
SUST, 2026, 6(1): 000097 

000097-1 

  

Received: 31 March 2025; Received in revised form: 7 August 2025; Accepted: 29 August 2025 

This work is licensed under a Creative Commons Attribution 4.0 International License. 

 

Sustainable Structures 

ISSN: 2789-3111 (Print); ISSN: 2789-312X (Online)  

http://www.sustain-dpl.com/journal/sust 

DOI: 10.54113/j.sust.2026.000097 

 

ORIGINAL ARTICLE  

Dimensional stability and mechanical performance of cement -mortar mix 

with phragmites-australis fibers at elevated temperature 

Rawan Ramadana,, Jamal Khatiba,b, Elhem Ghorbelc, Adel Elkordia,d, Firas Barraje*, Hassan 

Ghanema  

a Department of Civil Engineering, Beirut Arab University, P.O. Box 11 - 50 - 20 Riad El Solh 11072809, Beirut, Lebanon 
b Faculty of Science and Engineering, University of Wolverhampton, Wolverhampton, WV1 1LY  

c University of Cergy Pontoise, 5 Mail Gay Lussac, Neuville, Oise, 95031, France   
d Department of Civil and Environmental Engineering, Faculty of Engineering, Alexandria University, Alexandria 11 21511, 

Egypt 
e Faculty of Engineering, University of Balamand, P.O. Box 100, Al Koura 1304, Lebanon 

*Corresponding Author: Firas Barraj. Email: f.barraj@balamand.edu.lb  

Abstract: The building structure faces the dual challenge of CO₂ emission 

reduction and performance/sustainability improvement of construction materials. 

In this respect, in recent times, interest in the incorporation of natural fibers into 

cementitious systems has been rising as a promising route for attaining these 

objectives. This paper investigates the effects of adding Phragmites-Australis (Ph-

A) fibers on the properties of flexural and compressive strength and length change, 

including chemical shrinkage, drying shrinkage, and expansion, of cement mortar 

when exposed to elevated temperature (45°C). Ph-A fibers were added by volume 

of mix with different percentages of 0, 0.5, 1 and 2%. Furthermore, a maturity 

equation was used for the prediction of shrinkage behavior including ultimate 

shrinkage, time scale factors, and hydration rates. Experimental results revealed 

that the addition of 1% Ph-A fibers significantly improved flexural and 

compressive strength while density decreased with increasing fiber content. 

Besides, the addition of 2% Ph-A fibers reduced chemical shrinkage by 25%, 

autogenous shrinkage by 12.4%, drying shrinkage by 17.8%, and expansion by 

14.9% compared to the control mix. The maturity equation presented very good 

agreement with the experimental data, confirming its reliability in shrinkage 

predictions. These results put into evidence the potential of Ph-A fibers to enhance 

the mechanical and dimensional performance of cement mortar, offering a 

sustainable solution for reducing environmental impact and advancing durable 

construction materials.  

Keywords: mortar, Ph-A fiber, length stability, mechanical properties, elevated 

temperature, sustainability 

1 Introduction 

The construction industry had emerged as one of the most substantial sectors, contributing to 

approximately 23% of the total carbon dioxide (CO2) emissions generated by global economic activities 
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[1]. Recognizing its environmental impact, numerous initiatives have been undertaken to foster the 

development and adoption of sustainable low-carbon building materials [2]. Concrete, being the 

predominant building material, demands significant energy consumption and extensive use of raw materials 

during its production. Consequently, efforts have been directed towards exploring various materials to 

enhance the overall environmental sustainability of concrete such as natural fibers. These fibers have 

appeared as an effective solution in this attempt due to their perceived sustainability and natural origin [3]. 

Specifically, plant-based natural fibers have garnered attention as sustainable alternatives to synthetic and 

steel fibers, owing to their cost-effectiveness, widespread availability, biodegradability, renewability, and 

low energy requirements [4–10]. Moreover, natural fibers exhibit comparable geometric structures, tensile 

strength, and Young’s modulus compared to synthetic or steel fibers, making them suitable replacements. 

Research has explored the application of natural fiber-reinforced cement composites in construction 

materials [11–13]. For example, [14] conducted a study on abaca fiber-reinforced concrete, varying abaca 

fiber content and length and employing the dry mixing method. Their findings indicated enhanced 

mechanical performance attributed to fiber reinforcement. Besides, a new plant named Phragmites-

Australis (Ph-A) has recently been discovered in cementitious system applications. In 2022, [15] revealed 

that the addition of 1.5% Ph-A enhanced the capillary and total water absorption. In 2024, several studies 

showed the effect of this plant used as fibers on the volume stability of cement paste and mortar [16-20]. 

