to the fibers a hydrophilic nature (low resistance to the increase of 

humidity). Hemicelluloses are polysaccharides interspersed with the microfibrils, 

which has an open and completely amorphous structure with a large amount of 

hydroxyl and acetyl. The hemicelluloses are also hydrophilic and strongly bonded 
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to cellulose by hydrogen bonds. The lignin is a complex amorphous polymer made 

by aromatic hydrocarbons, which has a low water absorption capacity and provides 

rigidity to plants, acting as an adhesive within and between fibers. 

Each microfiber is composed by a complex layered structure, formed by a 

primary cell wall, three secondary cell walls and the lumen. According to many 

authors [18,19,24,25], at the primary wall the microfibrils are disorderly arranged, 

similar to a reticulated mesh. The secondary walls (intermediary regions: S1, S2, 

and S3) determine the mechanical properties of the fiber; it has a helical 

arrangement of cellulose microfibrils immersed in a matrix of hemicellulose and 

lignin. The lumen makes the microfiber hollow, and may have different sizes [26], 

as shown in Fig. 2-1.  

 

Figure 2-1. Structure of a microfiber, adaptaded from Azwa et al. [18]. 

The chemical composition of natural fibers is directly influenced by its 

species, its geographical and climatic conditions, and the maturity of the plant. 

Table 2-2 shows the chemical composition of some natural fibers. 

Table 2-2. Chemical composition of different natural fibers. 

Fiber 
Cellulose 

(%) 

Hemicellulose 

(%) 

Lignin 

(%) 
Ref. 

Bamboo 34.5 20.5 26.0 
Yan et al. [19], 

Komuraia et al [8] 

Curaua 81.0 20.0 4.0 
Yan et al. [19], 

Komuraia et al [8] 
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Hemp 58.8 23.8 14.7 
Ferreira et al. [27], 

Pereira [28] 

Jute 61.0 – 71.0 13.6 – 20.4 12.0 – 13.0 
Ferreira et al. [27], 

Khan and Khan [29] 

Sisal 73.0 10.1 7.6 
Sydenstricker et al. [30], 

Silva et al. [6] 

 

The chemical composition of the natural fibers directly influences their 

mechanical properties, since the cellulose, the hemicellulose, and the lignin are 

mainly responsible for its mechanical adhesion and degradation [18]. Another 

important variable that influences the mechanical properties of the natural fibers is 

the angular orientation of the microfibril. The microfibrillar angle is the difference 

between the longitudinal axis of the fiber and the angle of their microfibrils. Smaller 

angles provide greater strength and stiffness, while larger angles make the fibers 

more ductile [18,19]. 

All this complexity at the physical arrangement of natural fibers can lead to a 

huge variety of mechanical and morphological characteristics in the same species 

and, especially, among species. Properties such as density, diameter, microfibrillar 

angle, and moisture gain have a direct influence on the strength of the fibers. Table 

2-3 and Table 2-4 show some physical and mechanical characteristics of different 

natural fibers, respectively. 

Table 2-3. Physical characteristics of different natural fibers. 

Fiber 
Density 

(g/cm³) 

Diameter 

(μm) 

Microfibrillar 

Angle 

(Degree) 

Moisture 

Gain 

(wt%) 

Ref. 

Bamboo 0.6 – 1.1 25 – 40 – – Yan et al. [19], 

Komuraiah et al. [8], 

Ferreira et al. [27], 

Silva et al. [6]. 

Dittenber and 

Gangarao [31], 

Onuaguluchi and 

Banthia [32], 

Spinacé et al. [33] 

Curaua – 25 – 600 6 12 

Hemp 1.4 7 – 10 – – 

Jute 1.3 – 1.5 20 – 200 8 12.5 – 13.7 

Sisal 1.3 – 1.5 8 - 200 10 – 22 10 – 22 
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Table 2-4. Mechanical characteristics of different natural fibers. 

Fiber 

Tensile 

strength 

(MPa) 

Young’s 

Modulus 

(GPa) 

Strain-to-

Failure 

(%) 

Ref. 

Bamboo 140 – 800 11.0 – 32.0 2.5 – 3.7 Yan et al. [19], 

Komuraiah et al. [8], 

Ferreira et al. [27], 

Silva et al. [6]. 

Dittenber and 

Gangarao [31], 

Onuaguluchi and 

Banthia [32], 

Spinacé et al. [33] 

Curaua 270 – 900 23.5 – 90.0 1.0 – 3.5 

Hemp 87 – 1150 11.8 – 96.0 1.3 – 4.9 

Jute 320 – 800 8.0 – 78.0 1.0 – 1.8 

Sisal 363 – 700 9.0 – 38.0 2.0 – 7.0 

 

2.1.2. Durability 

The major challenge about the use of natural fibers as an engineering material 

is its durability. Being a natural compound, formed by biodegradable components, 

natural fibers need some specific controls as thermal restrictions, moisture 

absorption precaution, chemical control, and care about low resistance to fungi and 

bacteria. 

The pyrolysis characteristic of vegetables is related to their chemical 

composition. Separately, the components of natural fibers (cellulose, hemicellulose, 

and lignin) present thermal degradation at different temperatures, so the variation 

of these components in the chemical constitution of each species will influence its 

durability. In general, most natural fibers show up to 60% loss of mass at 

temperatures between 215 - 310 ° C [34]. The Table 2-5 presents some natural 

fibers pyrolysis data, commonly shown in three stages. 

 

Table 2-5. Natural fibers pyrolysis data. 

Stage 1 Stage 2 Stage 3 Ref. 

– 

300 °C 

Despolimerização da 

hemicelulose e da ligação 

glicosídica. 

360 °C 

Thermal degradation of 

α-cellulose. 

Alvarez and 

Vázquez [35] 

215 °C 

Lignin degradation. 

290 °C 

Decomposition of 

hemicellulose. 

340 °C Decomposition 

of α-cellulose. 
Manfredi et al. [36] 

0 – 250 °C 

Start of degradation. 

250 – 420 °C 

Up to 72% of mass loss. 

420 – 520 °C 

Ash content is approx. 

20%. 

Martin et al. [37] 

290 °C 

Hemicellulose 

degradation. 

320 °C 

Lignin degradation. 

350 °C 

Cellulose degradation. 

Krishnaiah et al. 

[38] 
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Among the components of natural fibers, hemicellulose is the main 

responsible for moisture absorption. Spinacé et al. [33] exposed curauá fibers to a 

temperature of 100 °C for 50 min and noticed that the moisture content decreased 

from 9.10 to 8.30 wt%. It is also important to know how long it takes to the fiber to 

reabsorb the moisture, as this information can be used to evaluate its handling time 

under specific conditions and the final properties of the material. The fibers of 

Curauá in conditions of relative humidity equal to 54.5% and temperature 

corresponding to 25 ° C showed a high absorption rate during the first 24h [33]. 

Studies on the wetting and drying process (hornification) of sisal fibers 

[39,40] showed that, after ten cycles, the fibers show a 30% loss in their humidity 

absorption capacity. It is explained by the stiffening of its polymeric structure 

during the process when the cellulose polysaccharide chains are rearranged closely 

due to the loss of water during drying, causing the approach of the microfibrils. The 

capillary voids of the fibers are progressively closed during drying process and can 

no longer be completely reopened with a new humidification cycle. Therefore, the 

dimensional variation is related to the loss of the absorption capacity (Fig. 2-2), 

where is possible to note the reduction of the lumens and, consequently, changes in 

their physical properties associated with densification of the cross-section. 

 

  

(a) (b) 
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(c) (d) 

Figure 2-2. Cross-section of sisal fibers: (a, b) without treatment, and (c, d) after the hornification 

where it is possible to note the dimensional variation of lumens (Ferreira et al. [39,40]). 

However, it is known that the high moisture content swells the cell walls until 

the fiber is saturated. From this point, the additional content no longer causes the 

fiber size to increase and behaves like free water between its empty spaces [33]. 

This mechanism influences the chemical degradation of the fiber, changes physical 

and mechanical conditions, and also increases the possibilities of biodegradation by 

bacteria [41]. 

High levels of temperature and moisture content make the natural fibers 

susceptible to biological degradation by microorganisms. These microorganisms 

cause the degradation of cellulose, decreasing its mechanical properties, and 

causing a bad odor, which also compromises the purity of the air [42]. Lignin is 

more stable thanks to its chemical structure; however, the other components of 

cellulosic fibers also decompose easily under the action of aerobic and anaerobic 

bacteria. In this context, the optimal conditions for the proliferation of fungi include 

relative humidity ranging between 70 and 90%, temperature between 24 °C and 30 

°C and a pH around 6.0 [42]. 

Regarding the chemical control, it is worth to mention alkaline degradation, 

which means hemicellulose and lignin degradation due to the existence of calcium 

hydroxide (CH). Hemicellulose and lignin are responsible for the structural bonding 

of microfibrils, so their degradation can lead to microfibers' mechanical properties 

reduction. According to literature reports [19,43], the alkaline degradation can be 

divided into four stages: 1) degradation of lignin and part of hemicellulose, making 

its structures exposed to the alkaline solution present in the pores and the matrix 

phase itself; 2) hemicellulose degradation, which causes the decrease of integrity 

and stability of the cell walls; 3) after the degradation of lignin, hemicellulose, and 

intramolecular hydrogen bonds, there only remains unbonded micro-fibers, 

resulting in a macro-fiber structural collapse, which accelerates the degradation of 

cellulose; 4) the last step is the failure of cellulose micro-fibrils, which is caused by 

alkaline hydrolysis of amorphous regions containing non-reducing end, and leads 

to the complete degradation of the cellulosic fiber. 

It is important to emphasize that, although alkalinity causes the degradation 

of cellulosic fibers, the controlled process of alkalinization can be used to reduce 
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its ability to absorb moisture and improve its interfacial adhesion. The alkaline 

treatment, commonly done with potassium hydroxide (KOH) or sodium hydroxide 

(NaOH), reduces the hydrogen bonds of cellulose, eliminating open hydroxyl 

chains that connect with the water molecules [44]. However, after the alkalinization 

process, the natural fibers must be carefully washed, otherwise, the alkali will 

continue to contribute to its degradation. In this context, Wong et al. [45] evaluated 

the effect of the alkalinization process on bamboo fibers immersed in NaOH 

concentrations of 1, 3 and 5% for a period of 24 hours, then washed with water and 

air-dried for another 24 hours. After treatment, the fibers subjected to a 

concentration of 1% (Fig. 2-3b) showed a reduction of impurities on the surface. 

For the fibers treated with a concentration of 3% (Fig. 2-3c), it is possible to notice 

the appearance of some cavities indicating that the NaOH has removed much of the 

soluble substance from these layers. The fibers conditioned to the 5% content of 

NaOH (Fig. 2-3d) revealed a surface quite different from that without treatment 

(Fig. 2-3a), which presented a higher porosity and roughness. Mechanically, the 

treated fibers showed a decrease in stiffness and an increase in ductility when 

compared to those without treatment. 

  

(a) (b) 

  

(c) (d) 
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Figure 2-3. Scanning electron microscopy of untreated bamboo fibers (a) and treated with a 

concentration of 1% (b), 3% (c) and 5% (d) of NaOH (Wong et al. [45]). 

Sari et al. [46] evaluated the chemical, physical, and mechanical effects of the 

treatment of NaOH on fibers from corn husks. The different NaOH treatments 

increased the α-cellulose content to 47.59% to 62.87% and decreased the 

hemicellulose and lignin contents to 27.28% to 13.62% and 8.98% to 5.55%, 

respectively. The loss of hemicellulose and lignin in the fibers upon alkali treatment 

increased the fiber density; treatments with 0.5%, 1%, 2%, 5%, and 8% NaOH 

provided fiber densities of 0.43, 0.56, 0.58, and 0.61 g/cm3, respectively. The tensile 

properties of the fibers improved after all the alkali treatments. Compared to the 

reference samples, the fibers treated with 0.5%, 1%, 2%, 5%, and 8% NaOH 

exhibited improvements in tensile strength of approximately 39.6%, 43.8%, 

10.03%, 47.9%, and 129.5%, respectively. The authors [46] concludes that the 

alkali treatment with NaOH removes hemicellulose and lignin from the fibers, 

resulting in decreased moisture content, more dominant cellulose content, higher 

crystallinity index, rougher fiber surface, and smaller lumen size inside the fiber 

bundles, as well as reduced fiber diameter. As a result, mechanical strength and 

thermal resistance become higher. 

The natural fibers have excellent mechanical behavior, but a short service life 

when compared to synthetic fibers. However, many effective methods have already 

been developed aiming to extend its durability. 

 

2.2. Cementitious Composites 

The use of fibers as the cementitious matrix reinforcement started between 

the 60s and 70s, initially being used as a substitute for secondary reinforcement or 

for crack control in less critical parts of the construction, but today it is widely 

applied in industrial installations, shotcrete, and in precast structures [47–49]. Its 

main characteristic is the higher tensile strain capacity when compared to 

conventional concretes and mortars, which present the propagation of a single large 

crack. The fiber cement-based composite mainly presents two distinct mechanical 

behaviors: the strain hardening and the strain softening. The strain hardening occurs 

when, after the first crack, the material shows an increase in strain capacity without 

losing strength, that is why it is called Strain Hardening Cement Composites 
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(SHCC). Otherwise, if the material presents a single crack opening, it is called strain 

softening. Wittmann et al. [50] explain that the composites with such superior 

tensile responses can be engineered by tailoring the composite ingredients with the 

aid of micro-mechanically based formulations [51]. This has led to the terminology 

Engineered Cementitious Composites (ECC) or Strain Hardening Cement-based 

Composites (SHCC). 

 

2.2.1. Mechanical Behaviour 

The main property of SHCC is the capacity to present (after the linear elastic 

zone) a pseudo ductile behavior when mechanically loaded, unlike conventional 

concretes and mortars. It occurs because the fibers, after the first crack, act as a 

bridge across the matrix [51,52]. It can increase the composite strength by the load 

transfer across the crack (when fibers connect two separated matrix parts and 

transfer its load). When it provides gains of strength at the stress-strain curve after 

first cracking, this behavior is called strain hardening. The fibers increase the 

composite toughness providing the energy absorption mechanisms, by deboning 

and fiber pullout [51,52]. 

The strain softening is a behavior in which the tensile or flexural strength, 

after the linear-elastic zone, became only residual strength along the strain, 

presenting a single crack opening. The magnitude of these stresses and the 

mechanical response of fiber-reinforced cementitious composites, in general, 

strongly depend on the type and volume fraction of fiber (Vf). If a low amount of 

fibers (Vf < 1%) is added to the cementitious matrix, the post-peak behavior of 

composite does not differ very much from that of the plain matrix. In the case of 

high fiber volume fraction (Vf > 2%), the specimens show a strain hardening 

behavior after the first crack formation. As a result, the strength of the composite is 

higher than that at first cracking [53]. Fig. 2-4 presents a schematic classification 

of tensile behaviour of fiber-reinforced cementitious materials. 
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Figure 2-4. Classification of tensile behaviour of fiber-reinforced cementitious materials. 

When a tensile load is applied to a fiber-reinforced composite, made by a low-

modulus matrix reinforced with high-strength and high-modulus fibers, some of 

this loading is transferred from the matrix to the fibers. It will inhibit the formation 

of macro-cracks, which is replaced by sequential micro-cracks, responsible for the 

increase of material strength [52,54]. At the cracking moment, aim to avoid the 

catastrophic failure, the fibers load-bearing capacity (σfuVf), must be higher than 

the load on the composite at first crack. This elastic quantification is presented by 

Equation 2-1 [52]: 

 

𝜎𝑓𝑢𝑉𝑓 > 𝐸𝑚𝜀𝑚𝑢𝑉𝑚 + 𝐸𝑓𝜀𝑚𝑢𝑉𝑓     (Equation 2-1) 

 

If this condition is fulfilled, meaning the fiber volume is sufficient, the 

cementitious composite will not present a brittle failure (as the plain matrix) after 

the first crack formation. The ductility will be increased, and the tensile strain 

capacity will be significantly improved as the critical crack opening. After the first 

crack, the failure will be marked by the fibers pullout followed by its deformation 

and broken. Also, considerable energy dissipation can be noticed [52,54,55].  

The strain hardening behavior can also be described by five distinct stages of 

the stress-strain curve [4,56,57]: Stage I corresponds to the linear-elastic range 

where both matrix and fiber behave linearly, which ends by the first crack formation 

when the bend over point (BOP) is reached; Stage II describes the start of the first 

crack (BOP-) to its end (BOP+), after its propagation across the width of the sample; 
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Stage III exhibits a stiffness decreases due to the formation of distributed cracks at 

regular intervals and, after the total amount of cracks is done, the progressive 

debonding takes place to the fibers pullout at Stage IV; finally, the post-peak 

response occurs in Stage V, which only presents the residual strength (softening 

branch). This behavior during the failure of SHCC involves the development of 

stress bridging along the cracked faces, providing strain capacity without losing 

strength, as presented in Fig. 2-5. 

 

Figure 2-5. SHCC mechanical behaviour, based on Yao et al. [56], Silva et al. [4],and Mobasher 

et al. [57]. 

2.2.2. Fiber-Matrix Interface 

According to Lofgren [54], the strength of cement-based materials is related 

to its microstructure. The mainly responsible for this microstructural development 

is the hydration reaction, process by which Portland cement becomes a hardened 

mass after the water addition. During the early stages (up to 24 h), approximately 

30 % of the hydration occurs, and after about 24 h the heat rate of the reaction 

(exothermic) declines. The addition of fibers does not change the hydration 

reactions or the microstructure in the matrix. However, the pull-out behavior and 

the fiber bond are significantly influenced by the microstructure at the interface 

between the fiber and the matrix, which is called the Interfacial Transition Zone 

(ITZ). Fig. 2-6 shows a schematic description of the ITZ. 
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Figure 2-6. Schematic description of the ITZ, adapted from Lofgren [54].  

