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Abstract

:

In this research, the investigation focuses on the influence of Phragmites-Australis (PA) fibers on the mechanical properties and volume stability of mortar. A total of four mixtures were employed with varying amounts of locally sourced PA fibers ranging from 0.5% to 2% (by volume). Testing includes flexural strength, compressive strength, chemical shrinkage, drying shrinkage, autogenous shrinkage, and expansion. The findings show that the use of PA fibers caused a reduction in compressive and flexural strength. However, beyond 3 days of curing, an increase in flexural strength ranging from 7 to 21% was observed at 1% PA fiber compared to the control sample. Furthermore, the addition of PA fibers up to 2% effectively mitigates the dimensional stability of mortar samples. A gradual decrease in chemical, autogenous, and drying shrinkage as well as expansion occurs in mortar samples when % of PA fibers increases. At 180 days, this reduction was 37, 19, 15 and 20% in chemical shrinkage, autogenous shrinkage, drying shrinkage, and expansion, respectively, for a mix containing 2% PA fiber. Additionally, a hyperbolic model is proposed to predict the variation of length change with time. Also, a strong relationship is observed between chemical shrinkage and other length change parameters. Consequently, the environmentally friendly utilization of PA fibers demonstrates its potential to significantly enhance mortar durability in construction applications.
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1. Introduction


In recent years, environmental issues have taken center stage as societies around the world struggle with the urgent need to address the pressing challenges affecting our planet [1,2]. From climate change and deforestation to pollution and resource depletion, these issues pose significant threats to the delicate balance of our ecosystems and the wellbeing of both human and non-human inhabitants. One of the significant contributors to environmental pollution is the production of cement, which releases substantial amounts of carbon dioxide (CO2) into the atmosphere [3,4]. Cement production accounts for a significant portion of global CO2 emissions, primarily due to the calcination of limestone and the energy-intensive processes involved. This increased CO2 output exacerbates the greenhouse effect, leading to further climate changing impacts and air pollution [5]. In this context, the concept of sustainability emerges as a guiding principle for mitigating and resolving environmental concerns. Sustainability seeks to harmonize human activities with the natural environment, ensuring that present needs are met without compromising the ability of future generations to meet their own needs [6,7]. By recognizing the intricate relationship between the environment and sustainability, responsible practices can be promoted that not only reduce CO2 emissions from cement production, but also safeguard the earth’s resources, protect biodiversity, and foster resilient ecosystems [8,9]. Embracing sustainability principles in policymaking, industry, and individual actions is crucial for charting a course towards a more balanced and regenerative coexistence with the environment, thus securing a healthier and more prosperous future for all.



Natural fibers have played a pivotal role in human civilization for thousands of years, finding diverse applications across various domains. From ancient times, they have been an indispensable resource in textiles and clothing, with cotton and silk providing comfortable and luxurious fabrics. Additionally, natural fibers like sisal, jute, and coir have been crucial in creating robust ropes and cordage for tasks ranging from maritime rigging to agricultural work [10,11,12,13]. In the past, builders utilized the strength of fibers like straw, bamboo, and hemp to reinforce structures, incorporating these materials into mud bricks and clay plaster. Moreover, ancient societies utilized natural fibers such as papyrus and rice paper for writing and documentation. These versatile fibers were also fashioned into containers, agricultural implements, bedding, and mats, showcasing the resourcefulness of our ancestors in maximizing the potential of their natural surroundings [14].



With concrete being one of the most widely used construction materials worldwide, the incorporation of natural fibers offers numerous benefits. Natural fibers can be used as reinforcements to improve the concrete’s tensile strength, ductility, and resistance to cracking [15,16]. Their renewable and biodegradable nature aligns with the growing demand for greener building practices, reducing the environmental impact of construction activities. The integration of these natural fibers in concrete signifies a paradigm shift in the construction industry, one that seeks to strike a harmonious balance between human development and ecological preservation [17].