For example, [19] investigated the use of Ph-A plant in cement paste. Results showed that the addition of 

up to 2% Ph-A reduced the shrinkage of cement and the addition of 1% enhanced the mechanical properties 

as well. 

In another hand, natural fibers consist of chemical components such as cellulose, hemicellulose, lignin, 

and pectin. When they are incorporated into cementitious materials, these components hinder the initial 

hydration reaction of cement. Cellulose, a polysaccharide composed of glucose units, undergoes chemical 

reactions in an alkaline environment [21–24]. These reactions generate acids that neutralize hydroxyl ions 

produced during cement hydration, resulting in the formation of salts. The accumulation of salts on the 

clinker surface and hydration products delays the hydration reaction [22, 23]. For example, [24] studied the 

mechanical properties of hemp fiber-reinforced cement composites. Results show that the alkaline and 

calcium-rich solutions chemically attacked the fiber surface, decomposing the hemicellulose and causing 

surface roughening, thereby delaying hydration. In addition to that, [25] demonstrated that the sugar 

component of wood fibers, like bamboo and oil palm, delayed cement hydration, which was mitigated by 

using chemical accelerators. Natural fibers generally exhibit high hygroscopicity and possess a bundle-type 

tubular structure. Consequently, researchers explored the utilization of natural fibers as internal curing 

agents to mitigate the shrinkage of high-performance cement composites [26–29]. Internal curing 

technology aims to minimize the risk of cracking in such composites. Some studies [29–31] indicated that 

saturated natural fibers could serve as internal curing agents in cementitious system. For example, [32] 

observed that natural fibers possess pores that act as internal curing agents, absorbing and retaining moisture 

during mixing and releasing it gradually to the cement matrix.  

Recently, numerous studies examined the effect of Ph-A fibers on the mechanical properties and 

volume stability of mortar under standard conditions. However, critical questions remain unanswered 

regarding the behavior of these fibers under elevated temperatures (45°C). With growing demand for 

environmentally friendly building materials, natural fibers like Phragmites australis (Ph-A) are being 

targeted for use in cementitious composites. Sustainability over long-term durability of these materials, 

especially at elevated temperature, is of particular interest for structural applications. Fiber-reinforced 

composites may be weakened by fire, hot industrial environments, or thermal cycling. Therefore, 

determination of the mechanical response of Ph-A fibers at elevated temperatures is important to establish 

their usability for structural engineering purposes where thermal exposure is anticipated. 

Despite the growing body of research, no significant effort has been made to investigate how these 

fibers impact the volume stability and mechanical properties of mortar in such conditions. This gap in 

knowledge forms the structure of this study, which employs a series of experimental tests to discover the 

potential of Ph-A fibers under elevated temperatures. 
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2 Experimental program 

2.1 Materials 

In this experiment, Portland cement (PC), siliceous sand and Ph-A fibers were used to create cement-

mortar samples. The PC had a density of 1440 kg/m³, specific gravity of 3.15 and a fineness of 399.8 m²/kg. 

The siliceous sand had a fineness modulus of 2.8 and a maximum grain size of 2.3 mm. Besides, Ph-A 

plants, which can grow over 4 meters in height were collected from Bekaa-Lebanon and were selected for 

their low density of 0.665 g/cm³ and their ultimate load capacity (27kN). The dry Ph-A stems were cut to a 

length of 10 mm and wide of 2 mm, treated for 24 h with 4% sodium hydroxide chemical (NaOH) solution 

and used as fiber addition. Ph-A fiber process is shown in Fig. 1. 

 
Fig.1. Ph-A fiber process 

2.2 Mixing proportions 

 

Fig. 2. Graphical presentation of the experimental and testing method 

Fiber-reinforced mortars were produced using Ph-A fibers. Mix proportions details are displayed in 

Tab. 1. Two replicates were made for each type. The water-cement ratio (W/C) and sand-cement ratio (S/C) 

remained constant at 0.55 and 2 for all mixes, respectively. Ph-A fiber content ranged from 0 to 2% by 

volume of mortar mix. To ensure that Ph-A fibers were saturated, they were pre-soaked in water for nearly 

a day and separated from the water just before mixing. A graphical presentation for the experiment and 

testing method is shown in Fig. 2.  
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Cement and sand were then placed in a mixer and mixed for approximately 25-30 seconds. 

Subsequently, the distilled water was added and mixed for 1-2 minutes. To ensure proper dispersion of 

fibers, half of the fiber content was added and mixed for 15 seconds, followed by the addition of the 

remaining half and thorough mixing at 3-4 minutes. After mixing, the mixture was poured into molds with 

different dimensions. 

