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Mechanical performance 
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The knowledge of sustainable development believes that natural resources should be treated limited, 
and waste must be managed rationally. This idea and the constant striving to reduce production costs 
make the use of waste materials potential substitutes for traditionally used raw materials. In cement 
concrete technology, there are many possibilities to use waste materials either as cement replacement 
or aggregate in concrete production. The basic aim of this research work is to study the impact of 
wooden ash (WA) as binding material in proportions 10%, 20%, and 30% by weight of cement on high 
strength ductile cementitious composite concrete. The fresh property was evaluated through the 
slump cone test, while the mechanical property was evaluated through compressive and split tensile 
strength test. Load deflection curve, ductility index, and maximum and minimum crack were also 
studied to find flexure cracking behaviors of reinforced cement concrete (RCC) beam. The durability of 
high‑strength ductile concrete was studied through water absorption and acid attacks test. Pozzolanic 
activity of wooden ash was studied through XRD analysis.

One of the major differences between high-strength concrete and normal-strength concrete is the compressive 
strength, which refers to the maximum resistance of a concrete sample to applied compressive load. However, 
there is no exact definition of high-strength concrete. Each country defines high-strength concrete in its specific 
way. For example, Americans define high-strength concrete as concrete having a compressive strength of more 
than 40  MPa1.

The production of high-strength concrete requires the optimal use of the key components that may be used 
to produce normal-strength concrete. Manufacturers of high-strength concrete are aware of the factors that 
influence the compressive strength, and they have the know-how to control them to obtain the desired com-
pressive strength. In addition, to choose high-quality Portland cement, manufacturers often prefer to optimize 
the materials and the combination of materials by changing the quantities of cement, water, aggregates, and 
admixtures in the final  product2. Manufacturers evaluate the strength of the aggregates, the optimal size of the 
aggregates, the bond between the cement paste and aggregates, and the surface properties of the aggregate when 
giving more picking aggregates for high-strength concrete. Any of these characteristics may restrict the ultimate 
strength of high-strength  concrete3.

In addition to silica fume, ground granulated blast furnace slag, and fly  ash4–6, a study reported that Shell 
Sunflower Ash (SSA) and Shell Pumpkin Ash (SPA) can be successfully utilized as partial replacement of cement 
in  concrete7. A variety of commercial end products have been found much effective in concrete. Various studies 
were conducted to manufacture concrete from waste materials to lower the cost and reduce the scarcity of stand-
ard  materials4,8,9. The methods of reusing waste material in concrete make it inexpensive, and reuse is considered 
the most environmentally friendly alternative for dealing with the problem of trash  disposal10.

Environmental concerns and economic pressure are among the factors propelling industrialization’s growth 
today. For this reason, several research projects are being carried out across the globe on the use of waste materials 
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to minimize environmental risks while also streamlining the current disposal of wastage and recycling processes 
because of  affordability11–13. The typical amount of ash produced by wood-burning is 6–10 percent of the total 
weight of wood burned. The composition of this ash may be extremely varied depending on geographical loca-
tion and industrial  operations12. In 2007, leftover ash was utilized as fertilizer in 150,000  tons14. As the cost of ash 
disposal continues to rise due to the increased quantity of ash produced, it is necessary to implement a sustainable 
ash management strategy that incorporates ash by natural  processes15. Landfilling is the most common way for 
the disposal of ash, accounting for 70 percent of all ash produced, while the remainder being utilized in the soil 
as a supplement (20 percent) or for other miscellaneous purposes (10 percent)16. The majority of the remaining 
ash (54 percent) is utilized in agricultural production. The rest of the ash was used for various purposes, including 
revegetation of damaged areas, soil mix manufacture, composting, and other  applications14. Approximately half 
of the wood ash resource generated yearly is still disposed of in landfills which cause environmental pollution.

The requirement of hydraulic cement is reduced by using wood ash partial cement replacement in concrete 
to a large  extent16.  Researchers17,18 have conducted tests showing the promising results of wooden ash in terms 
of mechanical performance and proved that wood ash is a suitable material to use as a partial substitution of 
cement in concrete production.  Subramaniam19 quantified a 15% optimum dosage of wood ash that replaced the 
cement (by weight) with an acceptable high compressive strength limit for casting blocks in concrete production. 
 Abdullahi20 found a 20% optimum replacement rate and showed that the wood ash content is increased when 
the water requirement increases. A study reported that Tagouk ash (TA) improved compressive strength up to 
15% substitution by weight  cement21.

Although wood ash is considered very effective in concrete, there are still some pores of wooden ash cement 
concrete in hardening concrete due to its physical nature (surface area and high-water absorption), which 
adversely affects the mechanical performance of concrete. Therefore, it is essential to add filler to wooden ash 
cement concrete to attain high strength durable concrete. So, other materials can be used as filler materials such 
as waste glass, stone dust, waste tile, etc., where wooden ash cement concrete may be used as a waste and a fill-
ing  material1.

According to micromechanics design theory, coarse particles should be removed while fine particles should be 
increased for high strength ductile cementitious composite for better dispersion of  fibers22. Reduction of coarse 
particles and enhanced fine particles results in more cement leading to increased cost of high-strength ductile 
cementitious composite but more importantly the heat of hydration increased which results in more shrinkage 
cracks leading to low durability and mechanical performance.