Numerous investigations have been conducted on incorporating natural sustainable fibers, such as jute, hemp, pineapple, basalt, sisal, and banana, into concrete, leading to observed enhancements in mechanical properties and a reduction in crack propagation within the concrete [18,19,20,21]. For instance, adding up to 1% of natural fibers (sisal, jute and banana) by mass of cement has shown improvements in compressional properties, while limiting sudden brittle failures [20,21,22]. Another study focused on reinforcing concrete with jute fibers to boost compressive, bending, and impact strengths [23,24,25]. Results demonstrated that properties improved up to a certain threshold of jute fiber reinforcement. Additionally, Ede et al. [26] investigated the utilization of coconut husk fiber (CHF) to improve the compressive and flexural strength of concrete. Results showed that the addition of more than 0.5% CHF fiber dosage (0.5%, 0.75%, and 1.0% fiber by volume) reduced the workability, compressive and flexural strength. Okeola et al. [27] investigated the physical and mechanical properties of sisal fiber-reinforced concrete. The percentage of fiber additions were 0, 0.5, 1 and 2%. Results displayed that as the fiber content increased, the compressive strength decreased. However, in terms of tensile strength, the study observed an increase as the fiber content increased. This means that higher amounts of fibers in the concrete mixture corresponded to higher tensile strength values.



Phragmites Australis, commonly known as the common reed, is a perennial grass that typically thrives in wetland areas and can grow to heights of 15 ft. (4.6 m) or more. It features thick, upright stalks with wide, pointed leaves measuring 6–23.6 in. (15–60 cm) in length and 0.4–2.4 in. (1–6 cm) in width, possessing a flat and smooth texture [28,29]. The plant’s flower heads are dense, fluffy, and come in shades of gray or purple, while all parts of the plant are versatile and serve various purposes. In construction, the primary utilization lies in the stems of the Phragmites Australis plant. This species has garnered attention as a renewable, biodegradable, and readily available source of natural fibers for enhancing concrete [30,31]. It was demonstrated that the incorporation of 1.5% PA fibers in concrete significantly improved its capillary and water absorption properties [32]. In another study, it was demonstrated that the inclusion of Phragmites Australis plants in reinforced concrete beams resulted in improved performance, including increased load-carrying capacity and ductility compared to plain concrete beams [33]. These findings highlight the potential of using this plant as a beneficial reinforcement material for structural applications [34,35]



To the best of the author’s knowledge, there is hardly any research on volume stability and mechanical properties of mortar containing PA fibers, thus this paper aims to address these properties. For this reason, a series of tests were conducted on mortar with varying amounts of PA addition. Tests included compressive strength, flexural strength, chemical shrinkage, drying shrinkage, autogenous shrinkage and expansion.




2. Materials and Testing Methods


2.1. Materials


2.1.1. Phragmites-Australis Fiber


The PA plant was collected from Lebanon’s Bekaa Valley, where it grows abundantly alongside rivers and canals. The plant stems underwent processing using a cut machine to convert them into fibers, resulting in fibers with dimensions of 1 cm in length and 2 mm in width. The process for obtaining PA fibers is illustrated in Figure 1. Subsequently, these fibers were immersed in a 4% NaOH solution, a common chemical treatment used for reinforcing thermoplastics and thermosets with natural fibers [36]. After undergoing cleaning and drying procedures and being placed in plastic bags, the fibers were ready for use. The bulk density of the PA fibers was approximately 665 kg/m3. The assessment of fiber tensile strength reveals an ultimate load capacity of approximately 27 kN with an elongation of 2.5 mm. This observation underscores their strength and strong load-bearing capacity.




2.1.2. Mix Proportions


In this experiment, four mortar mixes were performed. The mix ratio was 1:0.55:2 (cement: water: sand). The tested PA fibers volume fractions were 0%, 0.5%, 1% and 2%. All of the mix design details were displayed in Table 1. The selections of cement and sand were as follows:




	(1)

	
Ordinary Portland cement type I conforming to the Lebanese norms: PA-L 42.5N with a density, specific gravity and Blaine surface area of 1440 kg/m3, 3.15 and 399.8 m2/kg respectively.