Table 1. Table of mixes 

Mix nb Code Cement Sand Ph-A fiber Water 

1 0%Ph-A 617 1233 0 339 

2 0.5%Ph-A 617 1233 3.3 339 

3 1%Ph-A 617 1233 6.7 399 

4 2%Ph-A 617 1233 13.3 399 

2.3 Test Methods 

 
Fig. 3. Flexural and compressive strength test. 

 
Fig. 4. Specimens at 45֯ C. 

For the above mixes mentioned in Tab.1, a total volume of 0.004 m3/ mix of mortar was prepared to 

conduct two sets of tests. Firstly, the mechanical tests include compressive and flexural strength, as well as 

volume stability tests including chemical, drying, autogenous shrinkage and expansion. For flexural 

strength, two mortar prisms measuring 40 × 40 × 160 mm³ were fabricated at ages of 1, 3, 7, 28, 90 and 

180 days for each mix. These mortar specimens underwent curing in an elevated temperature at 45 ± 2°C 

for 24 hours before being demolded. Subsequently, the demolded specimens were soaked in a container 
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water bath also maintained at 45 ± 2°C for water curing. Each mortar specimen was then split into two 

using the flexural test method, and the compressive strength was measured for each split specimen (as 

shown in Fig. 3). Four split specimens were tested for each mix, and the average value was considered as 

the result for each age. The flexural and compressive strength tests were conducted following the European 

standard (EN 1015-11) [33]. It should be noted that before applying flexural strength test, the density test 

was conducted in accordance with ASTM C138 [34]. Regarding volume stability tests, the chemical 

shrinkage was performed in accordance with ASTM C1608 [35]. However, drying, autogenous shrinkage 

as well as expansion were conducted with respect to ASTM C409 [36] Standard. Volume stability tests 

were also maintained in elevated temperature with three different scenarios: 1-drying shrinkage samples 

were demolded and exposed directly to an elevated temperature of 45°C. For autogenous shrinkage, the 

demolded samples were placed in plastic bags and tightly sealed before being exposed to the same elevated 

temperature. Regarding expansion, the demolded samples were soaked in water at same elevated 

temperature conditions. All specimens are shown in Fig. 4. 

2.4 Predicted -Based Model to assess shrinkage/expansion in mortar 

2.4.1 Theoretical maturity model background 

The proposed maturity model is initiated in system identification theory, particularly the parameter 

estimation methodology outlined by [37]. This approach allows the modeling of complex dynamic systems 

by identifying unknown parameters from input–output data. In the context of cementitious materials, this 

method was applied to capture the effects of temperature and curing time on hydration and mechanical 

property development, thereby enabling a more accurate prediction of maturity and performance. 

In this paper, authors proposed an empirical model based on maturity concepts to include the natural 

fibers effect in the prediction of the chemical shrinkage, autogenous shrinkage, drying shrinkage as well as 

expansion. The determination of the rate of shrinkage and expansion was problematic due to the use of 

linear regression to fit nonlinear experimental data. The ultimate shrinkage/expansion, the theoretical initial 

time of shrinkage/expansion, and the rate constant are all important parameters to be determined. For a 

better nonlinearity account, these parameters are covered within a kinetic model Eq.1 [37, 38]. 

 
Fig. 5. Maturity model curve. 
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where 𝜀0 = ultimate shrinkage/ expansion; 𝛽 =rate constant; 𝑡0=initial time of shrinkage / expansion; 𝜌 

= time scale factor. 

The parameters of the proposed model are determined using a mathematical procedure called system 

identification SID method [37, 38]. This equation was typed by using Mathlab software as follows: 

epsilon = epsilon0 * exp(-(rho ./ (t - t0)).^beta) ;                                               (2) 

Fig. 5 presents an example of maturity model curve. 

3. Results and Discussions 

3.1 Length Change 

3.1.1 Chemical Shrinkage 

Fig. 6 shows the chemical shrinkage test results under the experimental conditions conducted at 45°C, 

highlighting the effects of Ph-A fiber additions in mortar mixes. The proposed maturity equation fits the 

experimental data very well, reflecting a high degree of reliability of the model. The results indicate that 

chemical shrinkage decreases with increased content of Ph-A fibers. It presents the highest reduction of 

about 25% at an addition of 2% Ph-A fiber. Such a reduction in chemical shrinkage may be attributed to 

the influence of Ph-A fibers on hydration kinetics at an elevated temperature of 45°C, probably by 

accelerating the reactions and reducing capillary stresses responsible for shrinkage [17, 39, 40]. Besides, 

the parameters obtained from the maturity equation further explain this behavior (Tab. 2). At 0% Ph-A, the 

ultimate chemical shrinkage Ɛ0 is -734 µƐ, which at 2% Ph-A is reduced to -540.8 µƐ, showing that Ph-A 

fibers were effective in reducing shrinkage. In the same way, the time scale factor from the maturity 

equation reflects how hydration kinetics change over time under different conditions. 