The ITZ presents the formation of a higher CH crystals amount, and its 

resistance is substantially lower when compared to the bulk matrix. This region is 

deficient in the content of cement particles and therefore has a substantially higher 

porosity than the bulk matrix [58]. Bentur and Mindess [52] estimated that the 

interfacial transition zone in a typical concrete is 20-50 µm thick. Wang et al. [59] 

affirm that, although the size of the ITZ varies with different fiber types and size, 

as well as matrix details, most observations suggest a relatively large porous and 

weak layer on the order of 40 μm to 70 μm thickness. Xu et al. [60] presented that 

the steel fiber-matrix ITZ was nearly 30 µm wide, while polypropylene fiber-matrix 

ITZ’s thickness was approximately 15 µm. 

The density and packing of the ITZ are related to several conditions such as 

fiber size in comparison to the other constituents of the matrix, degree of the matrix 

packaging, and roughness and chemistry of the fibers’ surface [52,58]. Some 

techniques aiming to improve the fiber-matrix interaction have proved to be very 

useful, such as: changing the chemical composition of the matrix directing to 

decrease the concentration of free CH, and consequently its crystalline formations 

and porosity [61]; and the improvement of the mechanical anchoring of fibers by 

their shape [52]. 

In the case of natural fibers, their roughness surface and variable shapes can 

improve the adhesional and frictional bond strength, playing an important role in 

the mechanical adhesion [5]. Investigations about the morphology of natural fibers 

[5,62] presented three typical cross-section shapes: horse-shoe shape, arched shape, 

and twisted shape. Castoldi et al. [63] and Ferreira et al. [64] observed that the sisal 
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fibers load after the beginning of the debonding remains considerably constant, 

governed by frictional shear strength, and continues until the complete fiber pullout.  

 

2.3. Natural Fibers Reinforced Cement Based Composites 

2.3.1. Mechanical Behaviour 

The application of natural fibers as cementitious composites reinforcement 

has demonstrated a high-level mechanical response, mainly related to the cracks’ 

control, preventing their propagation and providing a ductile behavior to the 

material. The fibers’ irregular shape and naturally rough morphology can provide 

high mechanical adhesion to the cementitious matrix. An experimental 

investigation performed to understand the pullout behavior of sisal fibers from a 

cement matrix  [5] presents that the general cross-section of the fibers can be 

distinguished into three types of shapes that alter the interfacial mechanical 

response: 1) Horse-shoe shape – located in the periphery of the leaf, these represents 

the majority of the fibers that can be found in the sisal plant. 2) Arched shape – 

located in the center part of the sisal leaf in a lower proportion than the horse-shoe 

shape. 3) Twisted arch shape – which is a result of the fiber extraction process. The 

highest values of bond stress were found for the twisted arch fiber type with an 

average adhesional and frictional bond strength of 0.92 and 0.42 MPa, respectively. 

For comparison, polypropylene fibers presented adhesional bond strength of 0.5 

MPa [65]. 

Asprone et al. [66] presented the mechanical behavior of the bond between 

the hemp fibers and the cementitious matrix. It was adopted a three-embedment 

length (10 mm, 20 mm, and 40 mm), and an average adhesional bond strength from 

1.02 MPa to 2.20 MPa was found. Fidelis [67] analyzed the adhesional bond 

strength of fiber jute filaments embedded in a cementitious matrix with 3 mm, 5 

mm, and 10 mm of lengths. The 10 mm embedded sample presented the highest 

result, with 0.41 MPa, and it has been noted an increased adhesional strength with 

embedment length. 

As presented, the natural fibers showed an optimum interaction response to 

the cementitious matrix and can be viably used as a component of composite 

materials. Thus, mechanical tests on natural fibers reinforced cement based 

composites has been deeply explored in many configurations: as the textile form 
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[20,68,69], in a continuous and aligned way [7,21,70], or short and randomly 

dispersed in the matrix [9,22,71]. 

Olivito et al. [72] studied the cementitious matrix reinforced with 

bidirectional fabrics of flax and sisal fibers. All composite specimens were 

reinforced with one fabric layer, and the final thicknesses of the samples were 5 

mm and 8 mm, each. The results show that the tensile strength of the composites is 

slightly altered when varying the reinforcing fibers. Thus, flax and sisal fiber 

composites measuring 5 mm thick achieved tensile strengths of 3.83 MPa and 3.87 

MPa, respectively, while their peers measuring 8 mm thick achieved tensile 

strengths of 2.22 MPa and 2.37 MPa, respectively. Both samples presented ductility 

behavior through multiple crack distribution. The authors [72] affirm that the strong 

tensile properties of sisal and flax fibers indicate a high-performance potential of 

these fabrics in fiber-reinforced composite applications. 

Cementitious composites reinforced with 3 and 5 layers of jute fabrics were 

tested under tensile load [68]. The composites showed a high strain capacity and 

multiple cracking behavior. The composite reinforced with 3 layers presented 6 

cracks while the composites with 5 layers showed 11 cracks. The composite 

reinforced with 5 layers of fabric supported an ultimate tensile stress 8% higher and 

strain capacity 8.7 % lower than the composite with 3 layers of fabric. 

Souza et al. [21] studied the mechanical behavior of long unidirectional 

aligned curaua fibers reinforced cementitious composite. Three types of composites 

were fabricated, with one, three and five fiber layers, and as a result, the fiber 

volume fractions were 4 %, 7 %, and 8 %, respectively. All the composites 

presented a strain-hardening behavior with multiple crack formation. An evaluation 

of the toughness under tensile testing indicates superior values for the five-layered 

composite (14.7 MPa), which is justified by the greater curaua high volume fraction 

in the five-layered composite. The one and three-layered composites presented 

tensile strengths of 6.3 MPa and 9.7 MPa, respectively. The higher strain capacity 

(five-layered composite) reached the mark of 1.6 %. d’Almeida et al. [70] also 

studied long unidirectional aligned curaua fibers reinforced cementitious 

composite, but under flexural tests. The composites presented the deflection-

hardening behavior and flexural strength up to 27.5 MPa. 

Sadiq et al. [73] analyzed the mechanical behavior of aligned jute strands 

reinforced lightweight cementitious composite. The most significant used volume 
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fraction of the strands was approximately 6 % and 8 %, which corresponds to 3 and 

4 layers, respectively. The specimens were tested in third-point loading and the 

results show deflection-hardening with multiple cracking, presenting ultimate load 

up to 3.5 kN. 

Soltan et al. [71] studied cementitious composites reinforced with curaua 

short-fiber, with the average length varying between 10 mm and 20 mm. The tensile 

strain softening behavior was observed for the composite reinforced with 2 % by 

volume fraction of fibers. Fiber bridging capacity with 2 % by volume was not 

sufficient to generate any multiple cracking behavior. Instead, these specimens 

failed by the slow opening of the first crack formed in the matrix. However, the 4.4 

% volume fraction reinforced composites presented the distributed micro-cracking 

and strain-hardening behavior, as previously mentioned by Fantilli et al. [53]. 

Hwang et al. [22] examined the effect of adding random, short coconut fibers 

to cementitious composites on the mechanical properties, using different volume 

fractions (0 %, 1 %, 2.5 %, and 4 %). The increase in coconut fiber content from 0 

% to 4 % increased the flexural strength of the cementitious sheet and the modulus 

of rupture from 5.2 to 7.4 MPa and from 6.8 to 8.8 MPa, respectively. The addition 

of coconut fiber to the composite samples enhanced the first-crack deflection and 

the toughness indices remarkably. The first-crack deflection increased from 0.23 

mm to 0.55 mm when the coconut fiber volume fraction rose from 0 % to 4 %. 

In the work about cementitious composites reinforced with short curaua fibers 

(20 mm length and 4 % volume), Zukowski et al. [9] observed that the composite 

presented a multiple-cracking pattern (from 2 to 4) and the increased strain capacity 

in a range of 0.4 % to 0.8 %. The average first crack tensile strength was 1.75 MPa, 

and the final tensile strength was 1.9 MPa, about 9 % higher. So, the short fibers 

reinforcement was able to successfully bridge the cracked matrix with new fine 

cracks formation. 

 

2.3.2. Durability 

The natural fibers' durability in the cementitious matrix is deeply associated 

with its chemical and morphological characteristics. Filho et al. [74] described two 

types of natural fibers degradation in an alkaline environment: alkaline degradation 

(as mentioned before) and fiber mineralization. The fiber mineralization means the 
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migration of calcium hydroxide to the fiber structure, causing cellulose reduction, 

forming dense hydration products, and consequently decreasing its strength and 

ductility [75,76]. 

Mineralization can be divided into two mechanisms: CH mineralization and 

self-mineralization. The CH mineralization is caused by the migration of calcium 

hydroxide to the lumens and middle lamella, which induce a fiber volumetric 

variation by its crystallization and growth within the cell walls, damaging the 

connections between the fiber components and corroding cellulosic micro-fibrils 

[43,77,78]. Self-mineralization concerns the hydrolysis rate of amorphous 

components (lignin and hemicellulose). It is known that the precipitation (formation 

of solids during a reaction) of hydration products (calcium hydroxide) within the 

fiber structure is the main reason for cell wall mineralization [43,77,78]. 

Mohr et al. [78,79] analyzed the effect of wet/dry cycling on pulp fiber-

cement composites. The samples were exposed to 1, 2, 5, 10 and 25 wet/dry cycles 

to verify its properties. It was noted that the highest loss of strength and stiffness 

occurred in the transition between the second and fifth cycles. An examination of 

the samples' fracture surface after twenty-five cycles indicated that fibers has becme 

brittle, probably due to mineralization. An energy dispersive spectroscopy (EDS) 

showed the transport of hydration products (especially calcium hydroxide) through 

the lumens, voids, and around the fibers. The authors [78] proposed a degradation 

mechanism divided into three phases: 1) debonding of the fiber-matrix interface up 

to the second cycle, 2) re-precipitation of hydration products within empty spaces 

of the fiber and at the debonded fiber-matrix interface (up to tenth cycle), and 3) 

weakening of the fibers due to mineralization, which occurs after the tenth cycle. 

Although natural fibers do not present high resistance at the presence of 

calcium hydroxide, it is possible to implement methods that aim to neutralize their 

degradation under such conditions. The pozzolanic additions to precipitate the 

calcium hydroxide of the matrix as calcium silicate hydrate, or treatments with a 

higher concentration of CO2 to precipitate the calcium hydroxide as calcium 

carbonate, can eliminate the degradation risks and improve the durability of this 

kind of composite [80]. 

Ferreira et al. [2,39] presented a Portland cement replacement by metakaolin 

(30 %) and fly ash (40 %) for their sisal fibers cementitious composites. The authors 

justify that such alteration provided a calcium hydroxide free matrix and, 
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consequently, the higher fibers durability. Wei and Meyer [81] showed by 

thermogravimetric analyses that the metakaolin (MK) and nanoclay (NC) addition 

significantly reduced the calcium hydroxide and the ettringite formation. The 30% 

and 50 % replacements of Portland cement not only improve the composites' 

strength but also reduce its alkalinity. Another positive effect of the Portland cement 

partially replacement by metakaolin and nano-clay was the fiber-matrix adhesion, 

resulting in a pullout energy 131 % and 196 % higher than reference samples. 

Analysis of fracture surfaces of fiber-reinforced specimens after flexural test 

indicate that combined replacement of Portland cement by MK and NC not only 

improves the interface bonding properties of sisal fiber in the matrix, but also 

prevent the fiber degradation from alkaline attack and CH mineralization. 

Lima and Toledo Filho [82] analyzed sisal fibers cementitious composites by 

thermogravimetric after accelerated aging cycles. At the matrix with Portland 

cement partially replaced by 30 % of MK the presence of CH was not noticed. The 

mechanical properties of sisal fibers were maintained, and no evidence of 

degradation was seen. At the experiments [83] about the use of supplementary 

cementitious materials for mitigating degradation of natural fiber cementitious 

composites, the Portland cement was partially replaced by silica fume (SF), ground 

granulated blast furnace slag (SL),  Class F fly ash (FA), Class C fly ash (CA), 

metakaolin (MK), and blends of calcined diatomaceous earth and volcanic ash 

(DEVA). All the specimens were analyzed after 1, 2, 5, 10 and 25 wet/dry cycles, 

and it was found that the use of pozzolans can decrease degradation by moisture 

retention by 10 % to 70 %, in addition to increase in strength and stiffness. 

Wei and Meyer [43] presented an analysis of degradation mechanisms of sisal 

fiber in the alkaline and mineral-rich environment of cement matrices. By replacing 30 

wt.% cement by metakaolin, the durability of sisal fiber-reinforced cementitious 

composites subjected to wetting and drying cycles was effectively improved. 

Therefore, it was noticed that an effective way to mitigate the degradation of natural 

reinforcements is to maintain the pH value of the pore solution at a relatively low level. 

Silva et al. [84] analyzed physical and mechanical properties of durable sisal 

fiber–cement composites. In order to increase the durability of the composites, the 

Portland cement was replaced by 30% of MK and 20% of calcined waste crushed clay 

brick (CWCCB). By replacing 50% of Portland cement by the pozzolans, it was 

possible to develop a matrix that was free of CH at 28 days of age. A calcium (Ca) EDS 
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mapping was performed in the fiber–matrix interface to verify if leached calcium, from 

the CH, could have migrate to the interior of the sisal. It was observed a light red color 

that indicates low amount of Ca (Fig. 2-7). 

  

(a) (b) 

Figure 2-7. EDS mapped region and (a) EDS mapping for Ca in the fiber–matrix interface (b). 

Tonoli et al. [85] presented the effect of carbonation at early stages on fiber–

cement composites and its impact on hydration, chemical and dimension stability. The 

specimens were preconditioned in water-saturated air for 1 h and then submitted to 10 

h of accelerated carbonation in a climate chamber. Calcium carbonate polymorphs were 

observed filling the voids and the pore structure of the carbonated matrix, which 

resulted in the densification of the matrix. It improves the contact between fibers and 

cement matrix and thus preventing the movement of water due to the decrease in the 

pore size network and diffusion of degradation products into the composite. 

Additionally, another consequence of carbonation at an early age is volume 

stabilization, as indicated by the lower drying shrinkage and lower porosity. 

The partial replacement of Portland cement by pozzolans or carbonation are 

not the only way to provide higher durability to the natural fibers. Its superficial 

treatments have also the intention to change their physical and morphological 

characteristics, aiming to increase their durability and to improve the adhesion of 

the fiber-matrix interface. 

Toledo Filho et al. [86] evaluated immersion of the sisal fibers in a silica fume 

slurry before its addition to the cementitious matrix. The aligned long sisal fibres were 

immersed in slurried silica fume for 10 min then air-dried for 15 min. The treatment 

intended to fill the fiber cavities with silica microparticles, which can eliminate more 

efficiently the calcium hydroxide. The results showed that the presence of silica at the 

fiber-matrix interface creates a low alkalinity zone around the fiber, which can prevent 

fiber degradation by alkaline attack and mineralization. 
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Ghavami [87] tested the application of water repellents on bamboo and reduced 

the water absorption capacity from 30% to 4%. The treated bamboo showed higher 

durability and adherence to the cementitious matrix. Bilbo and Arsene [88] treated 

sugarcane bagasse fibers with silane aiming to improve their characteristics. The silane 

impregnated on the fibers formed a chain of polysiloxane molecules, changing its 

morphology, increasing its dimensions and decreasing its porosity and its water 

absorption capacity. The silane coating on the fiber surface improved the fiber-matrix 

interface, showing higher adherence after the cracking of the composite. 

 

2.4. Applications 

According to Naaman [89], fiber-reinforced cementitious composites have 

been used in numerous applications, either as stand-alone or in combination with 

reinforcing bars and prestressing tendons; they have also been used as support 

materials in repair and rehabilitation work. Table 2-6 presents classes of 

applications of fiber-reinforced cementitious composites. 

 

Table 2-6. Classes of applications of fiber-reinforced cementitious composites, adapted from 

Naaman [89]. 

Applications of fiber-

reinforced cementitious 

composites 

STAND-ALONE in liht 

structural elements 

e.g., cement boards, sheets, 

pipes, slabs on grades, 

paviments, shells, piles, poles, 

light beans, pre-fab elements, 

… 

HYBRID in combination with 

RC, PC or steel structures 

e.g., seismic and blast 

resistant structures, super 

high-rise structures, offshore 

structures, space-craft 

launching plataforms, very 

long bridges, encased steel 

trusses, fire protection, … 

HYBRID in selected zones 

where enheced properties are 

needed 

e.g., beam-column joints in 

seismic frames, coupling 

beams, anchorage zones in PC 

beams, punching shear zone 

in RC slabs, … 

REPAIR AND 

REHABILITATION 

e.g., tunnel lining, jacketing 

around columns, fire 

protection, … 

 

However, the use of fibers for these structural applications is commonly 

related to synthetic fibers, mainly polymeric and steel, while natural fibers have 

been focused only on non-structural elements, such as roofing tiles [10,11]. Tonoli 
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et al. [12] presented a long term study  (14 years) about natural weathering exposure 

of tiles made of natural fiber composite, leading to a better understanding of its 

degradation processes in a real application condition. 