	(2)

	
Siliceous sand with a specific gravity, water absorption and fineness modulus of 2.65, 2.33% and 2.8, respectively.










2.1.3. Samples Preparation


The process began by mixing cement, sand, and the PA fibers together for 30 s. Water was then added and mixed for an additional 2 min. Following mixing, the flow test was conducted to determine mortar consistency. The flow was 105, 94, 86, and 79% for M-0%PA, M-0.5%PA, M-1%PA and M-2%PA, respectively. The sample dimensions used for measuring the flexural strength and the compressive strength were (40 × 40 × 160) mm. For the volume change test, a glass bottle with a volume of 250 mL was utilized to perform the chemical shrinkage test. The sample size for drying shrinkage, autogenous shrinkage, and expansion was (25 × 25 × 285) mm.





2.2. Testing Methods


2.2.1. Mechanical Properties


Regarding the flexural and compressive strength test, a universal testing machine was used with a maximum load capacity of 2000 kN. As per EN 1015-11 [37] standard, the bending strength test was performed on mortar beams at specific testing days (1, 3, 7, 28, 90, and 180 days), using a universal testing machine with a rate of loading at 0.25 MPa/s. A total of two samples were performed for each testing day. The total number of specimens was 48. After the flexural testing, the two fractured components were further subjected to a compressive strength test. The broken part was positioned between two plates, each measuring (40 × 40) mm, so that the area of the resulting cube was 1600 mm2.




2.2.2. Length Change Test


Drying Shrinkage, Autogenous Shrinkage, and Expansion Tests


ASTM C490 [38] was followed to conduct tests for drying shrinkage, autogenous shrinkage, and expansion. After demolding, the samples were marked with two points 200 mm apart on each side. Subsequently, the drying shrinkage samples were placed in the air at a constant temperature of 25 °C (Figure 2a). To prevent moisture loss, autogenous shrinkage samples were placed in plastic bags (Figure 2b). As for expansion testing, the samples were immersed in water at a constant temperature of 20 ± 1 °C (Figure 2c). The length changes were measured using a dial gauge. Over a period of 180 days, the samples’ lengths were measured every two days. For each mix, the length changes were determined as the average of the six readings taken from the two samples. The total number of samples was 24, with a distribution of 6 samples per mix, allocated as follows: 2 for drying shrinkage, 2 for autogenous shrinkage, and 2 for expansion.




Chemical Shrinkage Test


Chemical shrinkage measurements were conducted following the ASTM C1608 standard [39] and established previous studies [40,41,42,43] were followed for consistency. The experimental procedure involved placing a mortar mix comprising PA fibers, cement, sand, and water into a 250 mL glass bottle to a depth of 2 cm (see Figure 3). A rubber stopper, moistened with water, was used to seal the bottle, and water was added to fill it to its maximum capacity. Subsequently, the rubber stopper was punctured, and a 2 mL pipette was utilized to inject water into it. The rubber stopper, filled with water, was then forcefully pushed into the bottle. To prevent water evaporation, a drop of oil was added. Each batch was tested with two replicate samples per mix, contributing to a total of 8 bottles. The volume change, represented by the decrease in water level (chemical shrinkage), was then converted to length change (µε) and compared with various shrinkage parameters using the following equation [6]:


    ∆ V   3 V   =   ∆ L   L    



(1)










2.3. Estimation of Length Change


In this study, an extensive analysis was conducted to differentiate between various mixtures based on chemical, autogenous, drying shrinkage, and expansion data. Two key parameters, namely the initial rate of the length change (IRL) and the ultimate length change (UL), were of particular interest to the engineers. The IRL represents the rate of shrinkage or expansion during the initial stages of drying or curing, reflecting the material’s early volume changes due to moisture loss or gain. Conversely, the UL characterizes the maximum magnitude of shrinkage or expansion, signifying the material’s long-term behavior after attaining a consistent moisture content. A hyperbolic model [44] was employed to encompass and analyze these critical parameters (Figure 4). The equation is as follow:





  L =  x   1 a  +  x b     



(2)




where:




	
L = Predicted length change (i.e., chemical, autogenous, drying shrinkage, or expansion)



	
a = Initial rate of length change (IRL)



	
a = Initial rate of length change (IRL)



	
x = Age (days)



	
b = Ultimate length change (UL)








The above two parameters are determined using Microsoft excel software V2021.





