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Abstract 

The use of natural additives such as tara ash (TA) and coconut fiber (CF) represents a sustainable 
alternative to improve the mechanical properties of concrete, due to their local availability, low cost, 
and potential to reduce the environmental impact of construction. This study evaluates the combined 
effect of both materials on the mechanical properties of concrete. A two-factor factorial experimental 
design with 4×4 levels was employed, varying four levels of TA (0%, 6%, 12%, and 16%) and four 
levels of CF (0.0%, 0.5%, 1.0%, and 1.5%). The mixtures were tested at 28 days to determine 
compressive, flexural, and indirect tensile strength, applying statistical methods such as ANOVA and 
the Tukey test. The results showed that using 6% TA without CF increased compressive strength by 
1.4%. In flexural strength, the best results (43.5 kg/cm²) were obtained with 0.5% and 1.0% CF without 
TA. For indirect tensile strength, combinations with low levels of both additives matched the base 
concrete, while higher proportions (16% TA and 1.5% CF) significantly reduced strength. It is 
concluded that moderate use of these natural additives can improve the mechanical performance of 
concrete and contribute to sustainable, low-impact environmental solutions. 

Keywords: tara ash; sustainable concrete; fiber-reinforced concrete; coconut fiber; mechanical 
properties; statistical analysis 
 

1. Introduction 
Concrete is the most widely used material in the construction sector due to its compressive 

strength and ease of manufacture. However, it exhibits low tensile strength and tends to crack under 
external stresses[1] . This limitation compromises structural durability, especially in slabs and 
elements exposed to differential stresses [2]. In various countries, such as South Korea and Colombia, 
these cracks have been observed to affect structural performance, causing deflections and reducing 
the service life of structures [3].  In Peru, the situation is worsened by the high percentage of self-
built housing, many of which do not follow proper technical criteria, increasing their seismic 
vulnerability and leading to premature deterioration [4]. Moreover, the production of cement—a key 
component of concrete—generates approximately one ton of CO₂ per ton produced, significantly 
contributing to climate change [5]. Therefore, it is necessary to implement sustainable solutions, such 
as the partial replacement of cement with natural waste materials possessing high pozzolanic 
reactivity, like calcined ashes, as well as the use of plant fibers to improve the mechanical 
performance of concrete [6,7]. 

Previous studies have shown that the inclusion of fibers can enhance compressive, flexural, and 
tensile strengths, while the use of ashes as partial cement replacement improves compactness and 
reduces the environmental footprint of concrete [8]. These strategies are particularly relevant in light 
of the growing demand for cement, which is projected to increase by 225% by 2050, potentially 
worsening the environmental crisis in the sector [9]. In this context, several studies have explored the 
use of agro-industrial waste, such as coconut filaments and various organic ashes, in conventional 
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concretes. For example, additions of 1% to 4% coconut fiber have been shown to yield improvements 
of up to 2.88% in compressive strength and 10.34% in flexural strength, although with reduced 
workability [10]. Similarly, the use of coconut filament ash as a partial replacement for fine aggregate 
resulted in up to 22% improvement in compressive strength and 7.5% in indirect tensile strength, 
along with greater mix fluidity [11]. ]. In another case, a 2% replacement of cement with coconut fiber 
achieved improvements of 3.6% in compressive strength and 26.6% in flexural strength [12]. 
Regarding plant-based ashes, the use of cashew nutshell ash resulted in up to 15.3% increase in 
compressive strength, albeit with a reduction in slump and density [13]. ]. Likewise, the incorporation 
of rice husk ash in geopolymer concretes has improved compressive strength by as much as 54.7% 
with just 2.5% addition [14]. In Peru, studies on tara ash have reported a 17.16% increase in 
compressive strength and 1.78% in indirect tensile strength with an optimal dosage of 6%, although 
with a significant decrease in slump [15]. The combination of 0.65% coconut fiber and 1.2% eucalyptus 
ash has also shown improvements of 20% in compressive strength and up to 53.7% in flexural 
strength [16]. In lower-strength concrete designs (f’c), the use of 1% coconut fiber led to an 8.5% 
increase in compressive strength and 2% in flexural strength [17]. Similarly, the application of 
combinations of corn husk and ichu fiber resulted in 18% improvement in tensile strength and over 
16% in compressive strength [18], while other alternatives, such as coca leaf ash, yielded modest gains 
in compressive strength and acceptable behavior in slump and flexural performance when used in 
moderate doses [19] 

In this context, the present research aims to analyze the combined effect of the addition of natural 
ash and plant fiber on the mechanical properties of concrete, using a concrete mix design with a 
compressive strength of f’c = 210 kg/cm², in order to evaluate their interaction and joint performance. 
The goal is to contribute to the development of more sustainable concretes with greater durability 
and reduced environmental impact. 