  
Fig. 6. Chemical shrinkage of mortars with Ph-A fibers at 45°C. 
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For chemical shrinkage case, ρ for control mortar mix was 11.98, which was increased to 12.13 for 

0.5% Ph-A, indicating a slight acceleration in hydration. Such an increase suggests that low Ph-A content 

can provide additional nucleation sites, accelerating hydration and inducing more chemical shrinkage. 

However, for 1% and 2% Ph-A, (ρ) decreased to 9.68 and 11.02, respectively. This reduction indicates that 

higher Ph-A content disrupts the cementitious matrix, limiting water availability and slowing hydration 

[39]. Chemical shrinkage is therefore reduced as Ph-A fibers are physical barriers that alter water 

distribution and hydration kinetics. As a result, Ph-A fibers have dual role in modifying chemical shrinkage, 

initially enhancing hydration at low percentage but slowing it down at high dosage. Since there is no big 

difference in the rate constant β remaining at 1 for 0.5% Ph-A and increasing minimally to 1.09 at 2% Ph-

A. This suggests that the fundamental hydration kinetics are not substantially changed. However, the 

minimal increase in β at increased Ph-A % may be a sign of a minimal acceleration of hydration reactions, 

possibly due to changes in water distribution within the cement matrix [41].  

The effect of Ph-A fibers on chemical shrinkage is primarily physical rather than chemical. At low 

percentage (0.5 Ph-A), the influence is insignificant, and the process of hydration continues as for the 

control. But at higher Ph-A fiber content (2%), fibers can absorb and retain more water, leading to localized 

accumulation of available moisture in the matrix [42]. This could be responsible for the slight increase in 

β. In addition, the fibers also cause heterogeneity at the microstructure level, which can potentially affect 

the development and distribution of hydration products [27, 28]. Finally, the coefficients of determination 

R2 give evidence of the strength of the model, the highest value being 0.991 at 0.5% Ph-A.  

3.1.2 Autogenous shrinkage 

Fig. 7 displays the autogenous shrinkage test results for mixtures with different contents of Ph-A fibers 

at a temperature of 45°C. As shown, the experimental data is in excellent agreement with the proposed 

maturity equation, as reflected by the strong fit (0.961 ˂R2˃ 0.973). It can be realized from the results that 

there is a trend for autogenous shrinkage to decrease with an increase in the Ph-A fiber content, and the 

highest reduction of 12.4% was obtained at 2% fiber addition. This reduction can be attributed to the fact 

that fibers act on the pore structure of the material and diminish self-desiccation effects under hydration 

[43, 44]. For elevated temperatures, such as 45°C, hydration kinetics are accelerated and often worsens the 

autogenous shrinkage due to the rapid consumption of water and the pore pressure that develops. However, 

the incorporation of Ph-A fibers mitigates these effects by enhancing internal curing and distributing 

stresses more evenly within the matrix [25, 26]. Furthermore, the derived parameters from the maturity 

equation (Tab. 2) explain this behavior where ultimate autogenous shrinkage (Ɛ0) goes down significantly 

from -1930 at 0% Ph-A to -1692 at 2% Ph-A. 

Besides, the time scale factor (ρ) represents how the addition of Ph-A fibers modifies the hydration 

processes. It increases from 21.15 at 0% Ph-A to 30.04 at 2% Ph-A. It shows that Ph-A fibers influence 

autogenous shrinkage primarily through their physical aspects. The Ph-A fibers, especially at 2% level, act 

as water retainers, absorbing and distributing water within the matrix. This water retention action delays 

the initiation of shrinkage by slowing down the rate of water uptake during hydration, which is critical in 

the case of autogenous shrinkage [40, 41]. These fibers also increase the surface area of the mix, providing 

self-desiccation mechanism. In another hand, Ph-A fibers restrain the migration of hydration products and 

water as well, which affects autogenous shrinkage over time. Hence, the time scale factor (ρ) becomes 

amplified, which displays a more even but slow behavior of shrinking. The invariant rate constant means 

that Ph-A fibers do not alter the fundamental rate of hydration, but they alter the hydration and 

microstructural development [16, 20].  

The rate constant β is how fast the autogenous shrinkage reaction proceeds. It controls the rate at which 

the autogenous shrinkage is reached with advancing hydration [45]. Higher β would be the rule when a 

more rapid shrinking reaction is needed, with reduced β would stand for slower shrinkage. Since β is 

unchanging in this case, this implies that the rate of hydration that leads to autogenous shrinkage is not 

significantly altered by Ph-A fibers. However, the slight decrement from 2.27 at 0.5% Ph-A to 2.22 at 2% 
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Ph-A could imply a slight hydration reduction attributed to the increased water retention and physical 

confinement due to the presence of Ph-A fibers [26-29]. Despite this minor modification, the fundamental 

rate of hydration and rate of autogenous shrinkage is not significantly affected [40]. Instead, Ph-A fibers 

affect only the physical aspects such as water distribution and the formation of microstructural networks 

[17-19]. 