3. Results and Discussion


3.1. Mechanical Properties


3.1.1. Compressive Strength


Figure 5 presents the compressive strength results of mortar samples. The results show that, at the 180 day curing age, the addition of 0.5%, 1%, and 2% PA fibers led to a reduction in compressive strength by 14.38%, 5.36%, and 19.4%, respectively. This decline is primarily attributed to the increase in entrapped air spaces resulting from the incorporation of PA fibers, making the compaction of mortar more challenging. Moreover, this decrease in compressive strength is consistent with previous studies [45,46,47,48].



Furthermore, the compressive strength results for the 1% PA fiber mix were comparably greater than those of mixes with other PA%. This phenomenon can be attributed to factors such as optimal fiber distribution, improved matrix-fiber bonding, and potentially less inter-fiber interaction [49,50]. At these fiber percentages (0.5% and 2%), the fibers are less likely to be evenly dispersed within the material, assisting in effective stress transfer and preventing crack propagation.



In comparison to the plain samples, the percentage of compressive strength increase from 1 day to 28 days was higher by approximately 0.14% to 5.4%. However, a different trend emerged in the strength rate between 28 and 180 days. For instance, the mortar samples with 1% PA fibers exhibited the fastest rate of compressive strength growth, increasing 71.8% during that period. This observation can be attributed to the delayed release of moisture from the pores of PA fibers, which accelerates the hydration process around these fibers [51,52]. Consequently, PA fibers show significant promise as internal curing agents for cement composites.




3.1.2. Flexural Strength


The test results presented in Figure 6 clearly indicate that the incorporation of PA fibers enhances the flexural strength of mortars. The flexural strength initially increases up to 1% of PA fiber content and then declines beyond this point. This reduction can be attributed to segregation issues arising from the poor compaction of larger fiber volume blends. It has been demonstrated that when fiber segregation is avoided, the strength of the composite typically improves in a more or less linear manner as the volume percentage of fibers increases [53,54]. Additionally, this decrease can be attributed to the bundling and curling of fibers during mixing, which reduces the effectiveness of the entire fiber length in transferring stresses. This phenomenon aligns with the observations of Ramirez [47], who asserted that the inclusion of fibers in the matrix increased the flexural strength up to 2% (by volume) of fibers, beyond which a decline in strength occurred due to the presence of unworkable and separated mixes at higher fiber contents.



As mentioned above, the use of 1% PA fibers results in a notable improvement in flexural strength, showing an increase of approximately 7.6% compared to the control mix at 180 days. In fact, the addition of 1% PA fibers in mortars increases the flexural strength due to several reinforcing mechanisms. These fibers act as effective crack bridges, spanning across micro-cracks in the mortar and preventing their propagation, resulting in improved load distribution and enhanced flexural strength [54,55]. Additionally, the high tensile strength of PA fibers enhances the mortar’s overall tensile properties, which are crucial for resisting bending and tension. Moreover, the fibers’ presence reduces micro-crack propagation by distributing stress concentration around the cracks. Proper fiber alignment achieved through careful mixing and compaction also plays a role in enhancing the mortar’s flexural strength [52,56].





3.2. Length Change


3.2.1. Chemical Shrinkage


The results of chemical shrinkage for mortar samples are plotted in Figure 7. As displayed, the development of chemical shrinkage decreases with the increase in PA fibers. For example, at 180 days, the chemical shrinkage attains a value of 470 µε, 374 µε and 327 µε for the addition of 0.5, 1, and 2%PA fibers. This represents an 8.4%, 27% and 37% decrease compared to the control mix.