2. Materials and Methods 
This research was based on an experimental design using a control mix with a characteristic 

compressive strength of f’c = 210 kg/cm², formulated according to the guidelines of ACI 211.1 [20]. 
Type I Portland cement, locally sourced fine and coarse aggregates, potable water, calcined tara ash 
as a partial cement substitute, and plant-based fibers as additional reinforcement were used. The ash 
replacement levels evaluated were 0%, 6%, 12%, and 16% by cement weight, while the fiber content 
levels were 0%, 0.5%, 1%, and 1.5% by volume. A control mix without ash or fiber was also included. 

The mixtures were prepared by first mixing all dry components following the standard dry 
mixing procedure, after which water was added according to the corresponding water-to-cement 
(w/c) ratio. Cylindrical specimens of 15 × 30 cm and beams of 15 × 15 × 50 cm were fabricated. The 
specimens were cured by immersion in water at ambient temperature and subsequently tested at 28 
days to evaluate mechanical strength: compressive strength (ASTM C39) [21], ], flexural strength 
(ASTM C78) [22] and indirect tensile strength via diametral compression (ASTM C496) [23]. The 
slump test was performed in accordance with ASTM C143 [24].  

Statistical evaluation of the results was carried out using a 4×4 factorial design, considering ash 
content and fiber inclusion as factors, each with four levels. An analysis of variance (ANOVA) was 
applied to determine the statistical significance of each variable, and the Tukey test was used to 
identify differences among treatments. 

2.1. Preparation and Characterization of Materials 

2.1.1. Procedure for Obtaining Tara Ash 

The process of obtaining tara ash began with the collection of the dried husk, which was weighed 
prior to being subjected to a controlled combustion process. The material was incinerated in a 
handmade furnace at a temperature of approximately 600 °C for a period of 5 to 7 hours, until it 
transformed into a fine, light gray powder with a dusty texture. As a result, 7.56 kg of ash were 
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obtained from two 50 kg sacks of husks, representing about 8% of the original material weight. This 
procedure is similar to those used in studies involving pozzolanic plant-based residues, such as 
sugarcane bagasse ash, where calcination temperatures between 600 °C and 700 °C are recommended 
to preserve pozzolanic activity without causing vitrification [25]. 

 

 

 

 

 

Figure 1. (A) Dried tara husk collected and selected as the base material for ash production. (B) Sample of tara 
ash obtained after calcination, ready to be sieved and used as an additive in the concrete mix design. 

2.1.2. Particle Size Analysis of Tara Ash (ASTM C136) 

The particle size analysis of tara ash shows that most of the particles are smaller than 0.85 mm, 
especially those retained on fine sieves such as No. 100 and No. 200, as illustrated in the figure. This 
distribution is crucial in applications where particle size directly influences the porosity and 
impermeability of concrete, since smaller particles tend to reduce voids, resulting in a denser matrix. 
The analysis followed the procedure established in ASTM C136, a standard widely used to determine 
the particle size distribution of cementitious materials [26]. 

 

Figure 2. Gradation curve of tara ash. 

2.1.3. Specific Gravity and Water Absorption of Tara Ash 

The table presents the tara ash, which has a relative specific gravity of 2.763 g/cm³—a value 
slightly lower than that of common mineral aggregates (2.6 to 2.9 g/cm³), making it acceptable for use 
as an additive or partial replacement in concrete mixtures. However, its water absorption is 
considerably high (28.6%), well above the typical value for conventional aggregates (less than 3%), 
indicating a high porosity. This characteristic can compromise the workability and durability of 
concrete if not properly managed, as has been reported in studies on natural ashes with similar 
properties [27]. 