 
Fig. 7. Autogenous shrinkage of mortars with Ph-A fibers at 45°C. 

3.1.3 Drying shrinkage 

Fig. 8 illustrates the results of drying shrinkage performance of mortar mixtures having different 

percentage replacements of Ph-A fibers, tested under temperature conditions of 45°C. Like chemical and 

autogenous shrinkage, the experimental data follows the proposed maturity equation very closely, with R2 

of values between 0.941 and 0.969. There is an explicit trend of drying shrinkage reduction with the rise in 

the Ph-A fiber content; it can be observed that at 2% fiber content, higher reductions of 17.8% have been 

obtained compared to the control. This can be explained concerning the ability of the Ph-A fibers in 

reducing moisture losses and, thus, internal shrinkage stresses [46, 47].  

As depicted in Tab. 2, the ultimate drying shrinkage (ε0) decreases progressively from -2034 for the 

control mixture (0% Ph-A) to -1693 µƐ at 2% Ph-A, which means that fibers restrain shrinkage magnitude 

[18, 19]. The time scale factor (ρ) increases sharply from 18.97 at 0% Ph-A fibers to 35.54 at 2% 

replacement, which indicates a severe retardation in the initial rate of shrinkage and extended retention of 

fiber moisture. This increase in ρ signifies the ability of the hydrophilic natural fibers which act as reservoirs 

to retain moisture in the system and slowing down the evaporation process, which leads to lower drying 

rates [48]. This is further corroborated by their rough surface texture, which improves bonding 

interconnection within the matrix. Fibers therefore improve the tortuosity of the system, hindering the 

diffusion of water and preventing rapid evaporation.  

Concurrently, the rate parameter (β), which is the rate of drying shrinkage, shows some scatter. It 

decreases slightly from 1.6 to 1.55 at 2% Ph-A, suggesting that although the fibers slow the onset of 
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shrinkage, they reduce the shrinkage rate over time to a little extent. The reduction in β suggests that the 

fibers would be impacting the hydration environment in such a way that they retard the progression of 

drying shrinkage and affects their dynamic development [49]. These results confirm that Ph-A fibers are 

efficient for limiting dry shrinkage when enhanced by elevated temperature [48]. 

 
Fig. 8. Drying shrinkage of mortars with Ph-A fibers at 45°C. 

3.1.4. Expansion 

Fig. 9 shows the expansion results for mixes with different contents of Ph-A fiber under heat treatment 

(45°C). The efficiency of adding Ph-A fibers is reasonably good, just like that of chemical, autogenous, and 

drying shrinkage. A peak percent decrease of about 14.9% could be observed at a fiber content of 2% from 

the control mix. Coefficients of determination (R2) present the proposed maturity equation showing 

excellent fitness to the experimental results. R2 ranges from 0.941 to 0.984, further establishing the 

reliability of the predictive model. This decrease in expansion can be explained by the effect of Ph-A fibers 

on the thermal response and internal structure of the material [22-25, 49]. Expansion at elevated 

temperatures is a result of differential stresses due to heat that causes volumetric changes. The fibers have 

acted as a stabilizing mechanism, hence reducing the intensity of these changes by improving the structural 

integrity of the matrix and hence limiting thermal gradients [50]. These gradients cause internal stresses 

that are restrained by the embedded fibers to create observed volumetric expansion—a phenomenon 

supported by previous studies on thermomechanical and thermal conductivity in heterogeneous 

cementitious composites [51-53]. 

The maturity parameters derived agree with these observations (Tab. 2). Initial expansion (ε0) 

decreases from 2397.572 for the control mixture (0% Ph-A) to 2326.344 at 2% Ph-A, showing the influence 

of the fibers on expansion retardation. The time scale factor (ρ) evidently increases with fiber content from 

10.16 at 0% Ph-A to 29.1 at 2% Ph-A, reflecting a more gradual process of expansion that is substantially 

delayed [16, 17]. Also, the rate parameter (β) decreases to 0.98 at 2% Ph-A, showing a more gradual course 

of dilation at higher fiber addition. These results, in addition to the shrinkage data provided above, illustrate 

the multifunctional role of Ph-A fibers in enhancing the dimensional stability of cement-based materials at 

elevated temperatures. 
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Fig. 9. Expansion of mortars with Ph-A fibers at 45°C. 