The natural fibers are also used in bricks or paving blocks, aiming to reduce 

its brittle breaking behavior without significantly changed the compressive strength 

[13]. As example, several authors [15,16,90] have tested the properties of 

hempcrete blocks (bricks made by lime and hemp concrete) showing how 

promising this composite can be for the construction industry. Abdullah and Lee 

[17], in their comparison between cement-fiber bricks utilizing rice husk, corncob, 

and coconut coir, reported how feasible is this concept of composite bricks for 

sustainable infrastructures. Kundu et al. [14] demonstrated that the use of jute fiber 

as reinforcement in concrete paving blocks not only enhanced the mechanical 

properties but also extended its service life, minimizing the maintenance cost as 

well. 

Following the non-structural application, Lima et al. [91] evaluated short sisal 

fiber reinforcing concrete (SSFRC) block for one-way precast concrete slabs. Its 

behavior under flexural test presented a typical flexural hardening response 

characterized by five phases: 1) linear-elastic, multiple cracking formation, 2) 

widening of the existing cracks, 3) redistribution of moments and forces, 4) increase 

of load carrying capacity, and 5) structural softening. Compared to the commercial 

blocks (ceramic and EPS), the SSFRC presented more than twice of their resistance 

and non-brittle failure mode, reaching a load capacity 157 % higher than the 

minimum load required by the standard for the blocks for this type of slabs. 

Although cementitious composites reinforced with natural fibers have already 

been extensively explored, mainly at the material level, and many authors have 

proposed its use in the construction industry, the literature about their structural 

applications is still not enough compared to other synthetic fiber-composites. 
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3. Degradation Mechanisms of Curaua, Hemp, and Sisal 
Fibers Exposed to Elevated Temperatures 

The influence of elevated temperatures on mechanical behavior was studied 

for curaua, hemp, and sisal natural fibers. Tensile tests were performed on fibers 

heated at 100 °C, 150 °C, and 200 °C for 24 h, and reference samples were 

maintained without thermal treatment for comparisons. The cross-sectional area of 

the fibers was measured using a scanning electron microscope (SEM), and the 

image analysis was performed using the open source software Fiji/ImageJ. These 

data allowed the computation of the tensile stresses and the correlation of the fiber 

morphology with its macro-mechanical behavior. The thermal degradation 

behavior of the natural fibers was measured via thermo-gravimetric analysis (TGA) 

and X-ray diffraction (XRD). The morphological and mechanical characteristics 

were described and discussed on a microstructural basis. The results showed that 

the loss of moisture leads to a significant increase in tensile strength before reaching 

the limits of the degradation range. 

 

Article published: January 8, 2019 – BioResources 

 

3.1. Introduction 

Research on the addition of natural fibers to engineering materials has been 

widespread, seeking environmentally friendly and energy-efficient solutions. 

Natural fibers are particularly interesting reinforcing components for composites, 

as they are biodegradable, harmless to the environment, and economically more 

viable than synthetic fibers. Therefore, the mechanical, morphological, and 

durability characteristics of fibers such as abaca leaf, cotton, curaua, flax, hemp, 

jute, sisal, etc., have been investigated [8,19,23]. 

Because these fibers are natural materials, they present morphological 

variety, which directly influences the tensile strength and Young's modulus. 

Disparities among measured values may be associated with the production 

efficiency, natural conditions, extraction methods, and processing conditions of the 
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fiber. These variations in the mechanical behavior can be described by 

morphological characteristics. 

The morphologies of curaua and sisal fibers have been evaluated, 

correlating their mechanical properties via image analysis [3]. These fibers 

presented tensile strengths greater than 249 MPa and Young’s moduli greater than 

19 GPa, classifying them as high-performance fibers. The highest tensile strength 

was observed for curaua, at 543 MPa with a Young’s modulus around 64 GPa, 

followed by sisal, at 484 MPa and 19 GPa, respectively. The correlation of 

morphology (by the real cross-section) with the mechanical properties showed that 

as the internal area of the lumens decreases and the secondary cell wall thickness 

increases, the fiber strength and Young’s modulus increase. 

Analysis of the influence of stem sampling area on the mechanical 

properties of hemp fibers showed that fibers from the middle of the stem exhibit the 

greatest ultimate strength and elongation, with the Young's modulus around 19 GPa 

and the tensile strength not exceeding 500 MPa [92]. Compared to bottom and top 

sampling areas, the ultimate tensile strength differences were approximately 23% 

and 18%, respectively. Liu et al. [93] showed that hemp fibers from the middle 

section also exhibited the best mechanical performance, presenting the highest 

ultimate tensile strength and strain of 842 MPa and 5.7%, respectively, and a 

moderate stiffness of 28.8 GPa. Fibers from the top section showed moderate 

mechanical properties, with an ultimate tensile strength of 809 MPa, a strain of 

4.7%, and the highest stiffness, of 31.5 GPa. The variation in mechanical properties 

of fibers with stem section is explained by the differences in morphological features 

and composition. 

In natural fibers, thermal degradation involves two main steps. The first is 

the thermal depolymerization of the hemicellulose and the cleavage of glycosidic 

linkages of cellulose. The second is related to the decomposition of the α-cellulose. 

The decomposition of lignin occurs at temperatures between 200 °C and 500 °C 

[36]. In derivative thermogravimetric (DTG) analysis of sisal fibers, the 

decomposition starts at 215 °C, the decomposition of the hemicellulose happens at 

290 °C, and the maximum degradation rate occurs during α-cellulose 

decomposition at 340 °C. Yao et al. [34] analyzed the thermal decomposition 

process of 10 types of natural fibers, included wood, bamboo, agricultural residue 

and bast fibers. The thermal decomposition process resulted in a similar TG and 
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DTG curves due to being lignin cellulosic material. It was noticed an onset 

decomposition temperature about 215 °C for most of the natural fibers and weight 

loss in this range was observed around 5%. The maximum decomposition rate of 

main natural fibers happened about 290 °C, except for maple and pine (an average 

of 310 °C). These same ranges of decomposition were also presented by other 

authors [94–97]. 

The thermal characterization of sisal fibers by thermogravimetric analysis 

(TGA) presented a mass loss of approximately 3% from 30 °C to 220 °C, attributed 

to water loss in fibers (intramolecular and intermolecular dehydration reactions) 

[37]. The fibers’ degradation begins around 250 °C and continues quickly as 

temperature increases, having a mass loss of 72% at approximately 420 °C. Due to 

the slow decomposition of residues, the mass loss from 420 °C to approximately 

520 °C is only 5%. After 520 °C, the ash content is around 20%. 

 The thermo-mechanical behavior of hemp fibers at temperatures between 

20 °C and 200 °C showed an activation of their visco-elastic properties, 

corresponding to relaxation of the constituent polymers (hemicellulose and lignin), 

and decreases in rigidity and endurance, attributed to thermal degradation of the 

cellular walls, at temperatures between 150 °C and 180 °C [98]. The literature 

presents extensive results about the thermal degradation of cellulose-based 

structures, especially through thermo-gravimetrical analysis, showing indices of 

moisture loss, decomposition and maximum weight loss until reaching the limits of 

the degradation range. However, such analyzes do not represent how these levels 

of thermal degradation can truly influence the mechanical behavior of exposed 

natural fibers. The present work investigated the mechanics of three different 

natural fibers (sisal, curaua, and hemp) and how elevated temperatures can 

influence their mechanical behavior. The morphologies and cross-sectional areas of 

each fiber were measured using a scanning electron microscope (SEM) and an 

image analysis routine. The different fibers were tested under direct tension before 

and after being exposed at 100 °C, 150 °C, and 200 °C. The mechanisms of 

degradation were explained through TGA and X-ray diffraction (XRD) analyses 

and by microstructural observation. 
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3.2. Experimental 

3.2.1. Natural Fibers 

The curaua fibers were provided by the Pematec Company (Santarém, Pará, 

Brazil). The fibers were obtained in the Amazon region, extracted from the Ananas 

erectifolius plant by the mechanical process of decortication [3,6]. The hemp fibers 

were obtained from Unipak A/S (Galten, Denmark), which manufactures skeins 

made of natural hemp for the plumbing industry. The sisal fibers were obtained 

from farms located in Valente, Bahia, Brazil. They were extracted from the leaf of 

the Agave sisalana plant by the same process used for the curaua fiber. 

All the fibers were first treated with hot water (approximately 70 °C) for 1 

h. This procedure aimed to eliminate the maximum amount of impurities retained 

on the fiber surface. Thereafter, the fibers were air dried for 48 h. 

 

3.2.2. Mechanical Tests 

For the tensile tests, the dried specimens were arranged according to ASTM 

C1557-14 [99] with gauge lengths corresponding to 20 mm. The fibers were fixed 

in kraft paper tabs (140 g/cm²) and then heated at 100 °C, 150 °C, and 200 °C for 

24 h. Reference samples were maintained without thermal treatment (room at 

approximately 22 °C and 60% relative humidity) for comparison. The specimens 

were subjected to tensile loading performed in a servo hydraulic MTS 810 system 

with a 100 N load cell and an external LVDT (MTS, Eden Prairie, MN, USA) to 

achieve greater accuracy in data acquisition. Fifteen specimens of fiber were tested 

for each group (reference, 100 °C, 150 °C, and 200 °C) and the tensile tests were 

carried on under displacement control at a rate of 0.1 mm/min. All tests were 

performed at room temperature (approximately 22 °C) with a relative humidity of 

approximately 60%. 

 

3.2.3. Microstructural Investigation 

The fiber microstructure was investigated using a FEI Quanta 400 scanning 

electron microscope (Thermo Fisher Scientific, Hillsboro, OR, USA). For the 

dimensional analysis, the samples were prepared by cold embedding in epoxy resin 

[100]. A solid resin block 30 mm in diameter and approximately 12 mm in height 
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was drilled with a 1.5 mm diameter drill to create 15 holes, in which 10 mm length 

fiber samples were carefully placed, as illustrated in Fig. 3-1a. Thereafter, the holes 

with fibers were filled with more epoxy resin, and a vacuum pump was used to 

ensure no bubbles were formed during its curing. After curing, the block was 

ground and polished in an automatic polishing machine (Struers Tegramin 20, 

Cleveland, OH, USA). The grinding was performed with 125 µm, 40 µm, 9 µm, 

and 6 µm sized diamond-particle-impregnated metal discs, for 3 min, 4 min, 4 min, 

and 10 min, respectively. Then, the blocks were polished using 3 μm and 1 µm 

diamond suspensions for approximately 20 min each to produce a high flatness 

surface. Subsequently, the blocks were covered with evaporated carbon to become 

conductive, as shown in Fig. 3-1b. This preparation procedure can provide a 

suitable contrast in SEM images to analyze the fiber microstructure. The image 

analysis was carried out using the open source software Fiji/ImageJ [101,102]. A 

contour line was interactively drawn to delineate fiber cross-sections, and their 

areas were then measured. 

 

(a) 
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(b) 

Figure 3-1. The sample preparation procedure: (a) schematic illustration of the block where fiber 

samples were placed and embedded within epoxy resin and (b) the blocks covered with evaporated 

carbon, to become conductive and provide suitable contrast in SEM. 

 

3.2.4. TG and XRD Analyses 

The thermogravimetric analysis (TGA) was performed under N2 

atmosphere, from 25 °C up to 500 °C, using a TA Instruments (New Castle, DE, 

USA) SDT Q600. Approximately 10 mg of each sample was used, and the analysis 

was conducted at a heating rate of 5 °C/min. 

The XRD measurements were performed on a Bruker D8 set to 40 kV and 25 

mA using CuKα radiation (λ = 1.5406 nm). The profiles were recorded in an angular 

range 2θ from 5° up to 100° with increments of 0.01°. For sample preparation, the 

fibers were scissor cut to particle sizes of less than 0.5 mm. Four samples by fiber 

type were analyzed for each group (reference, 100 °C, 150 °C and 200 °C). To 

determine the amount of crystallinity, the deconvolution method of crystalline 

peaks and amorphous halo was used. For this process, OriginPro8 software 

(OriginLab Corp., Northampton, USA) with a Gaussian function was used. The 

diffractogram was separated into various components that independently 

contributed to the formation of the peaks in each phase. The quantitative 

decomposition of XRD provided a measure of crystallinity index using Eq. 3-1, 

where CI is the crystallinity index of the material, Ac is the area of crystalline peaks, 

and Aa is the area of amorphous halo. 
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CI (%) = Ac
Ac + Aa⁄ ⨯ 100      (Eq. 3-1) 

 In order to evaluate the statistical significance of CI variations, the two-

sample t-test was used as the statistical method. The parameter α = 0.05 was set as 

the risk level in all statistical analysis, and p < 0.05 was considered to be statistically 

significant. 

 

3.3. Results and Discussion 

3.3.1. Fiber Morphology 

Hierarchically, in a simplified way, a single natural fiber is formed by 

several microfibers that have their cell walls (primary cell wall and secondary wall 

divided into three layers around the lumen) constituted by a series of helically 

wound cellular microfibrils formed from cellulose molecules [25,41,103]. The 

studied fibers showed different morphologies when analyzed by dimensional 

parameters. The geometries of the cross sections were also distinct, and these 

variations were related to the quantity, size, and organization of the microfibers. 

Table 3-1 summarizes the morphological characteristics of the curaua, hemp, and 

sisal fibers.  

Table 3-1. Morphological Characteristics of Curaua, Hemp, and Sisal Fibers. 

Fiber 

Fiber Cross 

Section Area 

(mm²) 

Amount of 

Microfibers per Cross 

Section 

Microfiber Cross 

Section Area 

(µm²) 

Cell Wall 

Thickness (µm) 

Curaua 0.006 ± 0.001 404 ± 117 17.86 ± 9.86 1.58 ± 0.45 

Hemp 0.002 ± 0.001 11 ± 4 224.55 ± 186.24 6.21 ± 2.98 

Sisal 0.030 ± 0.010 228 ± 38 137.57 ± 50.42 2.95 ± 0.71 

 

The cross section of the curaua fiber (Fig. 3-2a) presented a star shape with 

area around 0.006 mm² and a large amount of microfibers in its structure, 

approximately 404 per section, the greatest amount of microfibers among the three 

species studied. These microfibers presented an average area of 18 μm² and cell 

wall thickness of 1.6 μm, the smallest area and cell wall thickness of microfibers 

among the three species studied. The hemp fiber (Fig. 3-2b) showed the smallest 

area among the three fibers, measuring 0.002 mm², and could not conclusively be 

associated with a specific form due to their average amount of microfibers per 
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section being around 11, which together showed a relatively uniform geometry of 

agglomeration. However, their microfibers presented an area around 224 μm² with 

the cell wall thickness around 6.2 μm, the largest among the three fibers studied. 

The sisal fiber showed the largest cross section area, compared with curaua and 

hemp, measuring 0.030 mm². The sisal fiber (Fig. 3-2c) presented an arched shape 

[5], with approximately 228 microfibers, measuring about 137μm² in area with a 

cell wall thickness around 2.9 μm. 

 

  

(a) (b) 

 

(c) 

Figure 3-2. Cross sections of curaua (a), hemp (b), and sisal (c) fibers by SEM. 

 

Fidelis et al. [3] also investigated the morphological characteristics of 

curaua and sisal fibers, as showed in Table 3-2. Some of these results, such as the 

amount of microfibers per cross section, presented a wide variation: a reduction of 

97% and 39% for curaua and sisal, respectively. However, even with this large rate 
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difference, the cross-sectional area results can be considered close. These variations 

can be explained by the morphological disuniformity presented by the natural fibers 

structure, which provides different characteristics, including the mechanical ones, 

due the influence of the morphology variation of fibers from stem's top, middle and 

bottom [92,93]. 

 

Table 3-2. Natural Fibers Morphological Characteristics from Literature 

Fiber 
FiberCross Section 

Area (mm²) 

Amount of Microfibers 

per Cross Section 

Cell Wall 

Thickness (µm) 
Authors 

Curaua 0.004 12 3.5 Fidelis et al. 

(2013) Sisal 0.023 144 2.6 

 

When exposed to thermal treatments, the fibers showed different levels of 

degradation. The curaua and hemp fibers (Fig. 3-3 and Fig. 3-4) exposed at 200 °C 

presented delamination of the microfibers, with the weakening of the middle 

lamellas visible, especially in the hemp fibers that suffered total bond collapse.  

 

  

(a) (b) 

Figure 3-3. The curaua reference (a) and treated at 200 °C (b). 
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(a) (b) 

Figure 3-4. The hemp reference (a) and treated at 200 °C (b). 

The sisal fibers (Fig. 3-5) at 200 °C showed the greatest thermal resistance 

and did not show any signs of weakening. The high thermal resistance of sisal in 

comparison to curaua and hemp can be explained by the amount of hemicelluloses 

— curaua and hemp have hemicellulose amounts around 20% to 23% [8,19,27] but 

sisal only 10% [6,30] — which is responsible for most of the thermal degradation 

behavior of natural fibers [104,105]. 

 

  

(a) (b) 

Figure 3-5. The sisal reference (a) and treated at 200 °C (b). 

 

3.3.2. TG and XRD Analysis 

The TGA of curaua, hemp, and sisal fibers showed similar patterns of 

weight loss (Fig. 3-6). Up to 100 °C, the samples showed a moisture decrease, 

represented by a weight loss of approximately 9%, and then stabilized from that 
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point to 200 °C. From there to approximately 290 °C the hemicellulose degradation 

occurred and thereafter the thermal decomposition of cellulose remains up to 

approximately 350 °C, as also presented by many other authors [35–38]. At this 

point, the thermal degradation caused weight losses of 78%, 67%, and 72% for 

curaua, hemp, and sisal, respectively. 