Table 1. Specific gravity and water absorption of tara ash. 

B 
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Description Unit Data 

Relative Specific Gravity of Solids 
Average at 20 °C (Gs)) 

g/cm3 2.763 

Water absorption % 28.6 
¹ Water absorption was determined from three representative samples of calcined tara ash. 

2.2. Coconut Fiber Extraction Process 
The process of obtaining coconut fiber began with the collection of mature coconuts. From the 

husk, the fiber was separated from the hard shell using manual tools such as knives and machetes. 
Over an average duration of 3 to 4 hours, approximately 8 kg of fiber were obtained, with an average 
length of 0.03 cm, variable diameter, and a color range from light to dark brown. The natural moisture 
content of the fibers ranged between 10% and 20%, making it necessary to apply a drying process to 
reduce their water content before incorporating them into the concrete mix, as shown in the figures. 
Similar procedures for collecting, extracting, and conditioning plant fibers have been widely reported 
in the literature for their application as reinforcement in cementitious materials [28]. 

 
Figure 3. (A) Mature coconut fruits (Cocos nucifera L.) used as raw material for fiber extraction. (B) Plant fibers 
obtained through manual extraction, drying, and selection, intended for reinforcement in concrete mixtures. 

2.2.1. Water Absorption of Coconut Fiber 
The following figure presents the water absorption values of three coconut fiber samples: 20.2%, 
19.5%, and 19.6%, with an average of 19.8%, indicating a moderate moisture retention capacity. These 
data are relevant in composite material applications, as high absorption can alter the water-to-cement 
ratio in the mix, negatively affecting both workability and strength. Recent studies on lignocellulosic 
fibers in cementitious matrices have shown that high moisture absorption may induce expansion, 
weaken the interfacial transition zone, and reduce mechanical properties if not properly managed 
[29]. 
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Figure 4. Water absorption of coconut fiber. 

2.2.2. Coconut Fiber Length 

In this section, the length of five coconut fiber samples was analyzed, yielding values between 
29 mm and 32 mm, with an average length of 30.4 mm. This moderate length suggests that the fibers 
can effectively act as reinforcement in concrete mixes, improving tensile strength and reducing crack 
formation, as shown in the figure. In line with the findings reported by Martinelli et al., the 
mechanical properties and durability of coconut fibers are enhanced when an optimized length 
(~30 mm) is maintained, contributing to better integration within the cementitious matrix and 
improved crack control. [30]. 

 

Figure 5. Length of coconut fiber 

3. Results 

3.1. Mix Design (ACI 211.1) 

To ensure the reliability of the experimental results, a concrete mix design was prepared in 
accordance with ACI 211.1 [20] for a target compressive strength of f’c = 210 kg/cm². The control mix 
was optimized to maintain a slump between 3" and 4", using materials sourced from the Trapiche 
quarry, including fine aggregate, coarse aggregate, and Type I Portland cement. A water-to-cement 
(w/c) ratio of 0.62 was established, allowing for adequate workability without negatively affecting 
the mechanical strength of the concrete. 

Based on this reference mix, modified mixtures were developed to evaluate the influence of tara 
ash (TA) and coconut fiber (CF) as natural additives in concrete. Tara ash was used as a partial cement 
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replacement, while coconut fiber was added as a supplement to the fine aggregate, without 
completely replacing it. Dosages were adjusted to combine proportions of 6%, 12%, and 16% tara ash 
with 0.5%, 1.0%, and 1.5% coconut fiber, resulting in a total of 16 experimental variations, including 
the control mix (0% TA and 0% CF). 

3.2. Slump Test (ASTM C143/C143M) 

In this study, the slump test was conducted in accordance with ASTM C143/C143M [24], to 
evaluate the workability of fresh concrete when incorporating tara ash and coconut fiber. This test is 
essential for assessing the behavior of modified mixes under real-world construction conditions. The 
control mix exhibited a slump within the target range of 3" to 4", as defined in the base design. The 
experimental mixes, containing high-absorption materials such as calcined ash and plant fibers, 
required careful control of moisture and effective water content. Despite this, the results showed 
stable workability across all dosages, demonstrating that the incorporation of these natural additives 
did not negatively affect the plastic behavior of the concrete, allowing it to retain both workability 
and consistency. 