The decrease in chemical shrinkage with the addition of PA fibers can be attributed to their ability to enhance matrix rigidity through bonding, thereby reducing the chemical process of cement. Alkali treatment of wood components, such as lignin and hemicellulose, leads to their dissolution, facilitating interfacial interaction between the fiber and matrix [57]. This in turn increases the effective surface area available for contact with the matrix and promotes load transfer between the matrix and reinforcing fibers. Bessadok et al. [49] reported a reduction in fiber radius following chemical treatment, supporting this observation. Additionally, the chemical components present in PA fibers delay the initial hydration of cement. These chemical reactions generate acids, which are subsequently neutralized by hydroxyl ions derived from the hydrated cement reaction [56,58].



To quantitatively compare the influence of PA fibers on mortar, chemical shrinkage characteristics were assessed using the hyperbolic model, proposed earlier. The calculated chemical shrinkage data were overlaid into the measured data, revealing a favorable fit of the model to the actual results. The experimental analysis of chemical shrinkage data yielded high R2 values ranging between 0.978 and 0.99, indicating a strong fit of the proposed model to the observed data.



In Figure 8, the ILR-chemical shrinkage and UL-chemical shrinkage plots reveal the influence of PA fibers on the material’s behavior. The rate of chemical shrinkage exhibits an ascending trend with increasing PA fiber content, reaching an optimum at approximately 1% fiber inclusion. For example, the ILR increases from 38.9 µε/day in the control mix to 43.66 µε/day in the mix containing 1% PA fibers. This initial increment can be attributed to the fibers ability to obstruct material movement during early drying stages. This will lead to an increase in the shrinkage rates due to internal stresses within the material. The UL reduces from 513 µε in the control mix to 327 µε with the addition of 2% PA fibers. This decrease is likely influenced by factors such as the increased fiber surface area, water absorption, swelling behavior, and potential alignment and restraining effects of the fibers. The greater fiber surface area contributes to accelerated chemical reactions, resulting in higher initial shrinkage rates, while water absorption and swelling behavior may also play a role in this trend [41,42].




3.2.2. Autogenous Shrinkage


The analysis of autogenous shrinkage data is presented in Figure 9. As shown, the mortar including PA fibers undergone less autogenous shrinkage at all specimen ages. For example, at 180 days, the autogenous shrinkage values reach 1796, 1717, 1687, and 1534 µε for samples with 0%, 0.5%, 1%, and 2% PA fibers, respectively. The autogenous shrinkage percentage decrease in mortars is 15% compared to the control mix. The lower values observed in the samples containing PA fibers were attributed to the presence of excess water from these fibers during the early stages of hydration. This water compensated for the moisture loss caused by the cement hydration reaction [58], thereby reducing surface tension and van der Waals forces, and ultimately decreasing shrinkage [59]. Moreover, the natural fibers played a crucial role in bridging microcracks within the matrix, preventing their propagation and further reducing autogenous shrinkage [50].



It should be noted that natural fibers generally possess two types of pores: larger pores (lumens) and micropores (cell walls), which aid in moisture transportation. These pores enable moisture diffusion between nanopores and cell walls, as well as capillary flow along lumens [52]. The behavior of PA fiber in a chemical solution is more complex than in pure water, as cement-based materials’ pores contain an alkaline solution [49,50,51]. Consequently, the expansion or contraction of fiber cell walls is influenced by pore water ions, impacting fluid transport [52]. Moreover, the semi-permeable nature of fiber cell membranes results in osmotic pressure generated by the hydration reaction, affecting water movement from fibers to the binder and influencing the internal curing process.



To discern the autogenous shrinkage behavior, the measured data points were fitted using same model, and the resulting calculated autogenous shrinkage plots were compared to the actual data. The plots demonstrate a strong agreement between the model and the measured data, with high coefficient of determination (R2) values of 0.982, 0.972, 0.988, and 0.983 for mixtures containing 0%, 0.5%, 1%, and 2% PA fibers, respectively. This strong correspondence confirms the reliability of the employed model in accurately representing the relationship between the variables.