According with DTG analyses, the maximum weight loss was observed at 

329 °C for hemp, 336 °C for curaua, and 342 °C for sisal, which is consistent with 

that observed in the XRD analysis where sisal fibers also showed higher thermal 

stability, probably due the lower content of hemicelluloses when compared to 

curaua and hemp fibers. The range from 100 °C to 200 °C by TGA and DTG 

showed no significant changes occurring with these fibers (beyond those already 

shown up to 100 °C). 

The XRD analysis of curaua, hemp, and sisal fibers was performed for the 

reference and 200 °C treated samples, and the deconvolution of crystalline peaks 

and amorphous halo was performed in the range of 5° to 60° (2θ). The highest 

intensity peak in all cases was noticed at 2θ between 22.0° and 22.6° reflection 

assigned to the (002) crystallographic plane. The average intensity peak was 

observed at 2θ between 14.5° and 15.3° (101), with the lowest intensity peak at 2θ 

between 33.9° and 34.1° (040).  

Only the hemp samples presented prominent peaks at 2θ between 15.9° and 

16.2° (101̅). These results are compatible with other analyses about the crystalline 

structure of cellulose [2,107–109]. 

 

  

(a) (b) 
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Figure 3-6. TGA and DTG of curaua, hemp, and sisal fibers. 

The peaks at 2θ from 33.9° to 34.1° (040) were not included in the 

deconvolution analysis due to their very low intensity [109] (Fig. 3-7). Table 3-3 

presents the natural fibers’ crystallinity indexes. 

 

Table 3-3. Crystallinity Indexes of Curaua, Hemp, and Sisal Fibers, Reference and after Exposure 

at 200 °C. 

Treatment 
Crystallinity Index (%) 

Curaua Hemp Sisal 

Reference 57.4 ± 1.4 59.2 ± 0.9 54.7 ± 2.0 

200 °C 59.0 ± 1.4 61.4 ± 1.1 56.7 ± 1.2 

 

Comparing the reference fibers with those exposed at 200 °C, the CI 

presented increases of about 3%, 4%, and 4% for curaua, hemp, and sisal, 

respectively. The crystallinity degree of cellulose is directly related to the rigidity 

and flexibility of the natural fibers: their rigidity increases, and flexibility decreases, 

with increasing ratio of crystalline to amorphous regions [108]. In this case, 

however, the CI increases at 200 °C probably were associated with the loss of 

humidity (at 100 °C).  For curaua and sisal fibers, this difference in crystallinity 

index values between the reference and 200 °C samples were not statistically 

significant, as described by the p-values in Table 3-4. However, the hemp fibers 

presented p < 0.05, which indicates there was statistical significance concerning its 

variation. 

 

  

(a) (b) 
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(c) (d) 

  

(e) (f) 

Figure 3-7. The XRD and software analysis to determinate the CI of curaua reference (a), curaua 

exposed to 200 °C (b), hemp reference (c), hemp exposed to 200 °C (d), sisal reference (e), and 

sisal exposed to 200 °C (f) (a.u. stands for arbitrary units). 

 

Table 3-4. Statistical Significance of Crystallinity Index Values Between the Reference and 200 

°C Samples by Two-Sample T-Test. 

Samples t (df = 6) p-value (two-tail) 

Curaua -1.420 0.200 

Hemp -2.590 0.041 

Sisal -1.534 0.176 

 

In this regard, other authors [106,110] reported a decrease about 10 % in CI 

of bleached natural fibers and affirmed that these variations does not affect 

significantly the biopolymer properties, however, these kinds of chemical results 

must  be confronted with experimental mechanical analyzes. 
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3.3.3. Fiber Mechanical Behavior 

The mechanical behaviors of all the fibers under all conditions are 

summarized in Table 3-5. The highest tensile strength among reference samples 

was observed for curaua (760 MPa), followed by the hemp (480 MPa) and sisal 

(357 MPa).  

Table 3-5. Tensile Tests Results for Curaua, Hemp, and Sisal Fibers 

Fiber Treatment 
Tensile Strength 

(MPa) 

Young’s Modulus 

(GPa) 

Strain-to-Failure 

(%) 

Curaua 

Reference 760.02 ± 217.33 32.19 ± 8.08 2.4 ± 0.3 

100 °C 1480.40 ± 215.82 43.24 ± 6.88 3.3 ± 0.6 

150 °C 646.22 ± 168.04 35.41 ± 14.28 3.1 ± 1.1 

200 °C 51.75 ± 7.51 17.84 ± 9.94 0.4 ± 0.2 

Hemp 

Reference 480.25 ± 255.31 51.58 ± 18.50 1.0 ± 0.3 

100 °C 567.70 ± 237.98 39.20 ± 12.06 1.6 ± 0.4 

150 °C 510.63 ± 141.65 44.99 ± 14.11 1.4 ± 0.3 

200 °C - - - 

Sisal 

Reference 357.16 ± 35.74 8.74 ± 3.32 14.7 ± 7.8 

100 °C 379.46 ± 96.79 11.38 ± 5.47 9.3 ± 7.0 

150 °C 306.51 ± 91.72 11.39 ± 4.16 3.3 ± 0.7 

200 °C 38.11 ± 6.97 7.06 ± 2.16 0.6 ± 0.2 

 

The curaua and hemp fibers presented similar mechanical behaviors, both 

showing a high stiffness, while sisal tended to be more ductile, as shown in Fig. 3-

8a. This is probably related to their microfibrillar angle (hemp approximately 6° 

and sisal between 10° and 22°) [8,19,31], where smaller angles lead to greater 

strength and stiffness and larger angles yield greater ductility [18]. In sisal fibers, a 

non-linear region at the initial portion of the curve can be explained as a collapse 

of the weak primary cell walls and delamination between microfibers [6]. 

Fig. 3-8b presents the relation between tensile strength and temperature 

from references up to 150 °C treated samples. In comparison with the reference 

samples, all studied fibers presented tensile strength gains when subjected to 100 

°C for 24 h (Fig. 3-8b). The curaua, hemp, and sisal fibers at 100 °C showed tensile 

strength gains of approximately 94%, 18%, and 6%, respectively. This result shows 

that temperatures around 100 °C do not compromise the tensile behavior of natural 

fibers but can admit mechanical gains by the loss of humidity. 
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(a) (b) 

Figure 3-8. Mechanical behavior of reference curaua, hemp, and sisal fibers (a) and the relation 

between tensile strength and temperature from references up to 150 °C treated samples (b).  

 

Fig. 3-9 compares the fibers’ tensile behaviors when thermally treated. At 

100 °C, the curaua and sisal fibers presented Young’s modulus increases of 

approximately 34% and 30%, respectively. Those fibers also presented increases in 

stiffness, while the hemp fibers exhibited a decrease of about 24% after being 

exposed at 100 °C. These variations in stiffness can be attributed to rearrangements 

and reorientations of the cellulose microfibrils and/or changes in the crystallinity 

fraction that may occur in the fibers [98].  

At 150 °C, all fibers started showing losses in tensile strength. The curaua 

and sisal fibers showed values below their respective reference samples. The loss 

showed by the hemp fibers at 150 °C was not sufficient to place it below the 

reference samples, but at 200 °C these were the most damaged, presenting no 

mechanical resistance and easily breaking if handled, which agrees with the results 

of the statistical significance. 

At 200 °C, curaua and sisal fibers had drastic decreases in tensile strength, 

around 51 MPa and 38 MPa, respectively (Fig. 3-9d). The thermal treatment at 200 

°C completely damaged the fibers, which is attributable to the thermal degradation 

of the cellular walls at temperatures between 150 °C and 180 °C [98]. The same 

occurred with thermal treatments on kenaf bast fibers at 170 °C and 180 °C for 24 

h in other experiments [111]. 

For the sisal fibers (Fig. 3-9c), the non-linear region occurring after 50 MPa 
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gradually disappeared as the temperature increased. The changes at the initial non-

linear region may be associated with the loss of humidity in those thermal ranges, 

which can increase the stiffness of the fiber and, in this case, probably opposes the 

effect of the previously described delamination of the microfibers [6]. 

Comparing the mechanical results with the TG and XRD analyses, weight 

loss and CI can be described as stable in the range from 100 °C to 200 °C, but the 

mechanical degradation is notable. In the range between 100 °C and 150 °C, partial 

decreases in tensile behavior occur. From there to 200 °C, the fibers are already 

mechanically compromised. 

 

  

(a) (b) 

  

(c) (d) 

Figure 3-9. Comparison of curaua (a), hemp (b), and sisal (c) fibers’ tensile behaviors when 

thermally treated; the curaua and sisal fibers at 200 °C (d). 
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3.4. Conclusions 

Although similar at first, the curaua, hemp, and sisal fibers showed distinct 

morphologies. Characteristics such as cross section area and amount of microfibers 

per section evinced dimensional variability in microstructure, which influences 

mechanical behavior. 

When exposed at 100 °C for 24 h, all fibers presented tensile strength 

improvements, especially the curaua fibers, which showed an increase of 

approximately 94%, followed by hemp and sisal, with increases of approximately 

18% and 6%, respectively. 

The curaua and sisal fibers also showed Young’s modulus increases at 100 

°C, presenting stiffness increases, while the hemp fibers exhibited a decrease in 

Young’s modulus. 

The behavior of all studied fibers presented on TG and XRD analysis for 

the range from 100 °C to 200 °C is described as stable, but their mechanical 

behavior showed severe degradation within the range from 150 °C to 200 °C. In 

this case the mechanical degradation can be traced back to the loss of bond among 

the several microfibers that compose the fibers. 

All fibers exposed at 200 °C for 24 h became fragile and brittle, presenting 

drastic decreases in mechanical resistance. The curaua and hemp fibers showed 

clear microfiber delamination, especially the hemp, which suffered total bond 

collapse. The sisal fibers showed the greatest thermal resistance and did not show 

signs of weakening. Nevertheless, the sisal fiber mechanical bearing capacity was 

also compromised after 200 °C. 

The overall analysis of elevated temperatures on the mechanical behavior 

of natural fibers showed that, in three cases with three distinct species (curaua, 

hemp, and sisal), heating up to 100 °C did not compromise their tensile behavior 

but could admit mechanical gains by the loss of moisture content. 
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4. On the Use of Natural Curauá Reinforced Cement Based 
Composites for Structural Applications 

The construction industry demand for environmentally friendly and energy-

efficient solutions has driven researchers to matching non-traditional materials, as 

natural resources, with modern building technologies. The present work 

investigated the mechanical behavior and cracking mechanisms of a cementitious 

composite reinforced with natural curauá unidirectional fabric towards its use as 

reinforcement for a structural concrete element. The experimental program 

included direct tension, bending, cyclic and combined loading compression tests in 

cement-based composites reinforced with curauá natural fabrics. Different 

specimen scales were tested under direct tensile loading in order to study the 

cracking mechanisms and strain sensitivity to size effect. A structural beam 

externally reinforced with this newly developed composite was tested under 

bending and an analytical model was proposed to corroborate the experimental 

tests. The proposed model gave very accurate prediction of the moment-curvature. 

The composite used as a structural reinforcement behaved efficiently, resulting in 

rebar yielding delay, providing to the beam a higher deflection capacity and a 

flexural strength gain of about 16 %. 

 

Article published: August 11, 2020 – Cement and Concrete Composites 

 

4.1. Introduction 

Aiming to reduce the CO2 emissions, many authors have been investigating 

alternatives to reduce the cement consumption, as partially replacing it by 

pozzolans such as blast-furnace slag, fly ash, metakaolin, rice husk, silica fume, and 

more [112–115]. The combination of low CO2 emission cements with the use of 

natural fibers as reinforcement can result in an ultimate green composite system. 

The physical and morphological properties of natural fibers [3,8,19,23,97,106,116] 

and its durability in an alkaline environment [43,84,117]  have been deeply studied. 

The cited works focus on the use of natural fibers as cementitious matrix-
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reinforcement, providing strength enhancement, strain capacity, and work-to-

fracture by the multiple cracking mechanisms, leading to a strain hardening 

behavior. Mechanical tests on cementitious composites reinforced with natural 

fibers are already deeply explored in many configurations: such as the textile form 

[20,68,69], in a continuous and aligned way [7,21,70], or short and randomly 

dispersed in the matrix [9,22,71]. 

In addition, the incorporation of natural fibers can mitigate the tensile stresses 

generated during plastic shrinkage [118]. This improved plastic shrinkage 

resistance is related to the higher elastic modulus of fibers compared to the cement 

matrix at early age and crack bridge and arrest mechanisms induced by these fibers 

[118–120]. The natural fibers can also contribute to the self-healing capacity of 

cementitious matrix acting as a water reservoir, resulting in a better internal curing 

and improving its autogenous healing [121]. These fibers can improve the bridging 

of new hydration products across the cracks at a higher damaged degree, which is 

not possible in normal concretes [121,122]. However, even with all the knowledge 

developed about cementitious composites reinforced with natural fibers on the 

mechanics and durability aspects, its use has especially focused on the non-

structural elements, such as tiles [11,12], and there is practically no scientific 

literature about their applications at the structural level. 

On the other hand, the use of synthetic fibers reinforced-cement composites 

is already widely applied in industrial installations, shotcrete, and in precast 

structures [47–49]. Many authors [123–125] presented results about the use of 

synthetic fibers reinforced-cement composites as reinforcement and repair for 

structural concrete elements. Schladitz at al. [126] presented a textile high-

performance carbon reinforced-composite as concrete slabs reinforcement and 

noted that the load-bearing capacity increases uniformly at increasing textile carbon 

layer numbers. With four layers, the load-bearing capacity of the reinforced 

concrete slab could be raised to 3.5 times as compared to its unreinforced 

counterpart. At equal load levels, a decrease in deflections could be observed with 

increasing layer numbers. Kim and Yun [127] showed that the concrete beams 

repaired with polyethylene and polyvinyl fibers reinforced-composite demonstrated 

no crushing or spalling until final failure. It was noted that the composite application 

can improve moment strength and delay the yielding moment due to the bridging 

action of the fibers. 
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The present work investigated the mechanics of natural curauá reinforced 

cement-based composites and its use as a structural reinforcement material. The 

continuous fibers were divided into three layers and used as reinforcement in a 

continuous and aligned way. The mechanical behavior was evaluated by direct 

tensile, flexural, cyclic and combined loading compression (CLC) tests, where the 

laminate plate composites under tensile and flexural loads were manufactured in 

three different sizes for comparison. The crack pattern evolution on tensile tests 

were analyzed through Digital Image Correlation (DIC). After the material level 

characterization, the developed cementitious composite was applied as 

reinforcement for a structural concrete element, which was tested under four-point 

bending and compared with a non-reinforced reference. Finally, theoretical 

moment–curvature curves were developed and compared with the experimental 

results. 

 

4.2.  Material and Methods 

4.2.1. Curauá Fibers 

The Pematec Company (Santarém, Pará, Brazil) provided the curauá fibers as 

shown in Fig. 4-1a. The fibers were obtained in the Amazon region, extracted from 

the Ananas erectifolius plant by the mechanical process of decortication [3,6]. The 

fibers were first treated with hot water (approximately 70 °C) for 1 h. This 

procedure aimed to eliminate the maximum amount of impurities retained on the 

fiber surface [116]. Thereafter, the fibers were air-dried for 48 h and then brushed 

to be separated into individual filaments (Fig. 4-1b). 

The leaves of curauá plant, from which the fibers were extracted, can reach 

up to 150 cm length with an average 4 cm width and 0.5 cm thickness [128]. 

However, by the mechanical extraction process, the fibers available for this work 

had an average length that did not exceed 80 cm. Mechanically, a single filament 

fiber can reach a tensile strength of about 760 MPa, with 32 GPa of elastic modulus, 

and strain capacity around 2.4 % [116]. The density of curauá fiber is equal to 1.1 

g/cm³ as also presented in other works [129,130]. 
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(a) (b) 

Figure 4-1. Curaua fibers as received from Pematec Company (a), the same fibers after hot water 

treatment, air dry and brush (b). 

4.2.2. Matrix Design 

The mortar matrix for the composite was designed for the ratio of 1:1:0.4 

(cementitious material:sand:water) and pozzolans supplementation was adopted 

aiming a calcium hydroxide free matrix, seeking to provide the natural fibers higher 

durability as previously reported [4,21,68,122]. The cementitious material was 

composed, in mass, by 50 % Portland cement type CPV (defined by the Brazilian 

standard ABNT NBR 16697 [131]), 40% metakaolin (obtained from Metacaulim 

do Brasil Indústria e Comércio Ltda), and 10% fly ash (from POZOFLY®). The 

used quartz sand had a maximum diameter of 1.18 mm and a density of about 2.67 

g/cm³. The superplasticizer GLENIUM® 3500 used proportion was 0.7 % of the 

cementitious material mass to provide the necessary workability. The average 

compressive strength of the mortar matrix after 28 days was 81 MPa based on the 

axial compressive test results, and the flow table spread 375 mm. 

For the structural concrete element, the mix design presented in Table 4-1 

was used. The design was based on the work of Lima et al. [132]. It consisted of 

Brazilian normalized Portland cement CPII-F32 [131], fine aggregate that passed 

through a 4.75 mm sieve with a fineness modulus (FM) of 2.74, and two different 

types of coarse aggregates (presenting 9 mm and 19 mm at maximum diameter). 

The superplasticizer PLASTOL® 4100 was used to adjust the workability of the 
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mix. The average compressive strength of the concrete matrix after 28 days was 33 

MPa based on the axial compressive test results, and the slump was 75 mm. 