Table 2. Slump Test Results for the Different Concrete Mixes Prepared 

   A:  COCONUT FIBER 
   0% 0.50% 1% 1.50% 

B:TARA ASH 

0% 4" 1/4 4" 1/8 3" 3/4 3" 1/2 
6% 4" 3" 3/4 3" 1/2 3" 

12% 4" 1/2 3" 7/8 3" 7/8 3" 1/2 
16% 5" 4" 1/4 3" 7/8 3" 5/8 

² Test conducted in accordance with ASTM C143, using an Abrams cone; results are expressed in inches. 

 

Figure 6. Slump Test Results 

As observed in the previous table and figure, the slump progressively decreased as the dosage 
of coconut fiber increased, indicating a reduction in concrete workability. As tara ash was added, the 
slump also tended to decrease, especially in combinations with higher fiber content. The mix with 
16% tara ash and 0% fiber showed the highest slump (5"), while the mix with 6% tara ash and 1.5% 
fiber showed the lowest (3"). 

3.3. Compressive Strength 

To evaluate the effect of tara ash and coconut fiber on the 28-day compressive strength of 
concrete, various combinations of experimental mixes were developed. The table above presents the 
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results obtained, allowing for the observation of behavioral variations according to the percentages 
used. These differences will be analyzed in more detail using statistical tools to determine the 
significance of the evaluated factors and their interaction within the factorial model. 

Table 3. Compressive Strength Results at 28 Days 

    28 DAYS   
  CONOCUT FIBER 

    0.0% 0.5% 1% 1.5% 

TA
R

A
 A

SH
  

0.0% 
217.2 217.3 219.0 220.1 218.9 219.0 216.3 214.8 

217.7 216.4 219.7 218.4 218.6 218.0 216.2 215.3 

217.6 216.3 220.4 219.1 218.0 219.8 213.9 216.6 
         

6% 
218.7 220.4 215.4 215.0 216.2 219.0 214.0 217.2 

220.7 220.4 216.4 215.3 217.3 220.3 216.0 215.2 

220.2 221.4 216.3 214.8 217.8 216.3 213.4 212.8 
         

12% 
214.3 215.3 218.7 217.8 216.0 215.3 213.6 213.5 

215.0 216.1 218.8 219.5 214.7 216.7 212.8 213.9 

215.3 215.0 219.1 220.4 214.2 217.1 213.2 211.5 
         

16% 
214.0 213.8 218.2 216.3 217.2 216.3 214.0 213.2 

214.0 215.4 217.1 215.6 217.6 215.2 214.4 216.5 

215.2 214.9 216.4 215.1 217.8 217.7 213.5 214.0 

³ Values expressed in kg/cm². The data correspond to six repetitions per combination, tested in accordance with 
ASTM C39 using cylindrical specimens measuring 15 × 30 cm. 

3.3.1. Inferential Statistics 

According to the results of the normality test applied to the 96 compressive strength data at 28 days, the 
Kolmogorov–Smirnov test yielded a significance value of 0.081. Since this value is greater than the critical level 
of 0.05, it indicates that the data follow a normal distribution. Consequently, the assumption of normality 
required to apply parametric statistical analyses, such as ANOVA and the Tukey test, is satisfied.. 

Table 4. Normality test for 28-day compressive strength 

 

 

  

⁴ The significance value obtained (Sig. = 0.081) is greater than 0.05, indicating that the data meet the normality 
criterion according to the Kolmogorov–Smirnov test. 

 Kolmogórov-Smirnov 
     

    Statistic df Sig. 

Compressive strength,  

28 days 
0,78 96 0,081 
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Figure 7. Average Compressive Strength at 28 Days 

Table 5. Two-Factor ANOVA – Factorial Variance Analysis for 28-Day Compressive Strength 

 

⁵ Significant effects (p < 0.05) were identified for coconut fiber, tara ash, and their interaction on compressive 
strength. The model explained 82.6% of the total variability. 