Observing the impact of PA fibers on the initial rate of length change (ILR) and ultimate length (UL) of autogenous shrinkage characteristics holds significant importance. As depicted in Figure 10, the ILR for the control mix at day 1 is 27.57 µε/day. However, upon introducing 2% PA fibers, this value significantly decreases to 16.974 µε/day. Similarly, the control mix demonstrates the highest UL value of 1829.93 µε/day, which diminishes to 1604.93 µε/day when 2% PA fibers are incorporated at 180 days. These findings indicate that the addition of PA fibers reduces the initial rate of length change (ILR) and restrains the ultimate length (UL) of autogenous shrinkage. As a result, the incorporation of PA fibers effectively mitigates early-age volume changes and contributes to the long-term control of shrinkage in the material [60].




3.2.3. Drying Shrinkage


The drying shrinkage behavior of mortar samples with the addition of PA fibers is displayed in Figure 11. The results demonstrate a significant reduction in drying shrinkage with increasing volume fraction of PA fibers, and this decrease was found to be progressive with higher fiber content. For example, at 180 days, the drying shrinkage of mortars containing 0.5%, 1% and 2% decreased by 11%, 16%, and 19% compared to the control mix. This reduction can be attributed to the fibers’ ability to enhance the bond strength between the fibers and the matrix, effectively restraining the physical shrinkage [46,47] and preventing crack formation [52]. Although bio fibers have a hydrophilic nature leading to poor adhesion with the matrix, this issue can be addressed through chemical treatment of the fibers as previously reported [54]. The treatment results in a smoother fiber surface, and the alkalization process leads to clearer pores, possibly due to the removal of waxy substances and impurities from the fiber surface. Alkali treatment also induces fibrillation and cellular collapse of fiber bundles, resulting in better cellulose chain packing and increased effective surface area for interaction with the wet matrix [55,56].



Furthermore, the experimental data for drying shrinkage characteristics exhibit a high coefficient of determination (R2), indicating a strong fit of the data to the model. The R2 values ranging from 0.968 to 0.988 are observed for the addition of 0%, 0.5%, 1%, and 2% PA fibers, respectively. This high level of correlation between the experimental results and the model underscores the reliability and accuracy of the model predictions across different PA fiber content levels. This may provide valuable insights into mortar shrinkage behavior and the effectiveness of PA fibers in reducing drying shrinkage.



The effect of PA fibers on both the ILR and UL reveals a consistent trend as observed in Figure 12. The parallel decrease in ILR and UL with the incorporation of PA fibers suggests that these fibers play a vital role in mitigating drying shrinkage. For example, in the control mix, the initial rate of length change (ILR) was measured at 36.27 µε, while its value decreased to 13.94 µε upon incorporating 2% PA fibers. A similar pattern is observed for the UL characteristics, where the UL decreases from 1794.32 µε in the control mix to 1655.36 µε, with the addition of 2% PA fibers at 180 days. The reduction in ILR indicates that PA fibers effectively reduce early-age volume changes, while the diminishing UL demonstrates their ability to control overall drying shrinkage over time [40,41,42,43,52,60].




3.2.4. Expansion


Figure 13 presents the expansion behavior of mortar samples with the incorporation of PA fibers. The expansion decreases as the percentage of PA fibers increases. For instance, the control mix exhibits a value of 2215 µε after 180 days, which gradually decreases with the addition of 0.5% and 1% PA fibers, reaching its lowest value when 2% PA fibers are included (1767 µε). This reduction in expansion is primarily attributed to the presence of PA fibers, which hinder the hydration process of cement and limit its expansion. Additionally, alkali treatment has two significant effects on the surface of natural fibers [41,42]: firstly, it increases surface roughness, thereby improving interfacial adhesion between the fiber and matrix; secondly, it increases the amount of exposed cellulose on the fiber surface, promoting enhanced bonding between the polymer and fiber surface. Consequently, chemical treatment leads to favorable morphological and structural changes in the fibers, making them more robust and well structured, which, in turn, facilitates stronger bonds between PA fibers and the matrix. These strengthened bonds contribute to stiffer behavior in the presence of PA fibers, effectively restricting the expansion of mortars [40,41,42].