Table 4-1. Concrete mix proportions. 

Materials Kg/m³ 

Portland cement (CPII-F32) 336.0 

Natural sand 642.0 

Coarse aggregate (9 mm) 441.0 

Coarse aggregate (19 mm) 782.0 

Water 168.0 

Superplasticizer 0.5 

 

4.2.3. Manufacturing 

Firstly, the curauá fibers were dipped in water during 1 h, enough time to 

reach levels close to their maximum saturation [1], and then air-dried for 15 min to 

eliminate the excess humidity retained on their surface. This method aims to 

minimize the water absorption from the matrix mixture by the porous structure of 

the fibers and make it better workable during the manufacturing. The matrix was 

produced using a bench-mounted planetary mixer with a capacity of 20 L. The 

cementitious material and quartz sand were first mixed with 70 % of water for 1 

min for homogenization. Thereafter, the superplasticizer previously diluted in the 

remaining 30 % of water was slowly poured into the running mixer and then mixed 

for more 3 min. 

The composite laminate plates were produced in three different sizes. While 

the largest ones measured 1000 mm length and 120 mm width (LP1000), the others 

measured 500 mm (LP500) and 250 mm (LP250) length, respectively, both with 60 

mm width. All specimens presented a thickness of about 10 mm. The total amount 

of curauá fibers per specimen corresponds to a volume fraction of 5 %, divided into 

three layers. The fibers were used in a continuous form and arranged in a 

longitudinally aligned way, as a unidirectional fabric. During manufacturing, the 

mortar mix was placed in steel molds by a manual layout technique, one layer at a 

time, followed by one layer of aligned curauá fibers. 

For the LP1000 specimens, as the fibers available for this work do not present 

1000 mm of length, it was necessary to develop a system of overlapped layer. In 

this method, each of the three fabric layers was cut into subparts, with an overlap 

equal to 70 mm, reaching the maximum length of 1000 mm. These overlaps were 
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organized alternately, aiming to avoid stress concetration that could produce a 

weaker zone. Fig. 4-2a shows the arrangement of L1000 overlapped layer system 

and Fig. 4-2b its manufacturing process. All the composite specimens were cured 

in the molds for 24 h and then underwater for 28 days. 

 

 

(a) 

 

     

(b) 

Figure 4-2. Arrangement of L1000 fibers overlapped layer system (a) and the manufacturing 

process (b). 

For the Combined Loading Compression (CLC) tests, the specimens were cut 

out from the laminate plates (using a metallographic cutting machine Arotec Arocor 

80) measuring 160 mm of length, 19 mm of width and thickness of about 10 mm. 

During the cut, the longitudinal extension of CLC samples was made following the 

continuous arrangement of fibers, so their fiber layers follow the exact same 

patterns as the tensile, bending and cyclic samples. To avoid undesirable end 

crushing, the specimens were tabbed with aluminum plates (2 mm of thickness), 
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glued with an epoxy resin (Sikadur-32), as shown in Fig. 4-3. To measure the 

strains, strain gages were fixed on each face, according to ASTM D6641/D6641M-

14 [133], within the adopted 20 mm gage length. For comparison, axial 

compression specimens with no fibers were manufactured, measuring 100 mm of 

height and 50 mm of diameter. 

  

(a) (b) 

Figure 4-3. CLC specimens cut out from laminate plates (a) and tabbed with the aluminum plates 

(b). 

The concrete mixture for the structural beams was prepared in a concrete 

mixer with capacity of 400 L. The dry materials (sand, cement and coarse 

aggregate) were added and mixed for one minute before 70% of the water addition. 

Then, the superplasticizer previously diluted in the remaining 30 % of water was 

added. The mixing process lasted five minutes. The specimens were designed for 

the flexural tests, measuring 1200 mm length, 120 mm width and 150 mm height. 

For the conventional reinforcement, steel rebars with nominal yield strength of 500 

MPa were used. The beams were designed to be under-reinforced while met the 

minimum required steel reinforcement. Shear reinforcement stirrups with 125 mm 

spacing were used to prevent failure due to shear. Fig. 4-4 presented the schematic 

beam details and dimensions. At the composite application as structural 

reinforcement, a laminated plate was manufactured on the underside of the beam 

and then the 28 days of curing were counted until the tests. For the reinforcement 

application, the beam bottom surface was just cleaned and slightly moistened, then 

the same manufacturing process described to LP1000 was done. 
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Figure 4-4. Schematic beam details and dimensions. 

4.3. Mechanical Tests 

4.3.1. Tensile Tests 

The curauá unidirectional fabric consisted of bundle of fibers with 500 mm 

length and 60 mm width. The specimen thickness was defined by the relation of its 

known measures and volume – mass (4.05 g) and density (1.1 g/cm³). The material 

was tested under tensile load aiming to comprehend its mechanical properties. The 

used gauge length corresponded to 200 mm and the tensile loading performed in a 

servo-hydraulic MTS 811 system with a 1000 kN load cell and two external LVDTs 

(MTS, Eden Prairie, MN, USA) to achieve greater accuracy in data acquisition. The 

specimens were fixed in steel plates (Fig. 4-5a) with clamped screws controlled by 

a torque (15 N.m), and the tests were carried on under displacement control at a rate 

of 0.1 mm/min. Seeking a good fixation and stability of this kind of specimen at the 

setup test, polymeric block bases (epoxy resin Sikadur-32) were molded in both 

ends sides of the fiber bundle, as presented in Fig. 4-5b. 
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(a) (b) 

Figure 4-5. Curauá fabric test configuration: experimental set-up (a) and detail of the fabric 

specimen (b). 

The composite direct tensile tests were arranged with variable gage lengths, 

depending on the size of each sample. For the LP1000, LP500 and LP250 

specimens’ groups, the used gage length corresponded to 450 mm, 200 mm and 120 

mm (Fig. 4-6), respectively. The specimens were subjected to tensile loading 

performed in a servo-hydraulic MTS 811 system with a 1000 kN load cell and a 

pair of external LVDTs (MTS, Eden Prairie, MN, USA). Three specimens of 

laminate plates were tested for the 500 mm and 250 mm groups. Due to the 

exhaustion of the curauá fibers from this same batch and in order to preserve the 

standardization of the raw materials (along with the difficulty of carrying out this 

kind of test), only a single LP1000 sample was performed. The specimens were 

fixed in steel plates with clamped screws controlled by a torque (8.5 N.m), and the 

tests were carried on under displacement control at a rate of 0.1 mm/min. 
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Figure 4-6. The composite direct tensile tests arranged with variable gage lengths. 

4.3.2. Bending Tests 

The composite four-point bending tests were performed in a servo-hydraulic 

MTS system with a 100 kN load cell. The vertical displacement was measured by 

a LVDT to ensure greater accuracy in data acquisition. The tests were carried on 

under displacement control at a rate of 0.1 mm/min with a 495 mm span between 

end supports for the LP1000, 270 mm for the LP500 and 220 mm for the LP250. 

Three specimens of each were performed for this test. 

The cyclic bending tests were performed using the same equipment as the 

monotonic regime, and only the LP250 specimens were tested. These tests followed 

two steps: a displacement-controlled step, and a load-controlled step as also 

presented elsewhere [134]. The cyclic flexural testing involved unloading at 0.15, 

0.30, 0.50, 1.00, 2.00, 3.00, 4.00, 5.00, 7.50, 10.00, 12.50, 15.00, 17.50, 20.00 and 

22.50 mm of deflection displacement, controlled by an external LVDT (MTS, Eden 

Prairie, MN, USA), as described in Fig. 4-7. Three different displacements rates 

were used during the cycles: 0.15 mm/min from the first to third, 0.30 mm/min from 

the fourth to eighth and 0.50 mm/min from the ninth to fifteenth. The unloading 

was controlled by a servo-hydraulic machine and conducted under a constant rate 

of 0.4 kN/min for every cycle. 
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As described by Boulekbache et. al. [134], the flexural behavior under cyclic 

loading can be evaluated by two parameters: the degree of reversibility (𝑅) and the 

cyclic modulus (𝐸𝑐𝑦𝑐). The degree of reversibility is defined as the ratio of the 

reversible displacement (𝛿𝑟) and the total displacement (𝛿𝑡) of the loop (𝑅 =

𝛿𝑟/𝛿𝑡). The reversible movement is the distance between the x-axis the major axis 

of the loop and load discharge arrow at the discharge. The cyclic modulus may be 

determined by the slope of the line connecting the two points reversing the strain 

direction. Finally, the initial tangent modulus (𝐸0) corresponds to the slope at the 

beginning of load-deflection curve, also shown in Fig. 4-7. 

 

Figure 4-7. Cyclic loading procedure and parameters. 

Structural concrete beams were tested in a 500 kN servo-hydraulic MTS 

actuator mounted in a steel test frame. Strain values were monitored by a total of 

seven strain gauges: six 10 mm strain gages on steel rebars (three on each rebar) 

and one 60 mm strain gage applied on concrete in compressed zone, as presented 

in Fig. 4-8. Three LVDTs were used to measure the deflection: one LVDT was 

placed at the midspan and the other two were located at the load-points alignment. 

The test was carried on under displacement control at a rate of 1.0 mm/min with an 

1100 mm span between end supports. 
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Figure 4-8. Schematic beam banding test details. 

4.3.3. Combined Loading Compression (CLC) Tests 

These tests were carried on according to the CLC method, adapted from 

ASTM D6641 [133], under a displacement controlled rate of 1.0 mm/min on a MTS 

810 system with load capacity of 500 kN. The used gage length corresponded to 20 

mm. The specimens were fixed between steel blocks with clamped screws 

controlled by a torque (8.5 N.m). All the specimens were instrumented with back-

to-back strain gages in order to confirm pure compression. The strains were 

measured using strain gages positioned on the middle of the specimen’s faces. Fig. 

4-9 presents the schematic CLC test setup.  

 

Figure 4-9. The schematic combined loading compression (CLC) setup. 

4.3.4. Digital Image Correlation (DIC) 

Aiming to better understand the crack evolution process of the composites, 

Digital Image Correlation (DIC) technique was used for the composite tensile tests. 

The DIC, a non-contacting method able to measurement full-field deformations 
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[135,136], has been very useful to analyses the cracking process parameters. The 

basic principle of DIC consists of an Area of Interest (AOI) which is manually 

specified and further divided into an evenly spaced virtual grid. The displacements 

are computed at each point of the virtual grid to obtain full-field deformation, where 

subsets (set of pixels) and steps (distance between subsets) are determined and, 

then, the movement of its center point from the reference image (before the 

deformation) is correlated at subsequent images, tracking the deformities [56]. 

To perform the technique, it was necessary to create a speckle pattern on the 

surface of the specimens, which consists of black dots (made by spray) randomly 

distributed over a white background. A digital recording camera Nikon D90 model 

was used, controlled by the Camera Control Pro 2 software, ensuring the capture 

accuracy of images (4200 x 2690 pixels resolution) at 10 s. The image analysis was 

performed by the software GOM Correlate, used to detect and quantify the cracks 

and its process during the failure. 

 

4.4. Results and Discussions 

4.4.1. Tensile Behavior of the Curauá Fabric Reinforced Composite 
System 

The curauá fabric under tensile test showed a maximum strength of 123.2 

MPa, which occurred at 1.03 % strain, as presented in Fig. 4-10a. The young’s 

modulus of the bundle of curauá fibers was 14.9 GPa. During the tensile test, the 

load appeared to be equally distributed, with no region being more stretched than 

another. As the loading progressed, the more stressed fibers began to fracture. The 

single filament fibers did not fracture at the same time due to their high strength 

variability. This mechanism resulted in a type of pseudo strain hardening behavior 

that can positive influence the composite tensile behavior (Fig. 4-10b). At the end 

of the test, all fibers were completely fractured (Fig. 4-10c). Comparing to other 

fabrics, the curauá specimen presented a tensile strength 84 % higher than jute 

fabric (66.8 MPa) [137] but 77 % lower than glass fabric (546.4 MPa) [138]. 

However, the application of fabrics as reinforcement in a cementitious matrix also 

considers the fiber-matrix interface mechanisms and morphological characteristics. 
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(a) (b) (c) 

Figure 4-10. The curauá fabric tensile behavior. 

Fig. 4-11 presents the tensile behavior of all composites investigated in the 

present work. The initial stress/strain response of the composite system was marked 

by a range of linear-elastic zone where the stiffness of the composite was mainly 

guided by the matrix properties (marked as zone I in Fig. 4-11), which justifies the 

similar behavior up to this point, especially for the LP250 and LP1000. The linear 

zone ended by the first crack formation (zone II), but the load carrying capacity 

continued to increase due the ability of the natural fibers in bridging and arresting 

the cracks. After the first crack formation, other matrix cracks also initiate to grow 

throughout the specimen at approximately regular intervals and begin to propagate 

across the length (zone III). A similar behavior was also observed for natural sisal 

fiber reinforced cement composites [4]. The decay rate shows that crack spacing 

decreases as the number of cracks increases, indicating an inverse relationship, as 

can be seen in Fig. 4-11b and Fig. 4-11c. 

The average first-crack tensile stress up to the end of the linear-elastic zone 

was 4.6 MPa and 4.3 for LP500 and LP250, respectively, representing a difference 

of 7%. At the LP1000 curve (Fig. 4-11d) it was possible to notice a distinguishable 

Bend Over Point (BOP) indicating the crack propagation across the width of the 

specimen. A similar behavior was also observed for man made textile reinforced 

concretes [57]. All the laminate plates reinforced with three layers of curaua fibers 

presented multiple-cracking behavior followed by strain hardening under tensile 

loading. The mechanical behavior and DIC analysis of the specimens are 

summarized in Table 2. 
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The highest tensile strength was observed for the LP500 composite, followed 

by the LP250 and LP1000 (26 % and 33 % lower, respectively). The composite 

system provided high mechanical performance in all cases, even for the LP1000 

which demanded the system of overlapped layers. It is worth to mention that this 

specific manufacturing method (LP1000) proved to be efficient, providing the same 

mechanical behavior found in continuous fiber-composites. Comparing the LP250 

and LP1000 samples, and considered that LP250 represents 1/4 of the LP1000 

length, the difference presented was approximately 10 %. 

  

(a) (b) 

  

(c) (d) 

Figure 4-11. Tensile curves of all curaua reinforced composites (a), stress and crack spacing 

plotted against strain of LP500 (b) and LP250 (c), and LP1000 zoon separated first and second 

stages (d). 
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Table 4-2. The mechanical behavior and DIC analysis of Curaua Unidirectional Fabric Reinforced 

Composite. 

Sample 

Mechanical properties DIC analysis 

First-

crack 

tensile 

strength 

(MPa) 

Ultimate 

tensile 

strength 

(MPa) 

Strain to 

failure 

(%) 

Young’s 

modulus 

(GPa) 

Number 

of cracks 

Mean 

crack 

spacing 

(mm) 

LP1000* 3.67 8.60 1.9 2.83 11 37.5 

LP500 4.60±0.25 12.79±1.63 2.7±0.2 4.75±0.75 16 11.7 

LP250 4.35±0.30 9.54±0.80 2.4±0.6 3.33±0.20 4 24.0 

* Only one specimen was tested. 

 

Fig. 4-12 presents the cracking pattern of LP250, LP500 and LP1000 

specimens, respectively, by the longitudinal strain fields (𝜀𝑦𝑦) obtained from DIC 

analysis at approximately 8.0 MPa tensile strength. The 5 % of fraction volume and 

the arrangement of curaua fibers as reinforcement were able to bridge cracked 

matrix with new fine cracks formation for all specimens. The composite presented 

multiple cracking behavior during the tensile loading, which provided an increase 

at the ultimate tensile strength. 
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𝜀𝑦𝑦 (%) 

 

(a) (b) (c)  

Figure 4-12. The cracking pattern of the composites during the tensile load by DIC: LP250 (a), 

LP500 (b), and LP1000 (c). 

Fig. 4-13 corresponds to the distribution of the longitudinal strain (by DIC) 

along the normalized AOI length of specimens. Each peak represents a crack and 

the crack spacing can be measured as the distance between the strain peaks, so the 

number of cracks and the mean crack spacing (CS) were also obtained from the 

DIC data. The LP500 presented the highest number of cracks along the gage length 

(around 16), followed by LP1000 (11) and LP250 (4), respectively. It is possible to 

notice that the number of cracks was inversely proportional to its longitudinal strain. 
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Figure 4-13. The crack formation pattern by DIC analysis of LP1000 (a), LP500 (b) and LP250 

(c). 

The LP500 higher mechanical performance may be associated with this 

relationship between the number of cracks and its strain. It can be assumed that as 

higher the number of cracks, less strained is the cracks (individually), thus, less 

concentrated is the stress in each crack. Therefore, the number of cracks can directly 

influence the strength of strain-hardening behavior. For the LP1000, which 

presented a higher number of cracks then LP250, the lower tensile strength may be 

associated with its manufacturing method. Even providing the same strain-

hardening behavior as the other samples, it is possible that the system of overlapped 

layers causes to material a slightly loss of strength, but not compromising its final 

performance. 

 

4.4.2. Composite Bending Behavior 

All specimens (LP1000, LP500, and LP250) under four-point bending load 

presented multiple-cracking pattern and a deflection hardening behavior, providing 

deflection capacity without losing flexural strength, as presented in Fig. 4-14. 

   

(a) (b) (c) 

DBD
PUC-Rio - Certificação Digital Nº 1613365 /CA



73 

 

Figure 4-14. The deflection capacity without losing flexural strength of LP1000 (a), LP500 (b) 

and LP250 (c). 