Table 6. Tukey Test for Compressive Strength at 28 Days 

  A: CONOCUT FIBER      B: TARA ASH   

  A4 A1 A2 A3    B4 B3 B1 B2 

A3 3.21 0.84 0.33 0  B2 2.13 1.95 0.59 0 

A2 2.88 0.51 0 0.33  B1 1.54 1.36 0 0.59 

A1 2.37 0 0.51 0.84  B3 0.18 0 1.36 1.95 

A4 0 2.37 2.88 3.21  B4 0 0.18 1.54 2.13 

⁶ Values represent the absolute differences between means; results greater than 1.7016 indicate statistically 
significant differences between levels according to the Tukey test. 

The analysis of variance (ANOVA) presented in Table 5 shows that both coconut fiber and tara 
ash have a statistically significant influence on the 28-day compressive strength of concrete, as the p-
values associated with each factor are extremely low (p < 0.05), and the Fo values far exceed the 
established critical values. The greatest effect was caused by tara ash (Fo = 765.09), followed by 
coconut fiber (Fo = 121.41), and the interaction between both factors (Fo = 83.67). This supports the 
experimental findings, which identified the best absolute result as a compressive strength of 
220.3 kg/cm², corresponding to the combination of 6% tara ash and 0% fiber. 
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Additionally, the multiple comparisons analysis using the Tukey test confirmed significant 
differences among several combinations, considering a critical value of 1.7016. The most efficient 
interaction combination was 12% tara ash with 0.5% coconut fiber (B3–A2), reaching 219.1 kg/cm², 
while the least favorable was 12% ash with 1.5% fiber (B3–A4), with 213.1 kg/cm². These differences 
support the alternative hypothesis and demonstrate that the interaction between both additives has 
a significant impact on the mechanical performance of concrete. Moreover, the coefficient of 
determination R² = 82.6% indicates that the statistical model explains a large portion of the observed 
variability. 

3.4. Flexural Strength 

To evaluate the flexural behavior of concrete at 28 days, various combinations of coconut fiber 
and tara ash were analyzed. The previous table presents the average values obtained, showing how 
flexural strength varies with the use of these additives. At first glance, it can be observed that mixtures 
with higher proportions of both components tend to reduce mechanical performance, while certain 
moderate dosages may help maintain stable values. These results will be interpreted further through 
graphical analysis and statistically validated using a two-factor ANOVA model. 

Table 7. Flexural Strength Results at 28 Days 

 

 

 

 

 

 

 

 

 

 

 

 

⁷ Valores expresados en kg/cm². Ensayos realizados conforme a la norma ASTM C78 
 en vigas prismáticas de 15 × 15 × 50 cm. 

3.4.1. Inferential Statistics 

According to the results of the normality test applied to the 96 flexural strength data at 28 days, 
the Kolmogorov–Smirnov test yielded a significance value of 0.086. Since this value is higher than the 
critical level of 0.05, the null hypothesis is not rejected, indicating that the data follow a normal 
distribution. Therefore, the assumption of normality required to apply parametric statistical methods 
such as ANOVA and the Tukey test is satisfied. 

    28 DAYS   
  CONOCUT FIBER 

    0.0% 0.5% 1% 1.5% 

TA
R

A
 A

SH
  

0.0% 
40.8 41.2 43.1 43.4 43.1 43.3 42.3 42.4 

40.6 41.2 43.2 43.4 43.2 43.3 42.4 42.3 

41.0 41.2 43.3 43.5 43.3 43.5 42.5 42.4 
         

6% 
38.1 38.2 35.8 35.8 37.8 37.7 36.9 36.7 

37.9 38.3 35.9 35.7 37.7 37.9 36.8 36.7 

38.2 38.4 36.0 35.6 37.9 37.9 36.8 36.6 
         

12% 
37.9 37.3 30.7 31.3 29.8 29.7 25.9 26.1 

37.8 37.2 30.8 31.4 29.9 29.7 26.2 26.0 

37.5 37.1 31.0 31.5 29.7 29.6 26.2 26.1 
         

16% 
37.0 37.3 22.7 22.0 24.6 24.8 22.7 22.0 

37.1 37.4 22.3 22.9 24.9 24.7 22.3 21.5 

37.2 37.5 22.3 23.0 24.8 24.7 22.4 21.7 
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Table 8. Normality Test for Flexural Strength at 28 Days 

 

 

 

⁸ The significance value (Sig. = 0.086) is greater than 0.05, indicating that the flexural strength data meet the 
assumption of normality. 