Table 2. Maturity equation parameters 

Mix Code Test Ɛ0 ρ ß R2 

0%Ph-A  

Chemical shrinkage 

-734 11.98 0.96 0.979 

0.5%Ph-A -810 12.13 1 0.991 

1%Ph-A -569.5 9.68 1.08 0.988 

2%Ph-A -540.8 11.02 1.09 0.983 

0%Ph-A  

Autogenous shrinkage 

-1930 21.15 2.25 0.962 

0.5%Ph-A -1890 24.89 2.27 0.97 

1%Ph-A -1795 26.18 2.24 0.972 

2%Ph-A -1692 30.04 2.22 0.969 

0%Ph-A  

Drying shrinkage 

 

-2034 18.97 1.31 0.943 

0.5%Ph-A -1856 21.69 1.74 0.959 

1%Ph-A -1747 27.37 1.69 0.941 

2%Ph-A -1693 35.54 1.55 0.969 

0%Ph-A  

Expansion 

2397.57 10.16 1.19 0.984 

0.5%Ph-A 2229.31 9.04 1.24 0.969 

1%Ph-A 2238.11 20.98 1.09 0.957 

2%Ph-A 2326.34 29.10 0.98 0.941 

 To further enhance the proposed maturity model equation, Fig. 10 shows the shrinkage gain for all 

mixes and for each type of shrinkage. During the initial stages of shrinkage (in the first few days), the gain 

is fairly weak. For drying, autogenous, and expansion shrinkage, the gain is 17% to 40%, while chemical 

shrinkage shows a comparably weaker initial gain, from 3% to 40%. This means that the fibers' influence 

on shrinkage is greater in the later phase than immediately after mixing [16, 18]. The weak initial shrinkage 

gain could be a result of the fibers' capacity to retain moisture and physically engage with the matrix. During 

the early age, Ph-A fibers capture and hold water, reducing the rate of evaporation and delivering a gradual 

rate of hydration [20]. This is why the shrinkage response is delayed, resulting in an early shrinkage rate 

decrease. But as time elapses, there is a large variation, and the shrinkage gain enhances significantly for 

all types. At the last stage of 180 days, the shrinkage is around 90-95% of its final value, proving that most 

of the shrinkage occurs at a longer time interval, and not initially.  
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The sustained increase in shrinkage can be explained by the sustained activity of fiber-induced water 

retention, such that slower and incremental movement over time is felt [54, 55]. Although Ph-A fibers 

restrain early accelerated shrinkage. They do not inhibit shrinkage but retard and delay it. The total 

shrinkage thus reaches equilibrium at the end of the curing time, showing a more uniform and controlled 

process of shrinkage. The retarded shrinkage agrees with the observed increment in the time scale factor (ρ) 

and decrement in the rate parameter (β) for drying, autogenous shrinkage as well as expansion.  

The time scale factor increase indicates a delayed onset of shrinkage and increased moisture retention. 

The minimum reduction in β indicates a slight reduction in the rate of shrinkage with time, which can be 

attributed to the physical barriers of the Ph-A fibers slowing down the rate at which the moisture is lost 

from the material [17, 18]. Conversely, chemical shrinkage displays a poorer response to fiber addition, 

particularly in the initial stages, and is speculated to be due to the comparatively narrower influence of 

fibers on hydration kinetics [40, 41].  

 
Fig.10. Shrinkage gain for mixes with different percentages of Ph-A fibers at 45°C. 

4.2 Physical and mechanical properties 

4.2.1. Density  

The density of mortar reinforced with varying percentages of Ph-A fibers is presented in Fig. 11. It is 
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observed that the highest and lowest density is achieved for 0% and 2% Ph-A fibers in all curing ages. For 

example, at 180 days, a sharp decrease occurs with the inclusion of 2% Ph-A fibers. The value decreases 

from 2510 to 2370 kg/m3 indicating a decrease of 5.8%. As perceived, the inclusion of Ph-A fibers in mortar 

results in a decrease in the density. The decrease in density with the addition of 2% Ph-A fibers can be 

attributed to several physical aspects of the fibers themselves. Natural fibers are lightweight and possess a 

specific gravity lower than that of cement and sand, and therefore when mixed in, they occupy space without 

contributing significantly to the mass. Therefore, decreasing the bulk density of the material. In addition, 

natural fibers are porous and thus may absorb water, leaving small voids in the mixture, increasing the 

porosity and reducing the packing density [56]. Although direct measurements of porosity were not made 

for this study, the decrease in density with increasing fiber concentration is likely to reflect an increase in 

entrapped air or voids when mixing, a phenomenon that has occurred in previous work using Ph-A fibers 

[57]. This is a working hypothesis with no quantitative measurements of porosity, but follows observations 

by [17, 18], where fiber addition caused increased internal porosity through the interference with matrix 

compaction and water retention. 