Comparing to the tensile test specimens, the behavior at the elastic linear 

region was very similar for all specimens (governed by the matrix properties), but 

in this case a trend line at the post-crack region can be noticed, which means that 

the composites presented a similar post-cracking stiffness pattern during the 

flexural-hardening. This behavior can be traced back to the composites design 

methodology (matrix and fibers arrangement) which resulted in a uniform 

mechanical behavior that did not present divergent characteristics. Fig. 4-15 

presents the behavior of all specimens under four-point bending tests. 

 

Figure 4-15. The mechanical behavior of all specimens under four-point banding tests. 

Concerning the strain capacity of composites, the LP250 and LP500 

presented a very close mean value up to the ultimate strength, 1.7 % and 1.6 % 

respectively, while LP1000 shows a 29 % lower result (1.2 %). These results can 

be explained by the geometries calculation, which consider the outer support span, 

while the deflection to failure results followed the expected according to the length 

of specimens, being LP1000 166 % and 90 % higher than LP250 and LP500, 

respectively. 

About the ultimate flexural strength, LP250 and LP1000 specimens were 

approximately 16 % and 27 % lower than LP500. It can be explained by the fibers 

anchor length, including the region beyond the outer support span, which may have 

provided a better bending load distribution and providing the appearance of more 

cracks during the LP500 multiple cracking stage. This pattern was also observed in 

tensile testes, where LP500 showed higher strength followed by LP250 and 
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LP1000, respectively. Table 4-3 summarizes the mechanical characteristics of the 

composites under four-point bending tests. 

Table 4-3. Characteristics of composites under four-point bending tests. 

Sample 

First Crack 

Flexural 

Strength (MPa) 

Ultimate 

Flexural 

Strength (MPa) 

Deflection to 

Failure 

(mm) 

Strain to 

Failure  

(%) 

Young’s 

Modulus 

(GPa) 

LP1000 7.41±0.07 30.13±0.93 52.7±0.4 1.2±0.0 30.31±0.93 

LP500 5.41±2.12 39.18±3.05 27.8±2.2 1.6±0.1 26.32±7.15 

LP250 6.21±0.54 33.18±3.35 19.8±0.5 1.7±0.1 22.42±5.55 

 

During the bending tests, at the ultimate tensile behavior, was noticed that the 

LP500 presented the highest load capacity while the LP1000 did not surpass the 

other samples. This behavior corroborates the previous hypothesis that the system 

of overlapped layers may have caused a slight loss of strength but without 

compromising the composite performance. 

 

4.4.3. Cyclic Behavior 

The specimens submitted to cyclic tests still presented the multiple-cracking 

formation and the flexural hardening behavior, even under the mechanical 

degradations caused by the cycles, as can be seen in Fig. 4-16. As expected, the 

unloading and reloading loops do not coincide when comparing their inclination, 

the 𝐸𝑐𝑦𝑐 became more and more acute over the cycles and no parallel loop was 

noticed, as presented by other authors [63,139]. It means that there is a stiffness 

degradation for the entire loading-unloading range, even if the flexural strength still 

presents gains caused by flexural hardening. These gains by results in a significant 

increase of the cumulative energy, showed in Fig. 4-16a. 

Comparing the cyclic to the monotonic loading curves (Fig. 4-16b), it is 

possible to verify that the initial behavior is the same: both curves presented a very 

close angle at the linear-elastic region but, after the first crack formation, a loss of 

stiffness can be seen for the cyclic loading curve during the flexural-hardening 

behavior zone. This behavior may be explained by the multiple crack formation, 

which during the unloading, do not entirely recover their initial stage after 

formation. It can be explained by the strain of the fibers, maybe the rupture of the 

curauá micro-structure (microfibers [24,116]), or even their displacement (pullout), 

which is directly related to composite degree of reversibility, making the material 

DBD
PUC-Rio - Certificação Digital Nº 1613365 /CA



75 

 

less rigid, as described by Boulekbache et. al. [134]. Besides, in this case, the energy 

of the process did not concentrate on a single opening crack but fractioned in a 

multiple cracking system. The fit curves of reversibility degree presented a plateau 

(Fig. 4-16c) that may be associated to the flexural-hardening behavior of the 

composite, because of its deflection capacity without losing flexural strength after 

first-crack formation. 

  

(a) (b) 

  

(c) (d) 

Figure 4-16. The cumulative energy along the cycles (a), the comparison between cyclic and 

monotonic curves (b), the curves of reversibility degree (c) and the cyclic modulus (d). 

The normalized cyclic modulus (Fig. 4-16d) shows the evolution of material 

damage along with the deflection, which is also related to the stiffness loss over the 

cycles [63]. All specimens presented the same pattern of mechanical degradation 

where the fibers provided a progressive damage behavior, acting as a regulator of 

damage, instead of the abrupt rupture of the matrix. This understanding of 

composite mechanical degradation is fundamental to its application for 
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strengthening of existing structures aiming to improve bending capacity. In a real 

scenario, it must have the ability to prevent, or at least delay, a structural collapse. 

 

4.4.4. Combined Loading Compression Tests (CLC) 

Fig. 4-17a presented the compressive stress vs. strain behavior of the CLC 

specimens and conventional cylindrical tested under uniaxial compressive loading. 

Comparing the composite CLC and matrix axial compressive behavior, the CLC 

specimens presented strength results that are 13% lower. At first, it can be justified 

because the relation of these two groups of specimens involves different 

parameters, as material components and structural design, besides the test 

procedures. The fibers arrangement is another point to that influences the decrease 

in strength of the CLC specimens. When longitudinally arranged under 

compression loading, fibers do not perform as the proposed reinforcement, but act 

like a material imperfection. Said et al. [140] explains that the reason for this 

strength decrease at compressive tests are the low-elastic modulus of fibers 

compared with concrete, which cannot sustain any loading adequately after the first 

crack. The CLC specimens’ final failure occurred within the gage section for all 

specimens and the failure mode occurred by delamination, governed by their 

laminate configuration, as showed in Fig. 4-17b. The Table 4-4 summarizes the 

mechanical characteristics of the composites, under combined loading 

compression, and the matrix under axial load. 

 

 

  

(a) (b) 
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Figure 4-17. Behavior under compression load of Curauá cement-based composites:  CLC 

composite tests and matrix conventional compression tests (a), and a representative failure mode 

of CLC specimen (b). 

 

Table 4-4. Mechanical characteristics of composite (under combined loading compression) and 

the matrix (under axial load). 

Sample 
Compressive Strength 

(MPa) 

Strain to Failure 

(%) 

Young’s Modulus 

(GPa) 

Composite 70.30±7.19 0.21±0.02 35.07±5.85 

Matrix 81.27±7.14 0.36±0.06 23.51±0.80 

 

The specimens under CLC test presented a difference at strain capacity (49 

% lower) and a modulus around 33% higher. This false increase in stiffness actually 

can be justified by the different acquisition methods of strain. While the CLC strain 

was measured by gages on the delaminated region, the strain of cylindrical matrix 

specimens was measured by a LVDT oriented by the longitudinal axis. However, 

even considering all the divergences, it was possible to notice a similar pattern 

during the compression loading probably ruled by the matrix properties (the same 

ratio presented in both test samples). 

Even tested in its most deficient orientation, longitudinally (guided by fibers), 

the composite under the CLC test showed high strength and strain capacity, making 

it possible to compare it with the unreinforced matrix under axial load at the same 

graphic scale. This compressive stress comprehension is required for this material 

application, such as the strengthening of columns. 

 

4.4.5. Structural Behavior 

Fig. 4-18a presents the results of the structural tests performed in the 

reference beam (or Non-Reinforced Beam – NRB) and the beam reinforced with 

the Curauá composite. The Reinforced Beam (RB) presented the load peak of 41.9 

kN at 9.18 mm of deflection, while the NRB load peak was 36 kN at a deflection 

point 76 % higher (16.16 mm). This can be traced back to the fact that the NRB 

load peak appears during the rebar yielding process. The post-peak behavior of RB 

under bending test may be characterized as a slip softening due the pull-out process 

of the reinforcement fibers, which occurs after the composite multiple cracking, 

causing a yielding delay on the rebars. Comparing both experimental moment-
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curvatures (Fig. 4-18b), the RB showed higher stiffness and ductility, which also 

can be associated with the multiple cracking behaviors of the reinforcement 

material. 

  

(a) (b) 

Figure 4-18. The mechanical behavior of NRB and RB (a) and their experimental moment-

curvatures (b). 

Fig. 4-19 presents the load-deflection relationship along the beams at 

different loading stages. The deflection levels were measured by the three LVDTs 

on the beams bottom face. At 10 kN, both beams presented a linear behavior with 

already cracked concrete, however the RB demonstrated a higher stiffness. The RB 

also presented a higher stress level (41.7 kN) when compared to NRB at the start of 

the rebar yielding point (34.1 kN), about 22 %, and a directly proportional mid span 

deflection at this point (7.49 mm and 6.08 mm, respectively). This mechanism can 

be explained by the strength improvement and yielding delay due to the bridging 

action of the reinforcing fibers [127], which also may be improved by the excellent 

bond between beam and its reinforcement. From this point to the load peak, the 

deflections increased to 9.18 mm (RB) and 16.16 mm (NRB), within respective 

loads of 41.9 kN and 36 kN. At this range, the RB specimen presented an irrelevant 

load increase, while the NRB showed an increase of around 6 %. However, the 

increases in deflection were 23 % (RB) and 166 % (NRB). 
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(a) (b) 

Figure 4-19. Load-deflection relationship along the beams at different load stages: NRB (a) and 

RB (b). 

As mentioned before, this higher deflection presented by the NRB occurred 

because its peak appears during the rebar yielding stage, while the RB demonstrated 

a higher load capacity due the reinforcement strain-hardening behavior (which 

retarded the yielding process of the rebar). The same load capacity increase and 

deflection decrease was presented by Schladitz at al. [126] in textile high-

performance carbon reinforced-composite as concrete slabs reinforcement. Fig. 4-

20 presents the load-strain (measured by strain gages) relationship along the steel 

rebars at different loading stages and makes possible to better comprehend these 

yielding delay mechanisms. For the reference beam (named NRB), after the 

cracking of concrete, the steel rebars tensile stress is locally concentrated (Fig. 4-

20a), mainly in the cracked region, causing an early yielding. For the Reinforced 

Beam, on the other hand, even after the cracking of concrete the tensile stress 

remains equally distributed along the rebars (Fig. 4-20b), which may be associated 

to the strain-hardening capacity of the composite used as reinforcement, providing 

a higher strain capacity before the yielding stage. 
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(a) (b) 

Figure 4-20. Load-strain relationship along the steel rebars at different load stages: NRB (a) and 

RB (b). 

Both specimens did not present signs of failure by shear. The used strain-

hardening cementitious composite reinforced with unidirectional curaua fabric 

(LP1000 design) as structural reinforcement showed a high bond performance, even 

without any special surface preparation, presenting no delamination or debonding. 

The final failure was obtained by crushing the concrete at the top of the specimen, 

as presented in Fig. 4-21. 

  

(a) (b) 

Figure 4-21. The end of the bending test marked by the crushed concrete at the top of the 

specimen (a) and the stretched fibers at same point (b). 

Aiming to corroborate the experimental tests, an analytical model for the 

bending capacity of concrete beam reinforced with natural fibers cement-based 

composites was proposed. In accordance with the design method for steel 

reinforced concrete, the proposed analytical model was based on the following 

assumptions: 1) Bernoulli’s principle for plane sections; 2) Concrete´s tensile 
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strength was ignored; 3) Perfect bond between matrix, steel rebars, and natural 

fibers reinforcement; 4) At least one material reaches the ultimate strength, obtained 

by their experimental stress-strain curves.  

For the reinforcement (steel rebars and natural fibers), an elastic-linear 

behavior was assumed until its ultimate strength. For each of the three layers of 

natural fibers reinforcement, the ultimate strength was determined using 

experimental results (previously presented at item 4.4.1). The behavior of the 

experimental compressive strength of concrete was described by Equation 4-1, 

according to BS EN Eurocode 2 [141]. Fig. 4-22 presents a diagram for the stress-

strain relationship of the material, based on the equilibrium of the forces. For each 

curvature, the equilibrium of forces creates a moment. 

𝜎𝑐 = ƒ𝑐𝑑 [1 − (1 −
𝜀𝑐

𝜀𝑐2
)

𝑛
]        (Eq. 4-1) 

For 0 ≤ 𝜀𝑐 ≤ 𝜀𝑐2, and 𝜎𝑐 = ƒ𝑐𝑑 for 𝜀𝑐2 ≤ 𝜀𝑐 ≤ 𝜀𝑐𝑢2. 

 

 

Figure 4-22. Scheme based on the equilibrium of internal strain and stress for the RB specimen. 

The force predictions for curvatures were performed by an iterative 

calculation, and the neutral line position was determined by the forces and moments 

equilibrium. The operation was performed up to the ultimate strain limit of inputted 

materials is reached. The force interactions were determinate by the stress-strain 

diagram integrating. The analytical model of the section was calculated by the 

following equations (Eq. 4-2 to Eq. 4-5): 
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∑ 𝐹 = 0:  − 𝐹𝑐 + 𝐹𝑠 + 𝐹𝑓1 + 𝐹𝑓2 + 𝐹𝑓3 = 0     (Eq. 4-2) 

−[∫ 𝜎𝑐 𝑏𝑑𝑥] + 𝜎𝑠𝐴𝑠 + 𝜎𝑓1𝐴𝑓 + 𝜎𝑓2𝐴𝑓 + 𝜎𝑓3𝐴𝑓 = 0    (Eq. 4-3) 

∑ 𝑀 = 0:  − 𝑀𝑐 + 𝑀𝑠 + 𝑀𝑓1 + 𝑀𝑓2 + 𝑀𝑓3 = 0    (Eq. 4-4) 

−[∫ 𝜎𝑐𝑏𝑥𝑑𝑥] + 𝜎𝑠𝐴𝑠(ℎ𝑓 + ℎ − 𝑑) + 𝜎𝑓1𝐴𝑓
ℎ𝑓

4
+ 𝜎𝑓2𝐴𝑓

ℎ𝑓

2
+ 𝜎𝑓3𝐴𝑓

3ℎ𝑓

4
= 0 (Eq. 4-5) 

From the model interactions, the moment-curvature were determined for each 

position of neutral line and then the analytical curves were predicted for the NRB 

and RB. It is worth mentioning that the analytical model for the reference specimens 

(NRB) did not considered the natural fibers reinforcement elements. Fig. 4-23 

shows the experimental and analytical moment-curvature relationships for both 

tested beams. At the initial load application, during the linear elastic behavior, the 

specimens (analytical and experimental) of both groups presented the same 

stiffness. However, after the cracking of the concrete, the analytical curves 

presented a sudden drop that does not appear at the experimental curves. This can 

be explained as the analytical model performs an abrupt transition from one stage 

to another, while in practice, this transition occurs gradually with the appearance of 

several cracks along the beam. 

  

(a) (b) 

Figure 4-23. Experimental and analytical moment-curvature relationships for the beams: (a) NRB 

and (b) RB. 

Nevertheless, both the experimental and analytical moment-curvature 

relationships exhibit a yielding growth-curve up to a nearly horizontal yield plateau. 

These behaviors between the experimental and analytical curves are almost 

parallels. 
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4.5. Conclusions 

The arrangement of cementitious composite reinforced with longitudinal 

curauá fibers provided strain and flexural hardening behavior for all specimens 

analyzed, even for the longer length systems which demanded the overlapped 

layers. The used overlap system demonstrated to be efficient, providing the desired 

mechanical behavior to the laminate plate composite under tensile and flexural 

loads. 

Under cyclic loading, the composite material still presented the multiple-

cracking behavior, but a loss of stiffness was detected when compared with its 

monotonic curve. The energy of failure was released gradually over the cycles and, 

about the reversibility degree, a plateau was noticed and associated to the flexural-

hardening. 

The application of the natural fiber composite as a structural reinforcement 

provided an increase at the ultimate strength of the structural beam (about 16%) 

before its maximum deflection was achieved. After this point, the reinforced beam 

first presents a split softening behavior by the fibers pullout before entering to a 

delayed yielding zone. The adopted theoretical model gave very accurate prediction 

of the moment-curvature for the beam reinforced with the laminate composite 

subjected to static load. 

The developed natural fiber-composite demonstrated high performance in the 

material level and excellent behavior as a structural component, providing a higher 

load and strain capacity to the reinforced beam. 
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5. On the Shear Behavior of Natural Curauá Reinforced 
Cement Based Composite Systems 

The use of fiber-reinforced cementitious matrix (FRCM) for shear 

strengthening of concrete structures has been widely investigated, and its field 

application is not an uncommon practice. However, most of this work is limited to 

synthetic fibers. Thus, the present study seeks to comprehend the shear mechanical 

behavior of a cementitious composite reinforced with curauá fibers and its 

application as a shear structural reinforcement. The experimental program 

comprehends Iosipescu tests and Digital Image Correlation (DIC) analyses for the 

composite specimens, and flexural tests for the strengthened structural beams. 

Analytical model predictions were compared to experimental results. 

 

5.1.  Introduction 

Fiber-reinforced cementitious matrix (FRCM) exhibit mechanical 

improvements when compared to regular cement-matrix, presenting tensile 

ductility behavior. It occurs because the fibers act as a stress transfer-bridge, 

preventing the propagation of a single catastrophic crack and leading to the 

formation of several micro-fissures [51,52]. If the fiber composite, after the first 

crack, presents higher strain capacity with improved strength, it considered strain-

hardening cement-based composite (SHCC) [52,53,55,57,142]. Due to its 

mechanical properties, in recent years, this type of composite has been applied for 

rehabilitation and strengthening concrete structures as an alternative to traditional 

techniques such as fiber-reinforced polymers (FRP) [143]. This method consists of 

an externally bonded reinforcement system, using dry fibers in the form of open 

mesh or fabric (usually basalt, carbon, and glass fibers) [144,145].  