 

Figure 8. Average Flexural Strength at 28 Days 

Table 9. Two-Factor ANOVA – Factorial Variance Analysis for 28-Day Flexural Strength 

 

⁹ A significant effect (p < 0.05) was observed for coconut fiber, tara ash, and their interaction on the 28-day 
flexural strength of concrete. 

Table 10. Tukey Test for Flexural Strength at 28 Days 

  A: CONOCUT FIBER      B: TARA ASH   

  A2 A4 A3 A1    B4 B3 B2 B1 

A1 5.26 4.51 3.04 0.00  B1 11.20 10.38 5.03 0.00 

0.0

10.0

20.0

30.0

40.0

50.0

0 0.5 1 1.5

A: COCONUT FIBER

f'c
=k
g/
cm

2

FLEXURAL STRENGTH AT 28 DAYS

B: TARA 0 B: TARA 6 B: TARA 12 B: TARA 16

B: TARA 0 B: TARA 6 B: TARA 12 B: TARA 16

 Kolmogórov-Smirnov 
     

    Statistic df Sig. 

Flexural strength, 28 days 
0,101 96 0,086 
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A3 2.22 1.47 0.00 3.04  B2 6.17 5.35 0.00 5.03 

A4 0.75 0.00 1.47 4.51  B3 0.82 0.00 5.35 10.38 

A2 0.00 0.75 2.22 5.26  B4 0.00 0.82 6.17 11.20 

¹⁰ Absolute differences between means according to the Tukey test; values greater than 0.3827 indicate 
statistically significant differences between addition levels. 

The factorial analysis of variance for 28-day flexural strength (Table 9) shows that the statistical 
model has an extremely high explanatory capacity, with a coefficient of determination R² = 99.9%, 
indicating that virtually all observed variability is explained by the evaluated factors. Coconut fiber 
(Fo = 3867.661), tara ash (Fo = 22327.408), and their interaction (Fo = 1662.784) all exhibit Fo values far 
exceeding the critical threshold, accompanied by near-zero p-values. This allows for the rejection of 
the null hypothesis and confirms that all factors have a statistically significant effect on the flexural 
strength of concrete. 

However, the analysis of mean values reveals that this effect is predominantly negative, as the 
simultaneous increase of both additives tends to reduce strength, as observed in the combinations 
with higher percentages of ash and fiber. 

The Tukey test further confirms the existence of statistically significant differences between 
treatments, with several comparisons exceeding the critical value of 0.3827. The highest flexural 
strength values were recorded in the combinations with 0.5% and 1.0% coconut fiber without ash 
(A2–B1 and A3–B1), both reaching 43.3 kg/cm², suggesting that intermediate fiber levels can enhance 
flexural performance as long as no ash is used. In contrast, the least favorable combination was 1.5% 
fiber with 16% tara ash (A4–B4), with a strength of 22.1 kg/cm², indicating that high combined 
proportions of both additives significantly deteriorate the mechanical performance of concrete. 

3.5. Indirect Tensile Strength 

To evaluate the indirect tensile behavior of concrete at 28 days, multiple combinations of coconut 
fiber and tara ash were analyzed. The table above shows that the control mix (0% ash – 0% fiber) 
reached an average value of 23.2 kg/cm², and that combinations such as 0.5% fiber without ash (0% 
TA – 0.5% CF) maintained that level with 23.2 kg/cm², without significant improvements. When tara 
ash was incorporated at moderate proportions (6% and 12%) with low fiber levels (0.5% and 1%), 
similar values were preserved, ranging from 23.1 to 23.3 kg/cm², but without clearly surpassing the 
control mix. In contrast, the combinations with 16% ash and 1.5% fiber yielded the lowest values, 
dropping to 22.0 kg/cm² and 22.1 kg/cm². This suggests that, as with flexural behavior, high dosages 
of both additives tend to reduce mechanical performance. These results will be complemented with 
statistical and graphical analysis to confirm significant differences among treatments. 