Through the process of fitting the expansion experimental data to the hyperbolic model, a strong alignment between the two curves is observed. The coefficient of determination (R2) yielded high values of 0.926, 0.962, 0.963 and 0.974 for mixes containing 0%, 0.5%, 1%, and 2% PA fibers, respectively. These notable R2 values indicate a strong correlation between the hyperbolic model and the observed expansion data for the various fiber mixtures. This alignment validates the suitability of the hyperbolic model in capturing the expansion characteristics of the studied materials.



The plots for the ILR and UL for the expansion characteristics are displayed in Figure 14. These plots provide valuable visual representations of the ILR and UL values across different fiber mixtures. The ILR graph reveals the highest value of 64.14 µε/day for the control mix, gradually decreasing to 31.77 µε/day at day 1 for mortar mix with 2% PA fibers. Similarly, the UL values show a consistent decrease as % of PA fibers increase in the mix. For example, at 180 days, the control mix has a value of 2191.6 µε. This value decreases up to 1789.96 µε with the inclusion of 2% PA. These graphical illustrations serve as essential supplements to our hyperbolic model analysis, providing a clear and concise overview of the expansion behavior of the studied materials. These findings indicate that PA fibers serve as crack arresters, distributing stresses more evenly and reducing crack propagation during drying and setting [48,51]. By mitigating shrinkage and providing a restraining effect, PA fibers contribute to a more controlled and gradual expansion. Their presence enhances cohesion and internal bond strength, resulting in a stronger structure capable of withstanding expansion forces. Moreover, PA fibers act as reinforcements within the mortar matrix, absorbing and redistributing stresses, leading to improved expansion behavior and enhanced durability [40,41,42].






4. Correlations between Different Length Change


Figure 15, Figure 16 and Figure 17 display the correlations between volume changes of mortar samples. A strong positive correlation is observed between chemical shrinkage and autogenous shrinkage for all PA fiber inclusion levels (0%, 0.5%, 1%, and 2%), with high coefficients of determination (R2) ranging from 0.94 to 0.97 (Figure 15). This relationship is well understood in the context of hydration-induced volume changes. Before setting, the volume loss due to hydration leads to bulk deformation known as setting shrinkage, which is a significant component of autogenous shrinkage. As the matrix stiffens after setting, bulk deformation decreases, resulting in a reduction in chemical shrinkage transforming into autogenous shrinkage over time. For instance, at 2 days, only 2.56% of chemical shrinkage is converted into autogenous shrinkage through self-desiccation, with the remaining 97.44% appearing as empty cavities. Autogenous shrinkage, primarily caused by self-desiccation and the formation of ettringite, results in the appearance of empty cavities but constitutes a smaller proportion compared to chemical shrinkage [41].



Figure 16 also reveals a strong correlation between chemical shrinkage and drying shrinkage, with high coefficients of determination (R2) ranging from 0.93 to 0.98 for different PA fiber increments (0%, 0.5%, 1%, and 2%). This finding suggests that drying shrinkage is driven by chemical shrinkage, with chemical shrinkage occurring during the fresh stage after cement hydration, while drying shrinkage happens in the hardening stage [41,42,43].



However, Figure 17 indicates that there is a negative correlation between chemical shrinkage and expansion. The former representing the system’s total volume change (chemical shrinkage), is primarily caused by solid material dissolving in the pore water and precipitating as hydrate product, which has a higher density than the initial reactants. This leads to the creation of extra pore space filled with additional water drawn into the system by capillary action. On the other hand, expansion represents the swelling of a preexisting, “rigid” framework composed of an interconnected network of binder and hydrate product particles. As curing time increases, the expansion continuously grows, while the volume change decreases alongside chemical shrinkage. Extended curing time results in a significant increase in external expansion or a significant decrease in external shrinkage for the cured samples [41,42,43].