In the case of shear strengthening, the SHCC can be applied in the shear 

critical zone, in general with the fibers perpendicularly oriented regarding the 

longitudinal axis of the beam [144,145]. However, Lee et al. [146] investigated 

beams strengthened with carbon reinforced-composite, varying the orientation of 
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the fibers (0 °, 45 °, and 90 °), and concluded that the horizontal orientation (0 °) 

was the most effective in enhancing the beams load-carrying capacity. 

Many authors presented a significant amount of shear performance tests 

comparing FRCM using different fabric types [147–151]. Loreto et al. [149] 

evaluated reinforced concrete (RC) beams strengthened in shear with 

polyparaphenylene-benzobisoxazole (PBO) FRCM, adopting one and four fabric 

layers, and reported that the increased shear strength was not proportional to the 

number of applied layers (the four-layered composite provided an increase of 25% 

higher than that of one layer). Ombres [150] also studied PBO-FRCM as shear 

reinforcement for concrete elements, presenting substantial results about the shear 

strengthening (enhancement up to 25%), and showed an experimental-theoretical 

comparison to corroborate it. Azom et al. [151] investigated cement-based and 

polymer-based composites as shear strengthening system for concrete beams, and 

concluded that the cement-based systems (carbon fiber reinforced polymer grid 

embedded in mortar, and carbon fabric reinforced cementitious mortar) performed 

more efficiently compared to the epoxy-based system (carbon sheet reinforced 

polymer), presenting a higher increase in ultimate load and no debonding. 

In this field, another promising composite is the cement-based reinforced with 

natural fibers. This kind of composite presents significant mechanical properties 

[6,9,27,72,73,76,88,152], and its durability can be substantially improved in the 

alkaline environment [43,84,117], being an economical and eco-friendly 

alternative. However, there is a gap in the literature about the shear strengthening 

of structures by cementitious composites reinforced with natural fibers. The present 

work studied the mechanical shear behavior of a composite reinforced with curauá 

fibers and developed its application as shear reinforcement to a structural beam for 

performance evaluation. At the material level, Iosipescu tests were performed, 

complemented with Digital Image Correlation (DIC) analyses for accuracy of the 

results. At the structural level, flexural tests were performed and confronted with 

analytical models for comparison. 
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5.2. Materials and Methods 

5.2.1. The Curauá Fibers 

The curauá fibers used as reinforcement in this work were provided by 

Pematec Company – Santarém, Pará, Brazil. The mechanical and morphological 

characterization of these fibers are summarized in Table 5-1. 

Table 5-1. Mechanical and morphological characterization of curauá fibers. 

Mechanical 

Tensile strength (MPa) 760.0 ± 217.3 

Teixeira et al. [116] 

Strain-to-failure (%) 2.4 ± 0.3 

Modulus of Elasticity (GPa) 32.2 ± 8.1  

Morphological 

Fiber cross section area (mm²) 0.006 ± 0.001 

Microfibers per cross section (unit) 404 ± 117 

Microfibers cross section area (mm²) 17.9 ± 9.9 

Cell wall thickness (µm) 1.58 ± 0.45 

 

The basic structure of a natural fiber (monofilament) is composed by a cluster 

of microfibers arranged in an aligned way, which are composed of countless 

microfibrils grouped in helical arrangements [18,153]. Fig. 5-1 shows a curauá fiber 

cross-section (Fig. 5-1a) and its longitudinal surface (Fig. 5-1b) by a scanning 

electron microscope (SEM). 

  

(a) (b) 

Figure 5-1. The curauá fiber cross-section (a) and its longitudinal surface (b). 

The density of curauá fiber was assumed equal to 1.1 g/cm³ [129,130] for the 

volume fraction computation purpose. The fibers were treated with hot water at 70 
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± 3 °C for 1 h, seeking to eliminate the maximum amount of impurities retained on 

the fiber surface [100,116]. 

 

5.2.2. Matrix Design and Mixing Protocol 

The mortar matrix for the composite was designed for the ratio of 1:1:0.4 

(cementitious material:sand:water). Pozzolans was added aiming a calcium 

hydroxide free matrix, which provides a higher durability to the natural fibers, as 

previously reported [4,21,68,122]. The cementitious material was composed, in 

mass, by 50 % Portland cement type CPV (defined by the Brazilian standard ABNT 

NBR 16697 [131]), 40% metakaolin (obtained from Metacaulim do Brasil Indústria 

e Comércio Ltda), and 10% fly ash (from POZOFLY®). The quartz sand had a 

maximum diameter of 1.18 mm and a density of about 2.67 g/cm³. The 

superplasticizer GLENIUM® 3500 used proportion was 0.7 % of the cementitious 

material mass to provide the necessary workability. The average compressive 

strength of the mortar matrix after 28 days was 81.0 MPa based on the axial 

compressive test results, and the flow table spread was 355 mm. 

For the structural concrete element, the mix design presented in Table 5-2 

was used, based on the work of Lima et al. [132]. It consisted of Brazilian 

normalized Portland cement CPII-F32 [131], fine aggregate that passed through a 

4.75 mm sieve with a fineness modulus (FM) of 2.74, and two different types of 

coarse aggregates (presenting 9 mm and 19 mm at maximum diameter). The 

superplasticizer PLASTOL® 4100 was used to adjust the workability of the mix. 

The average compressive strength of the concrete matrix after 28 days was 33 MPa 

based on the axial compressive test results, and the slump was 75 mm. 

Table 5-2. Concrete mix proportions. 

Materials Kg/m³ 

Portland cement (CPII-F32) 336.0 

Natural sand 642.0 

Coarse aggregate (9 mm) 441.0 

Coarse aggregate (19 mm) 782.0 

Water 168.0 

Superplasticizer 0.5 

 

The curauá fibers were immersed in water for 1 h, enough time to reach levels 

close to their maximum saturation [1], and then air-dried for 15 min to eliminate 
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the excess of water retained on their surface. This method aims to minimize the 

water absorption from the matrix mixture by the porous structure of the fibers, and 

therefore increase the system workability. The matrix was produced using a bench-

mounted planetary mixer with a capacity of 20 L. The cementitious material and 

quartz sand were first mixed with 70 % of water for 1 min for homogenization. 

Thereafter, the superplasticizer previously diluted in the remaining 30 % of water 

was slowly poured into the running mixer and then mixed for three more minutes. 

The total amount of curauá fibers per specimen corresponds to a volume 

fraction of 5 %, divided into three layers. The fibers were used in a continuous form 

and arranged in a longitudinally aligned way, as a unidirectional fabric. During 

manufacturing, the mortar mix was placed in steel molds by a manual layout 

technique, one layer at a time, followed by one layer of longitudinal aligned curauá 

fibers. For the Iosipescu shear specimens, a mold was designed to adapt the 

geometry recommendations of the ASTM 5379/5379M [154], as shown in Fig. 5-

2. It is worth to mention that the fibers at the notch's region were cut, not deviated. 

  

(a) (b) 

Figure 5-2. The specimen geometry and a mold schematics (a), and the real mold during 

manufacturing with a placed layer of aligned curauá fibers (b). 

For the composite manufacturing for application as structural external 

reinforcement, 10 mm thick laminates were produced, comprised of three curauá 

fiber layers (L1 to L3) and having 150 mm of width and 1000 mm of length (volume 

fraction of 5 %). To achieve the desired length, overlaps of 70 mm were adopted 

for continuity. These overlaps were organized alternately, aiming to avoid stress 
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concentration that could produce a weaker zone. Fig. 5-3 shows a typical laminate 

configuration and the overlapping adopted. 

  

(a) (b) 

Figure 5-3. The fibers overlapped layers system (a), and the already layered fibers and 

mortar over the beam (b). All dimensions in mm. 

The 120x150x1200 mm beams were designed with a flexural reinforcement 

ratio of 0.55% (two 8 mm bars) and with no shear reinforcement along the testing 

region, seeking a shear-dominated failure mode. For the conventional 

reinforcement, steel rebars with the nominal yield strength of 500 MPa were used. 

The beam was cured for 14 days before the composite application. The laminates 

were fabricated as described in the previous paragraph directly over the lateral sides 

of the beam and cured for 28 days. For the reinforcement application, the sides of 

the beam were cleaned and slightly moistened. Fig. 5-4 presents the schematic 

beam details and dimensions. 
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Figure 5-4. The schematic beam details and dimensions. All dimensions in mm. 

5.3. Mechanical Tests 

5.3.1. The Iosipescu Shear Test 

The Iosipescu test followed the recommendations of the ASTM 5379/5379M 

[154], shown in Fig. 5-5. The tests were conducted in a servo-hydraulic closed-loop 

MTS system, with a 100 kN load cell, under a displacement-controlled rate of 0.1 

mm/min. For higher accuracy on displacement measures, an LVDT was installed 

beside the setup, and, for strain measurement, a ±45° pair of strain gages were 

positioned at one face of the notched section. Three v-notched specimens were 

tested. 

 
 

(a) (b) 

Figure 5-5. The schematic Iosipescu test (a), and a specimen real specimen (b). 

The Digital Image Correlation (DIC) technique was used for the composite 

shear tests, aiming to better understand the crack evolution process. The DIC, a 
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non-contacting method able to measurement full-field deformations [135,136], has 

been very useful to analyze the cracking process. 

To perform the technique, it was necessary to create a speckle pattern on the 

surface of the specimens, which consists of black dots (made by spray) randomly 

distributed over a white background. This surface preparation was done on the 

opposite side of the gages. A digital recording camera Nikon D90 model was used, 

controlled by the Camera Control Pro 2 software, ensuring the acquisition of images 

with 4200 x 2690 pixels resolution at a rate of 1/10 s. The image analysis was 

performed using the software GOM Correlate, adopting subsets of 25 pixels. Fig 5-

6. illustrates the camera position concerning the Iosipescu setup and shows a real 

speckle-surface specimen. 

 
 

(a) (b) 

Figure 5-6. The camera position concerning the Iosipescu setup (a) and shows a real speckle-

surface specimen (b). 

5.3.2. The Structural Tests 

Structural concrete beams were tested in a 500 kN servo-hydraulic MTS 

actuator mounted in a steel test frame. Strain values were monitored by a total of 

six 10 mm strain gages on steel rebars (three on each rebar), as presented in Fig. 5-

7. Three LVDTs were used to measure the deflection: one LVDT was placed at the 

midspan and the other two were located below load-points. The tests were carried 

under displacement control at a rate of 1.0 mm/min over an 1100 mm span. A shear 

span a = 365 mm was adopted, ensuring a ratio a/h between 2 and 2.5 for a shear 

failure (h = beam depth). Two specimens were tested, a reference without the 

external reinforcement and another with the side bonded laminate composite. 
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(a) 

 

 

(b) 

Figure 5-7. Scheme of beam test (a) and overview of the experimental setup (b). All dimensions in 

mm. 

5.4. Results and Discussions 

5.4.1. Shear Tests 

The shear stress curves shown the Iosipescu specimens' mechanical behavior 

on shear failure (Fig. 5-8a). The shear stress was determined following the ASTM 

5379/5379M [154], dividing the applied load by the cross section area between the 

notches. The specimens presented a similar strength capacity, but a significant 

variation at the shear sliding. The apparent shear strain calculated as the sum of the 

absolute readings of the strain gages also presented an expressive variation up to its 

failure, as can be seen in Fig 5-8b. It is important to highlight that, in the cracked 
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stage, there is a reorientation of stress trajectories and, therefore, the states of stress 

in the region of each strain gage are different, contributing to the dispersion of the 

results. About the shear mechanical behavior, the composite showed four distinct 

phases: I) a linear range up to crack formation (up to a shear sliding around of 0.09 

mm); II) a shear stress increase accompanied by crack propagation; III) opening of 

main crack (induced by the notches) followed by the formation of new thin cracks, 

and a shear-hardening behavior; and IV) a shear-softening crack opening (post-

peak). For comparison, Baghi and Barros [155] presented the shear stress versus 

crack sliding of SHCC reinforced with 2 % by volume of short discrete polyvinyl 

alcohol (PVA) fibers  and described its curve behavior in just three main phases. At 

the first and second phases, the same mechanical behavior was observed, but 

without shear-hardening. After that, the shear-softening behavior was observed 

(non-linear post-peak). Fig. 5-8c presents the comparison between curauá and PVA 

composite curves and describes the four phases, and Fig. 5-8d shows the relation 

between crack opening (measured by DIC analysis) and shear stress during the 

Iosipescu test, making possible to better comprehend these phases of cracking 

process during the shear-hardening behavior. Appling the four phases over the 

crack opening curve, it can be observed that: there is no crack at phase I; in phase 

II, the formed crack remains with a very small opening, only propagating itself; in 

phase III, the crack opening increases exponentially up to maximum stress; and in 

the phase IV, crack opening remains while load capacity is reduced. 

  

(a) (b) 
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(c) (d) 

Figure 5-8. The Iosipescu specimens’ mechanical behavior by LVDT displacement (a) and strain 

gages (b), the comparison between curauá and PVA composite curves (c), and the opening crack 

behavior during the shear-hardening (d). 

Table 5-3 summarizes the composite properties by mechanical and DIC 

analysis under Iosipescu shear tests. Due to their physical limitation, the pair of 

gages did not capture the shear strain at the maximum stress, but only up to the 2.3 

MPa. It may be explained by the crack formation and opening, which exceeds the 

gages strain limit. Otherwise, the maximum stress (average of 11.5 MPa) can be 

correlated with the crack sliding (the axial displacement following the crack 

orientation) because the range of LVDT goes beyond the crack failure. 

Table 5-3. Summarized composite properties by mechanical and DIC analysis under Iosipescu 

shear tests. 

Mechanical analysis 

Max load (kN) 1.96 ± 0.11 

Max shear stress (MPa) 11.5 ± 0.66 

Crack sliding (mm) 2.09 ± 0.25 

Shear strain (μm/m) 8278 ± 2345 

Modulus of Elasticity (GPa) 6.11 ± 1.49 

DIC analysis 
Crack opening at max stress (mm) 0.38 ± 0.04 

Number of cracks at max stress (unit) 3.33 ± 0.47 

 

The failure mode showed that the crack started exactly at the notch, as 

expected, but changed its course along the test in approximately 90°, assuming a 

longitudinal alignment. This course change may have been influenced by the fiber’s 

orientation inside the specimens (also longitudinal), which along the loading may 

have guided the cracking propagation to its orientation. Fig 5-9a shows the 

specimen strain fields (𝜀𝑦𝑦) obtained from DIC analysis at approximately 4.5 MPa, 

where is possible to observe that the crack is slightly curved and, in Fig 5-9b 
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(approximately 11.0 MPa, close to the peak of stress), the same crack is reoriented 

towards the longitudinal orientation. The image analysis also provided the average 

crack opening measurement, about 0.4 mm at maximum stress, and the average 

number of cracks at the same point, around 3. 

 

  

𝜀𝑦𝑦 (%) 

 

+1.00 

-1.00 

(a) (b)   

Figure 5-9. The shear strain fields (𝜀𝑦𝑦): Iosipescu specimen cracked at 4.5 MPa (a), during its 

propagation; and the same crack at 11.0 MPa (b), close to its peak of stress. 

5.4.2. Structural Behavior 

5.4.2.1. Shear Capacity, Load and Deformation Behavior 

The load-deflection behavior showed a brittle response for both beams, 

characteristic of shear failure and almost the same deflection at their ultimate load. 

Azam et al. [151] also presented this same deflection behavior in their concrete 

beams, without stirrups, externally reinforced with carbon fiber composite. It can 

be seen that the externally reinforced beam (RB) was able to provide an increase in 

shear capacity of about 28% with respect to the non-reinforced beam (NRB), as 

well as a higherstiffness. The maximum experimental shear resistance (V) of the 

tested beams were calculated according to Eq. 5-1, where L is the distance between 

supports, d is the shear span (from the load point to the support), and F is the 

maximum load capacity. For comparison purpose, the shear response beams were 

normalized, defining μ (Eq. 5-2) as the ratio between the applied shear force (V) 

and the shear capacity of the reference beam (Vc). 

𝑉 = 𝑑
𝐹

𝐿
        (Eq. 5-1) 
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𝜇 =  
𝑉

𝑉𝑐
         (Eq. 5-2) 

The mechanical behavior of the tested beams demonstrated that the double 

side reinforcement was not able to prevent sudden failure but provided to the RB a 

higher strength capacity. Fig. 5-10 presents the experimental curves of the 

normalized shear forces (μ) versus the axial displacement, and the Table 5-4 

summarized the beams mechanical properties. 

  

(a) (b) 

Figure 5-10. The NRB and RB experimental curves of the normalized shear forces (μ) versus the 

axial displacement (a), and the load versus the axial displacement (b). 

Table 5-4. The NRB and RB summarized mechanical properties. 