Table 11. Indirect Tensile Strength Results at 28 Days 

    28 DAYS   
  CONOCUT FIBER 
    0.0% 0.5% 1% 1.5% 

TA
R

A
 A

SH
  0.0% 

23.2 23.2 23.4 23.2 23.1 23.0 22.9 22.9 
23.3 23.0 23.5 23.2 23.1 23.0 22.9 22.6 
23.2 23.4 23.3 23.3 23.0 23.1 22.9 22.7          

6% 
23.1 23.3 23.0 23.1 23.2 23.2 22.9 22.6 
23.0 23.2 23.0 23.2 23.3 23.2 22.9 22.6 
23.1 23.2 23.1 23.1 23.3 23.2 22.9 22.6          

12% 23.3 23.1 22.8 22.6 22.6 22.6 22.2 22.2 
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23.1 23.1 22.7 22.6 22.6 22.3 22.2 22.2 
23.2 23.1 22.6 22.5 22.7 22.4 22.2 22.2          

16% 
22.9 22.8 21.9 21.8 22.7 22.7 22.0 22.1 
22.9 22.8 21.8 21.9 22.8 22.8 22.0 22.0 
22.8 22.7 21.6 21.9 22.8 22.8 22.1 22.1 

¹¹ Values expressed in kg/cm². The data correspond to six repetitions per combination, tested in accordance with 
ASTM C496 using cylindrical specimens of 15 × 30 cm. 

3.5.1. Inferential Statistics 

According to the results of the normality test applied to the 96 indirect tensile strength data at 
28 days, the Kolmogorov–Smirnov test yielded a significance value of 0.071. Since this value is above 
the critical level of 0.05, the null hypothesis is not rejected, indicating that the data are normally 
distributed. Therefore, the assumption of normality required to apply parametric statistical 
methods—such as analysis of variance (ANOVA) and the Tukey multiple comparison test—is 
satisfied. 

Table 12. Normality Test for Indirect Tensile Strength at 28 Days 

 

 

 

¹² The significance value (Sig. = 0.071) is greater than 0.05, indicating that the indirect tensile strength data meet 
the assumption of normality. 

 
Figure 9. Average Splitting Tensile Strength at 28 Days 

Table 13. Two-Factor ANOVA – Factorial Variance Analysis for 28-Day Indirect Tensile Strength 

21.5
21.7
21.9
22.1
22.3
22.5
22.7
22.9
23.1
23.3
23.5

0 0.5 1 1.5

A: COCONUT FIBER

f'c
=k

g/
cm

2

INDIRECT TENSILE STRENGTH AT 28 DAYS
B: TARA ASH 0 B: TARA ASH 6

B: TARA ASH 12 B: TARA ASH 16

 Kolmogórov-Smirnov 
     

    Estadístico gl Sig. 
Indirect Tensile  

Strength at 28 Days 
0,142 96 0,071 
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¹³ A statistically significant effect (p < 0.05) was observed for coconut fiber, tara ash, and their interaction on the 
28-day indirect tensile strength of concrete. 

Table 14. Tukey Test for Indirect Tensile Strength at 28 Days 

  
A: CONOCUT 

FIBER      B: TARA ASH   
  A4 A3 A2 A1    B4 B3 B2 B1 

A1 0.63 0.37 0.19 0.00  B1 0.74 0.47 0.05 0.00 
A2 0.44 0.18 0.00 0.19  B2 0.69 0.42 0.00 0.05 
A3 0.26 0.00 0.18 0.37  B3 0.27 0.00 0.42 0.47 
A4 0.00 0.26 0.44 0.63  B4 0.00 0.27 0.69 0.74 

¹⁴ Diferencias absolutas entre medias según la prueba de Tukey; los valores superiores a 0.3827 indican 
diferencias estadísticamente significativas entre niveles de adición.  