 Furthermore, the length and flexibility of the fibers can lead to incomplete mixing and the 

development of fiber clumps or agglomerates that prevent the effective compaction of the mixture [58]. 

This prevents close packing of the particles and creates additional voids. Finally, the absorption of water 

by the fibers can lead to their swelling, with their volume increasing without a corresponding mass increase, 

which further reduces the matrix density [59, 60]. Besides, as stated by [61]. The increase in fiber content 

to 2% leads to the increase in absorption due to the increased number of fibers per unit volume and the 

filling of matrix pores [62-64]. This contributes to the reduction in density.  

 
Fig. 11. Density of mortars with Ph-A fibers at 45°C. 

4.2.2. Compressive strength  

Fig. 12 focuses on assessing the compressive strength of mortar, with varying additions (0, 0.5, 1 and 

2%) of Ph-A fibers, over a 180-curing age. As depicted, the compressive strength slightly decreases with 

the addition of Ph-A fibers up to 2% Ph-A addition at all percentages compared to the control mix. This 

reduction can be explained by some grounds because of physical characteristics of the fibers. The addition 

of fibers to the mixture causes a reduction in the material's overall density and compaction, as mentioned 

earlier, which can hinder the load-carrying capacity of the material and ultimately reduce the compressive 

strength. Also, the bond between fiber and matrix can be weaker than cement particle bond, and as the 

content of fibers increases, the fibers may not be capable of contributing to the total load-carrying capacity 

of the material [63, 64]. Nevertheless, the minimal improvement in 1% Ph-A fiber content compared to 
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other Ph-A mixes suggests that at this fiber percentage, the fibers may be capable of contributing to the 

matrix performance. Although, the compressive strength at 1% incorporation was slightly lower than the 

control, the overall results remained within a narrow range, indicating no significant adverse effect on 

strength. It yields a strength of 18.14 MPa at 180-day curing age. At 1% Ph-A addition, the fibers would 

be able to introduce a level of reinforcement into the mixture, help improve the distribution of loads with 

imposed loads and resisting micro-cracking within the matrix, thus inducing minor improvement in 

compressive strength.  

The improvement might also result from the fibers' capability to help retain water, leading to improved 

curing conditions and possibly causing improvement in the process of hydration overall within the mixture 

[18-22]. More than 1%, the additional fiber content will predominate the mixture and have a dilution effect 

in which the negative impacts of lower density, compaction, and interfacial bonding between the fibers and 

matrix overcome the positive impacts of the fibers. Thus, whereas 1% fibers exhibit a slight positive effect 

on compressive strength, higher fiber content (2%) results in reduced strength due to the additive negative 

effects. Notably, the function of Ph-A fibers extends beyond enhancing compressive strength. These fibers 

have demonstrated remarkable performance [65]. PA fibers exhibit excellent thermal stability, allowing 

them to retain their structural integrity even when exposed to high temperatures (e.g. 45°C) [66].  

 
Fig.12. Compressive strength of mortars with Ph-A fibers at 45°C. 

To further illustrate our findings, Fig. 13 shows the relative compressive strength (RCS) values for 

control and Ph-A fiber mortar mixes. As observed, there is a clear trend in the variation of strength with 

fiber content. For 0.5% Ph-A mix, the initial reduction in RCS to a minimum value at 3 days (84%) is 

attributed to increased porosity and reduced cement particle bonding. However, strength regains steadily 

with age and is 92% at 180 days, suggesting that the addition of Ph-A fiber does not negatively impact 

long-term strength. The 1% Ph-A mixture presents a consistent pattern of strength, staying nearly at the 

control sample level at all curing ages (98–99%), which indicates that 1% Ph-A is an optimal dosage where 

fiber distribution does not negatively impact cement hydration or cohesion of matrix. Conversely, the 

highest decrease in RCS is found for the 2% Ph-A addition, particularly at early ages (77% at 1 day, 80% 

at 3 days), with poor recovery with age (87% at 180 days).  

This suggests that excess Ph-A fiber content adversely affects the cement matrix, producing higher 

void content and weaker bonding, reducing compressive strength [62-65]. Globally, while moderate fiber 

addition (0.5–1%) produces acceptable strength reductions, higher fiber levels (2%) have significant 

impacts on compressive performance due to the increased porosity and weaker fiber-matrix interaction [63, 

64]. 
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Fig.13. Relative compressive strength for mixes with Ph-A fibers. 