 NRB RB 

Max load (kN) 29.3 37.5 

Deflection at failure (mm) 6.6 6.3 

Shear resistance (kN) 9.7 12.4 

Rebar strain (μm/m) 2581 2880 

 

About the shear strengthening increase, Contamine et al. [147] conducted a 

comparative study with carbon and glass textile-reinforced mortar as shear 

reinforcement for concrete beams, adopting two wrapping layouts: the side bonding 

and the U jacketing, and Escrig et al. [148] also studied reinforced concrete beams 

shear strengthened with different types of textile-reinforced mortar, using basalt, 

carbon, PBO (Poliparafenil-benzobisoxazole), and glass fibers, adopting only the 

U jacketing system. Table 5-5 shows the maximum load increase provided by each 

textile composite system regarding their respective reference specimens. For 

comparison, the increased load capacity of the beam reinforced with the curauá 

composite was also added. It can be noted that the curauá fabric cementitious 

composite as shear reinforcement for concrete beams showed a high performance 
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and did not present an expressive divergence when compared to other systems, 

especially those based on basalt and glass fibers. 

Table 5-5. Comparative of load capacity increase provided by textile composite system as 

shear reinforcement. 

Textile base Wrapping layout Increase of ultimate load (%) Reference 

Basalt U jacketing 30.6 Escrig et al. [148] 

Carbon U jacketing 6.9 Contamine et al. [147] 

Carbon U jacketing 36.4 Escrig et al. [148] 

Curauá Side bonding 28.1 Present work 

PBO U jacketing 43.4 Escrig et al. [148] 

Glass U jacketing 35.6 Escrig et al. [148] 

Glass Side bonding 31.4 Contamine et al. [147] 

Glass U jacketing 37.7 Contamine et al. [147] 

 

Fig. 5-11 presents a load-deflection comparison between the glass (GLSS) 

[147], carbon (CRBN) [148], and the curauá fiber-composite reinforced beams 

studied in the present work (CUR). The CUR and the GLSS reinforcement were 

applied following the side bonding system, while the CAR wrapping was made as 

U jacketing. Aiming to focus only on the increased properties comparison, all 

curves were normalized by their references maximum load capacity (kN) and 

deflection at failure (mm). The curves obtained from the cited references were 

digitally replicated using the GrapherTM software, and the quantitative comparisons 

were made based on their respective published data [147,148]. Compared to CUR, 

GLSS and CRBN provided increased loads of 2.6 % and 6.5 % higher, respectively. 

It may be stated that CUR provided almost the same range of strengthening as 

GLSS, considering that the curauá fibers are a natural resource and free of industrial 

processing. About the deflection capacity, both GLSS and CRBN provided an 

improvement of more than 90 % compared to the CUR. 
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Figure 5-11. The comparison of increased load-deflection properties between the fiberglass-

composite and the curauá-composite reinforced beams. 

Analyzing the NRB and the RB deformation behavior, the load-deflection 

relation along the beams at different load stages (Fig. 5-12) have shown that the 

deflections (measured by the three LVDTs) were higher for the NRB at all load 

stages, corroborating the RB higher stiffness. At the 20 kN load, the NRB showed 

a deflection level 18 % higher than RB, which means that the composite fulfills its 

role as reinforcement, absorbing part of the energy during the loading process and 

providing a higher strength at a lower deflection level. Similar stiffness 

enhancement was presented by Schladitz et al. [126]. At their ultimate load strength, 

although both beams have almost the same deflection limits (NRB = 6.6 mm and 

RB = 6.3 mm). However, the RB presented a higher ultimate strength at the same 

deflection, around 28 % of increase. 

 

c   

(a) (b) 

Figure 5-12. The load-deflection relation along the beam at different load stages: non-reinforced 

beam (a) and reinforced beam (b). 

Fig.5-13 presents the load-strain relation (measured by strain gages) along 

the steel rebars at different loading stages. In general, the NRB showed higher rebar 

strains at all initial known loads (5 kN, 10 kN, and 20 kN). At the 20 kN load, the 

NRB rebars strain was 33 % higher than RB, but when their ultimate loads are 

reached (29.3 kN and 37.5 kN, respectively), the RB presented the higher rebar 

strains (about 12 %). It can be assumed that the improvement caused by the curauá 

composite as shear reinforcement provided to the rebars a higher strain capacity. 

Furthermore, the enlarged cross-section also may have contributed to the increase 

of stiffness. It is worth mentioning that, in both configurations (NRB and RB), the 
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longitudinal rebars did not reach nominal yielding at failure, as also reported by 

Loreto et al. [149]. 

 

  

(a) (b) 

Figure 5-13. The load-deflection relation along the beam at different load stages: non-reinforced 

beam (a) and reinforced beam (b). 

5.4.2.2. Failure Modes and Crack Patterns 

The composite as structural reinforcement showed a high bond performance, 

even without any special surface preparation, presenting no delamination or 

debonding from substrate. Both specimens presented the shear failure mode, with 

the critical crack propagating from the load application towards the support. The 

NRB presented a typical inclined crack (Fig 5-14a), while the RB specimen showed 

a critical crack comprised of inclined and horizontal segments, similar to the 

Iosipescu specimens (Fig. 5-14b). Fig 5-14c shows both crack patterns: 1) a linear 

propagation of the NRB crack which did not reach the support, and may be justified 

by the stirrups concentrated only at the end of the beam (avoiding dowel splitting); 

and 2) a crack propagation that presents a staggered pattern (RB). It is worth to 

mention that most of curauá fibers did not fail at the final of the test but kept being 

stretched under a pullout mechanism (Fig. 5-14d). It must also be noted that the 

fibers tend to deviate from their original orientation, accompanying the crack 

kinematics (opening and sliding). This is possible due to the curauá fiber flexibility 

and is likely to be followed by local rupture of matrix surrounding the fibers, 

previously reported in literature for the pullout of inclined short fibers [156]. Along 

with the shear transfer mechanisms of aggregate interlock, this re-orientation is 

ultimately responsible for the improvement of shear capacity even though fibers are 
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not oriented as usual. Due to the low flexural reinforcing ratio, the neutral axis in 

the cracked stage is very close to the top of the beam and, therefore, it is expected 

a low contribution of the shear transference through the uncracked zone. 

 

  

(a) (b) 

  

(c) (d) 

Figure 5-14. The failed non-reinforced beam (a) and reinforced beam (b), a schematic NRB and 

RB crack propagation pattern (c), and the stretched curauá fibers connecting two separated matrix 

parts and transfer its load (d). 

Moreover, the RB crack pattern made possible to identify different angles 

along the crack and, consequently, different interactions during shear stress. Fig. 5-

15 schematically illustrates the cracking pattern of the reinforced beam, analyzing 

the approximate angles along the shear crack and the formed angle by stretched 

curauá fibers (Fig. 5-15b based on Fig. 5-14d). 

DBD
PUC-Rio - Certificação Digital Nº 1613365 /CA



101 

 

 

 

(a) (b) 

Figure 5-15. The cracking pattern angles analysis (a) and the angle formed by stretched curauá 

fibers (b). 

5.5. Analytical Study 

5.5.1. Analytical Models and Comparison 

The use of fiber reinforced-composite externally bonded on structural 

members to enhance its shear strength can be predicted by analytical models such 

as ACI 549.4R-20 [144] and the fib-Bulletin 14 [145], which are based on the 

assumption that the combined strength of all elements can provide the ultimate 

shear resistance of the specimen (Vu) (Eq. 5-3). 

𝑉𝑢 = 𝑉𝑐 + 𝑉𝑠 + 𝑉𝑓       (Eq. 5-3) 

Where Vc, Vs, and Vf are the shear contributions of the concrete, the steel, and 

the composite reinforcement, respectively. Following this model, ACI549 

recommends the contribution of fiber reinforced-composite external reinforcement, 

Vf, to be obtained according to Eq. 5-4, where n is the number of fabric layers, Af is 

the area of fabric by unit width effective in shear, εf and Ef are the strain and 

modulus of the composite, and d is the effective depth of the composite shear 

reinforcement. 

𝑉𝑓 𝐴𝐶𝐼549 = 𝑛𝐴𝑓𝜀𝑓𝐸𝑓𝑑      (Eq. 5-4) 

fib-Bulletin 14, on the other hand, recommends Vf to be computed according 

to Eq. 5-5, where εf and Ef are the strain and modulus of composite at the principal 

reinforcement orientation, ρf is the composite reinforcement ratio, bw and d are the 
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width and the effective depth of the structural beam cross section, α is the angle 

between principal fiber orientation and longitudinal axis of beam, and Ө  is the 

angle of diagonal crack concerning the beam axis. 

𝑉𝑓 𝑓𝑖𝑏14 = 0.9𝜀𝑓𝐸𝑓𝜌𝑓𝑏𝑤𝑑(𝑐𝑜𝑡𝛼 + 𝑐𝑜𝑡𝜃)𝑠𝑖𝑛𝛼   (Eq. 5-5) 

The composite tensile properties (mentioned in the previous chapter) and the 

geometrical parameters adopted to ACI549 and fib14 models are summarized in 

Table 5-6. 

Table 5-6. Properties and parameters adopted to ACI549 and fib-Bulletin 14 models. 

n 
Af 

(mm2/mm) 

εf 

(%) 

Ef 

(GPa) 

d 

(mm) 

t 

(mm) 

bw 

(mm) 

3 0.19 1.90 2.83 114.7 10.0 120.0 

 

It is worth to mentioning that the ACI549 considers only two wrapping 

systems: U-jacketing (beams) or continuous complete wraps (beams and columns); 

however, the studied beam in this work was reinforced using the side bonding 

system. Another parameter to be considered in the present work is the fabric area 

(Af). In the current work the used curauá natural fabric presented only one 

orientation, unlike most commercial bi-directional fabrics made of carbon, glass, 

polypropylene and PBO. Besides, εf was not restricted to 0.004 mm/mm (0.4%), as 

defined by ACI549, but considered the composite ultimate tensile strain. This 

consideration aims to not limiting the model result, as described by Escrig et al. 

[148]. About the fib-Bulletin 14, the angle between the principal orientation of 

fibers and the longitudinal beam axis needs to meet the condition α > 0; however, 

the proposed design for curauá unidirectional fabric follows the beam longitudinal 

orientation. Considering that the fiber-reinforcement naturally tends to re-orientate 

during the crack opening (Fig. 88), for the model simplification was adopted α = 

45°. 

 Based on these facts and seeking an approach that matches the experimental 

conditions presented in this work, a model for the shear strengthening of beams was 

developed based on the shear mechanical behavior of the studied composite, 

obtained from the Iosipescu tests. Fig. 5-16 (based on Fig. 5-9b) illustrates the 

cracking pattern obtained from shear test and the distribution of forces at the 

notched section (pure shear). 
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Figure 5-16. Schematic of stresses distribution in the composite during the shear test. All 

dimensions in mm. 

The proposed analytical model was based on the following premises: 1) The 

resulting tensile force, Ft, is transferred by the fibers; 2) The compression force, Fc, 

is transferred by the uncracked matrix; 3) The forces are oriented at 45o; and 4) To 

comply with balance of forces at the notched section, the tensile force is equal to 

the compression force, and the sum of their vertical components is equal to the shear 

force. This latter hypothesis leads to: 

𝐹𝑐  𝑠𝑒𝑛 45° + 𝐹𝑡 𝑠𝑒𝑛 45° = 𝜏 𝐴     (Eq. 5-6) 

where A is the cross-section area between notches and τ is shear stress. Making Fc 

= τc Ac, where τc is a representative shear stress at the uncracked area under 

compression, Ac, and Ft = τt At, in which τt is the shear acting at the cracked area 

under tension, At, Eq. 5-6 can be rewritten as: 

(𝜏𝑐𝐴𝑐 + 𝜏𝑡𝐴𝑡) 𝑠𝑒𝑛 45° = 𝜏 𝐴     (Eq. 5-7) 

Since Fc = Ft, τt can be obtained from Eq. 5-7 as:  

𝜏𝑡 =  𝜏 𝐴/(2𝐴𝑡 𝑠𝑒𝑛 45°)      (Eq. 5-8) 

In the experimental result for the externally reinforced beam, it can be seen 

that the beam did not present shear-hardening behavior, as observed in the Iosipescu 

test. This may be associated to the influence of bending moment. Due to the low 

conventional reinforcement ratio adopted, the area of the compression zone is very 

small and, therefore, the load-carrying capacity is limited by shear failure at the 

compression zone, and not by the external reinforcement. Therefore, the maximum 

shear stress considered for the model was 4.5 MPa (the maximum stress before the 

appearande of thefull vertical crack in the composite). From this reference value, 

the average shear stress transferred by the fibers can be computed according to Eq. 
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5-8, considering τ = 4.5 MPa, A = 171 mm2, and At = 136 mm2, i.e. τt = 4.0 MPa. 

Thus, the shear contribution provided by the composite reinforcement can be 

described by the Eq. 5-9, where b (10 mm) and d (114.7 mm) are the width (at both 

sides of the beam) and the effective depth of the laminate composite cross section. 

𝑉𝑓 = 𝜏𝑡 𝑏 𝑑        (Eq. 5-10) 

Table 5-7 presents the reinforcement shear strengthening contribution 

according to ACI549, fib-Bulletin 14, and the proposed model. For comparison, the 

ACI549 restriction (εf = 0.4 %) and the experimental result are also presented. 

Table 5-7. Strengthening contribution predicted by the analytical models. 

Method Shear strengthening (kN) Variation* (%) 

ACI 549.4R-20 [23] 7.2 12 (lower) 

ACI 549.4R-20 [23] (εf  = 0.4 %) 1.5 82 (lower) 

fib-Bulletin 14 [24] 88.8 983 (higher) 

Proposed model 9.2 12 (higher) 

Experimental result 8.2 - 

*Variations based on the experimental result 

 

The ACI549 model, considering εf = 0.4 %, truly underestimated the 

experimental results (82 % lower) and presented a significant variation regarding 

the prediction that adopted the original material modulus (79 %). 

Comparing the ACI549 (without εf restriction) and the proposed model, it is 

noticeable that its predictions were approximate, while the fib-Bulletin 14 highly 

overestimated de experimental result. These behaviors were also observed by other 

authors [148] for PBO-FRCM applied as a structural shear strengthening. Escrig et 

al. [148] describes that the ACI549 model was conservative regarding the 

experimental results, presenting a variation range from 15 % to 21 % lower (using 

their real εf), while the fib-Bulletin 14 model reached a prediction 251 % higher 

(101.4 kN) than that obtained experimentally (28.9 kN). It may be related to the fact 

that the fib-Bulletin 14 model was originally developed for fiber-reinforced 

polymer composites.  

The analytical model proposed in this study showed a reasonable accuracy 

considering the complexity of the mechanisms involved. However, it is feasible to 

affirm that it demands to be deeply analyzed to become more conservative before 

its application. Nevertheless, it showed the potential of the Iosipescu test for the 
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development of a model capable to predict the shear strengthening provided by 

fiber-cement composites applied as external reinforcement. 

 

5.6. Conclusions 

The cement-based composite reinforced with curauá fibers under the 

Iosipescu test showed a strain-hardening behavior with well defined mechanical 

stages. The composite performance was compared to another literature specimen, 

reinforced with carbon fibers, and presented higher shear stress capacity. About the 

cracking pattern, it was possible to observe an orientation changing along with its 

propagation, probably guided by the longitudinal alignment of the fibers. 

For its use as external shear reinforcement, the applying method proved to be 

effective, presenting no signs of failure due to delamination or displacement. The 

composite reinforcement provided stiffness enhancement to the beam, which 

demonstrated a strengthening level comparable to other composite systems 

reinforced with synthetic fibers applied for structural strengthening. 

The shear strengthened beam presented an irregular cracking pattern 

(staggered), creating different angles along with its propagation. However, due to 

the curauá fibers' flexibility, their angles were re-orientated, maintaining the shear 

strength enhancement. 

The analytical study compared fib-Bulletin 14 and ACI549 models and 

proposed a new model based on the Iosipescu test. The ACI549 model showed the 

highest accuracy, while the fib-Bulletin model overestimated the experimental 

result. The proposed model also presented reasonable accuracy, but it needs to be 

corrected to provide more conservative results. 
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6. General Conclusions 

This thesis presented the characterization results of natural fibers, as its 

application in cement-based composites. The mechanical behavior of these 

developed composites was widely analyzed and then applied as a structural 

reinforcement. 

The curauá, hemp, and sisal fibers when exposed to 100 oC for 24 h, show an 

increase in resistance due to moisture loss. However, when exposure occurs above 

100 oC up to 200 oC, the fibers lose their mechanical capacity, which goes against 

the definition of stability commonly suggested by the TG and XRD tests at the same 

range. Among the studied natural fibers, the curauá presented the best performance. 

The cement-based composites reinforced with curauá fibers showed excellent 

mechanical results in general. The specimens' scale effect, in the tensile and flexural 

tests, did not show significant result variations, especially regarding their resistance. 

The overlap system proved to be effective, providing to the LP1000 the same strain-

hardening behavior pattern observed in the other specimens. The application of the 

natural fiber composite as a structural reinforcement, under bending load tests, 

provided significant gains in strength and ductility. In addition, a better stress 

distribution was observed resulting   in a yield delay of the steel rebars. The 

comparison of experimental results with the adopted theoretical model showedto be 

accurate. 

The analysis of this composite under shear test showed a strain-hardening 

behavior with well defined mechanical stages. The material showed significant 

stress and strain capacity, consistent with that obtained in the previous tests. The 

application of this composite for the shear strengthening showed a 

markable increase, comparable with other reinforcement systems by synthetic 

fibers. 

Finally, the cement-based composite reinforced with curauá fibers provided 

the expected mechanical improvement to structural beams. The used manufacturing 

and applying techniques did not demand industrial processes and can be manually 

reproduced, which reduced operational costs. The results of this work proved the 
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effectiveness of the developed natural fiber composite as a structural reinforcement, 

corroborating its high potential for structural applications. 
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