The factorial analysis of variance for 28-day indirect tensile strength (Table 13) demonstrates 
that the statistical model has a high explanatory capacity, with a coefficient of determination R² = 
95.7%, indicating that more than 95% of the observed variability is explained by the evaluated factors. 
Both coconut fiber (Fo = 168.917) and tara ash (Fo = 292.855), as well as their interaction (Fo = 41.965), 
present Fo values significantly higher than the critical value (F critical = 2.72), accompanied by p-
values close to zero. Consequently, the null hypothesis is rejected and the alternative hypothesis is 
accepted, concluding that both individual factors and their interaction have a significant effect on the 
tensile strength of concrete. However, the analysis of means shows that this effect is not always 
positive. When the proportions of ash and fiber are increased simultaneously, tensile strength tends 
to decrease, with the lowest values observed in combinations containing the highest levels of both 
additives. 

The Tukey test confirms the existence of statistically significant differences between treatments, 
as several comparisons exceed the critical value of 0.3827 (Table 14). The best-performing 
combinations were found in the pairs A2–A1 and A2–A4 for coconut fiber, and B1–B4 and B2–B4 for 
tara ash, indicating that intermediate fiber levels (0.5%) and low ash contents (0% to 6%) are more 
favorable for maintaining or improving tensile strength. In contrast, the least efficient combination 
was 1.5% fiber with 16% ash (A4–B4), which yielded an average strength as low as 22.1 kg/cm². These 
results confirm that high proportions of both additives significantly reduce the mechanical 
performance of concrete in terms of indirect tensile strength. 

4. Discussion 
The experimental results demonstrate that the addition of tara ash and coconut fiber produces 

differentiated effects on the mechanical behavior of concrete, depending on the proportions used and 
the type of mechanical stress evaluated (compression, flexural, or indirect tensile strength). For 
compressive strength, the use of 6% tara ash with 0% fiber achieved the best result (220.3 kg/cm²), 
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slightly surpassing the control concrete (217.2 kg/cm²). This behavior aligns with previous studies 
reporting that plant-based ash can act as an effective pozzolanic additive [11,13,15]. However, higher 
dosages combined with fiber (e.g., 12% TA and 1.5% CF) tend to reduce strength due to increased 
porosity and weakening of the cementitious matrix. 
   In terms of flexural strength, the highest values were observed in combinations with 0.5% and 
1.0% coconut fiber without ash, reaching up to 43.5 kg/cm². These results reflect the fiber’s potential 
to absorb energy and control cracking, as documented in studies on concrete reinforced with natural 
fibers [10,12,17,29]. Nevertheless, when ash and fiber proportions are simultaneously increased, 
flexural strength significantly declines, reaching values as low as 22.1 kg/cm² with 1.5% fiber and 16% 
ash, due to lower cohesion and increased water demand [18,19]. 
   Regarding indirect tensile strength, a similar trend was observed. The control mix reached 
23.2 kg/cm², which was matched by combinations such as 0% TA – 0.5% CF or 6% TA – 1.0% CF. 
However, high levels of both additives (e.g., 16% TA – 1.5% CF) reduced tensile strength to 
22.0 kg/cm². These findings are consistent with the reviewed literature, which warns of structural 
integrity loss in mixes with high fiber and ash content [16,18]. 
   Overall, it can be concluded that the combined use of tara ash and coconut fiber can enhance or 
maintain the mechanical properties of concrete, provided they are used in moderate dosages. Their 
application contributes to the development of eco-efficient concrete with lower environmental 
impact, although careful balance of proportions and mixing conditions is required to avoid negative 
effects. 

5. Conclusions 
This research concludes that the combined use of tara ash and coconut fiber can significantly 

influence the mechanical properties of concrete, depending on the proportions used. 
The addition of 6% tara ash as a partial replacement for cement improved compressive strength, 

reaching 220.3 kg/cm², which represents a 1.4% increase compared to the control mix. The highest 
flexural strengths (43.5 kg/cm²) were recorded with 0.5% and 1.0% coconut fiber without ash, whereas 
combinations containing ash significantly reduced performance. For indirect tensile strength, 
combinations with low levels of both additives matched the performance of the control mix, while 
higher dosages were less effective. 

The proper combination of these natural additives allows for the production of concrete with a 
lower environmental impact without compromising its mechanical properties, provided that the 
water/cement ratio and workability are properly controlled. 

It is recommended that future research assess long-term behavior, durability against aggressive 
agents, and structural applicability in elements subjected to real loading conditions. 
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