4.2.3. Flexural strength 

The results for flexural strength of mortars, with varying proportions of Ph-A fibers (0 to 2%) are 

illustrated in Fig. 14. The curing age are 1, 3, 7, 28, 90 and 180 days. As depicted, there is an improvement 

in flexural strength with the incorporation of Ph-A fibers. The optimal flexural strength is achieved with 1% 

Ph-A fiber, achieving a value of 9.9 MPa after 180 days, which is equivalent to an increase of 3.98% 

compared to the control mix. The valuable increased trend in flexural strength up to a 1% threshold can be 

attributed to the inherent strength of these fibers and their advantageous physical interaction with the matrix 

[67]. Specially, at elevated temperature (45°C±1), where the thermal stability of Ph-A would merit further 

increment [63, 64]. 

 
Fig. 14. Flexural strength of mortars with Ph-A fibers at 45°C. 

However, it is noteworthy that beyond this 1% threshold, flexural strength began to decline. This is 

attributed to several physical property-related factors as well as the interaction between the fibers and matrix. 

Increasing the fiber content, the fibers were unable to disperse uniformly and instead clumped together with 

less ability to effectively reinforce the material. This non-uniform distribution creates regions where the 

fibers cannot efficiently resist bending, and hence the flexural strength reduces [18, 55, 56]. Moreover, the 
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bond between the fibers and the matrix deteriorates at high fiber content, especially when the fibers are not 

suitably treated, and induces debonding or pull-out of fibers when subjected to flexural loading [68]. 

Increased fiber content also results in decreased density and compaction, creating more voids within the 

matrix, thereby decreasing its overall load-carrying capacity and bending resistance [62]. Also, at higher 

fiber content, the fibers tend to interfere with the material's load-carrying ability, distorting the integrity of 

the matrix and resulting in reduced stiffness and flexural strength [69]. Thus, while 1% fibers could record 

some gain in flexural strength, undesirable in terms of poor distribution, low interfacial bond strength, and 

reduced density due to more content of fiber aid in bringing the flexural strength down from this level [70, 

71]. The fibers have been observed to bridge microcracks and transfer internal tensile stress, thus retarding 

crack extension when loading. Although no direct stress distribution analysis was performed in this study, 

similar mechanisms of stress transfer have been observed in natural fiber-reinforced cement composites 

[72, 73], which attest to this influence at reasonable fiber contents. 

5 Conclusions 

This paper presents a study on the incorporation of Ph-A fibers in mortar mixes. It revealed the high 

potential of Ph-A fibers in increasing the mechanical properties and dimensional stability of cement mortar 

at elevated temperatures. The addition of Ph-A fibers exhibited an increase in strength and a decrease in 

shrinkage and expansion. The key outcomes of this study are summarized below: 

 Density decreases with the increase in Ph-A fiber content. This kind of trend may be interpreted to 

mean that although fibers enhance mechanical properties, they tend to cause a slight reduction in 

the weight and density of the mortar; this could reduce the material's durability over a longer period 

under specific conditions. 

 The inclusion of 1% Ph-A fiber showed the most significant improvement in compressive strength 

compared to other fiber percentages (0.5 and 2%). Besides, for flexural strength, incorporating 1% 

Ph-A fiber resulted in an increase of 3.98% compared to the control mix, demonstrating its positive 

effect on the mechanical performance of mortar. 

 For shrinkage parameters, the use of 2% Ph-A fibers reduced the chemical shrinkage by 25%, 

reflecting a reduction in the volume loss during hydration process. Similarly, there has been a 

reduction in drying, autogenous shrinkage as well as expansion with 2% Ph-A fibers by about 

17.8%, 12.4% and 14.9%, which clearly shows improvement in resistance to shrinkage. Fibers 

seem to decrease the loss of moisture and contribute to the overall reduction of volume change 

during hydration. Besides, it prevents expansive reactions within cementitious materials and 

ultimately improves long-term. This indeed improves the dimensional stability of mortars. 

 The experimental results are in good agreement with the proposed maturity equation, which 

showed a very good, best fit. R2 are between 0.95 and 0.98 for all mixes. These Ph-A fibers appear 

to influence the material's microstructure and enhance internal curing, hence reducing the negative 

effects due to moisture loss, while distributing internal stresses more positively. Such changes 

probably diminish the risk of cracking and deformation that might occur owing to rapid hydration 

and fluctuation in temperature. Furthermore, the most interesting observation is a significant 

increase in the time scale factor ρ with the increased content of the Ph-A fibers is indicative that 

the fibers retard the processes of shrinkage and expansion, turning their character into more smooth 

and gradual ones. Furthermore, the lessening rate parameter (ß) at higher fiber content shows that 

the fibers help moderate the rate in both shrinkage and expansion. 

Further studies are needed to determine the optimal fiber content, long-term durability, and other 

performance parameters of Ph-A fibers in different environmental conditions. 
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