5. Conclusions


This research paper examines the impact of introducing PA fibers on the mechanical and length change properties (chemical, autogenous, drying and expansion) of mortar. Several key findings can be summarized as follows:




	
Generally, the presence of fibers shows a slight reduction in compressive strength, except at 90 days, where the 1% PA mix shows a higher value. However, the flexural strength shows a reduction in the presence of fibers except in the mortar mix containing 1% fiber where a noticeable increase was observed at curing ages beyond 3 days and up to 180 days.



	
The incorporation of PA fibers up to 2% significantly contributes to reducing length change of mortar. The chemical shrinkage, autogenous shrinkage, drying shrinkage and expansion are reduced, compared to the control, by 37%, 19%, 15%, and 20%, respectively, at 180 days.



	
The hyperbolic model demonstrates a good fit with the experimental data across all length change parameters with a high coefficient of correlation (R2 > 0.98). The predicted ultimate length change is systematically reduced with the increase in the % of PA fibers. However, the initial rate of length change has a maximum value at 1% PA fibers. Also, there is a strong linear correlation between chemical shrinkage and other length change parameters supported by a high coefficient of determination (R2 > 0.97).



	
Future research on PA fibers in cementitious systems may include other properties such as sorptivity, water absorption, permeability, sulfate attack, chloride ingress, and abrasion resistance. Mortar can also be used in masonry blocks and plastering. Including fibers in the mortar can improve the shrinkage characteristics of the bonded masonry blocks and plaster. Therefore, further research can include relevant testing on masonry and plaster. This should allow the development of guidelines for using PA fibers in construction applications.
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Figure 1. Steps for obtaining PA fibers. 
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Figure 2. Length change samples; (a) drying shrinkage, (b) autogenous shrinkage, (c) expansion. 
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Figure 3. Chemical shrinkage process. 
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Figure 4. Initial length change rate and ultimate length change parameters. 
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Figure 5. Compressive strength of mortar samples with different PA fibers addition. 
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Figure 6. Flexural strength of mortar samples with different PA fibers addition. 
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Figure 7. Estimation of chemical shrinkage for mortar samples. 
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Figure 8. Chemical shrinkage characteristics for mortars: (a) ILR; (b) UL. 






Figure 8. Chemical shrinkage characteristics for mortars: (a) ILR; (b) UL.



[image: Fibers 12 00014 g008]







[image: Fibers 12 00014 g009] 





Figure 9. Estimation of autogenous shrinkage for mortar samples. 
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Figure 10. Autogenous shrinkage characteristics for mortars: (a) ILR; (b) UL. 
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Figure 11. Estimation of drying shrinkage for mortar samples. 
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Figure 12. Drying shrinkage characteristics for mortars: (a) ILR; (b) UL. 
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Figure 13. Estimation of expansion for mortar samples. 
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Figure 14. Expansion characteristics for mortars: (a) ILR; (b) UL. 
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Figure 15. Correlation between chemical shrinkage and autogenous shrinkage for mortar samples with PA fibers. 
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Figure 16. Correlation between chemical shrinkage and drying shrinkage for mortar samples with PA fibers. 
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Figure 17. Correlation between chemical shrinkage and expansion for mortar samples with PA fibers. 
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Table 1. Mix proportions for mortar.
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kg/m3

	

	

	




	
Mortar Code

	
Cement (C)

	
Sand (S)

	
Water

	
PA Fibers

	
PA Fibers

(% by vol)

	
W/C

	
S/C






	
M-0%PA

	
616.5

	
1233

	
339.1

	
0

	
0

	
0.55

	
2




	
M-0.5%PA

	
616.5

	
1233

	
339.1

	
3.33

	
0.5

	
0.55

	
2




	
M-1%PA

	
616.5

	
1233

	
339.1

	
6.65

	
1

	
0.55

	
2




	
M-2%PA

	
616.5

	
1233

	
339.1

	
13.3

	
2

	
0.55

	
2
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