Although WA can be successfully used in concrete production, but concrete has still voids which adversely 
effects mechanical and durability performance of concrete. Therefore, it is essential to add filler material in con-
crete which fills the voids among concrete ingredient, leading to more dense concrete. Furthermore, although 
WA improved mechanical performance of concrete but still concrete is weak in tension which results brittle 
failure. Therefore, it is necessary to add some of tensile reinforcement in order to achieved high strength ductile 
durable concrete. Additionally, majority of the researchers focus on mechanical performance of concrete while 
less information is available on durability aspect of concrete with WA as binding material. Therefore, this study 
aims to partially substitute wooden ash as binding in the proportion of 10 to 30% in increment of 10% by weight 
of cement. Marble waste was used as filler material while nylon fibers was used as tensile reinforcement. The 
impact of wooden ash (WA) on mechanical performance, including flexure cracking behaviors and durability, 
were investigated. Pozzolanic activity of wooden ash was also discussed in detail. The successful utilization of 
wooden ash in HSDFRC gives multiple benefits, including cost benefits environmental protection by making 
concrete eco-friendly, sustainable, and non-aggressive to the environment.

Methodology
Materials. Cement. Ordinary Portland cement (OPC) type I cement was used as per ASTM  C15023. The 
physical and chemical properties of cement are given in Table 1, while the gradation curve is given in Fig. 1.

Wooden Ash. Wooden ash (WA) can be used as a pozzolanic material according to ASTM  C31124. The physical 
properties of WA as a concrete ingredient significantly rely on burning conditions especially the time of burning 
and the temperature effect on the crystallinity and microstructure of  WA25. The physical and chemical properties 

Table 1.  Physical and chemical property of OPC.

Chemical property Percentage (%) Physical property Results

CaO 58.7 Size  ≤ 75µ

SiO2 22.9 Fineness 98%

Al2O3 7.4 Normal consistency 31%

Fe2O3 4.5 Initial setting time 48 min

MgO 3.0 Final setting time 456 min

SO3 0.9 Specific surface 325  m2/kg

K2O 1.8 Soundness 1.80%

Na2O 0.0 Compressive strength 42 Mpa (28-days)

RETRACTED A
RTIC

LE



3

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4306  | https://doi.org/10.1038/s41598-022-08134-y

www.nature.com/scientificreports/

of wooden ash was provided in Table 2. Chemical aspect of wooden ash (more than 70%) governs its credibility 
to be used as a replacement of cement in concrete production.

Aggregate. Natural river sand was used as a fine aggregate (F.A) which had a fineness modulus of 2.7, and 
crushed stone with a maximum of 25 mm size was utilized as a coarse aggregate (C.A). Both fine and coarse 
aggregates were used in saturated surface dry (SSD) conditions before blending in typical concrete properties 
of aggregate were provided in Table 3. In contrast, gradation curves for fine and coarse aggregate are provided 
in Fig. 2.

Nylon fibers (NF). Nylon fibers used in this study were procured from sika company Islamabad Pakistan, hav-
ing 35 mm length with 0.55 mm diameter. The physical properties of nylon fibers are given in Table 4.

0

10

20

30

40

50

60

70

80

90

100

0 0.002 0.004 0.006 0.008

%
 P

as
sin

g

Sieve No (microns)

Cement
Wooden Ash

Figure 1.  Gradation curve of cement and wooden ash.

Table 2.  Physical and chemical property of wooden ash.

Chemical property Percentage (%) Physical property Results

CaO 17.8 Color Black

SiO2 41.6 Specific gravity 2.81

Al2O3 21.2 Clay (%) 0.2

Fe2O3 12.3 Bulk density (kg/m3) 820

MgO 3.32 Absorption capacity 1.41

SO3 1.07 Moisture content 0.20

K2O 2.9 Fineness 92%

Na2O 2.6 Specific surface 340  m2/kg

Table 3.  Physical property of fine and coarse aggregate.

Physical property Fine aggregate (F.A) Coarse aggregate (C.A)

Particle size 4.75 to 0.075 mm 25 to 4.75 mm

Fineness modulus 2.80 4.13

Absorption capacity 4.1% 2.3%

Moisture content 1.6% 1.4%

Bulk density (kg/m3) 1575 1535

Specific gravity 2.65 2.90
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Waste marble. Waste marble was procured from Pak marble factory industrial zone Peshawar Pakistan and 
ground at PCSIR lab Peshawar. Table 5 depicts the physical properties of marble waste used in this study.

Test setup and mix proportion. The workability of fresh concrete was measured through the slump cone 
test as per ASTM  standard26. Compressive strength was evaluated on a standard size cylinder 150 × 300 mm 
through the compressive testing machine as per ASTM  standard27. Similar cylindrical samples were prepared 
for split tensile strength of size 150 × 300 mm as per  ASTM28. The beam size (150 × 150 × 700 mm) was casted 
and tested to find their flexure strength as per  ASTM29. 100 mm cubes samples were used as per  ASTM30. A 
100 mm cubical sample was casted to evaluate the acid resistance of concrete which was cured of 4% sulfuric 
acid for a specified period. To maintain 4% concentration acid, it had to be changed once a week. Acid attacks 
were calculated in terms of mass loss in percentage due to the attack of sulfuric acid. All tests were conducted 
after 14 days, 28 days, and 56 days of curing. At least three samples were casted for each batch, and their average 
value was considered as the actual result of that test. ASTM C  3131 procedure was used to make the samples, and 
compaction was performed by hand by Roding in three different levels giving twenty blows with tamping rod to 
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Figure 2.  Gradation curve of fine and coarse aggregate.

Table 4.  Physical property of nylon.

Physical property Results

Length 35 mm

Diameter 0.55 mm

Aspect ratio (L/d) 64

Tensile strength 430 MPa

Young’s modulus 5 GPa

Table 5.  Properties of waste marble.

Property name Waste marble

Particle size 4.75 to 0.075 mm

Fineness modulus 2.2

Absorption capacity 2.2%

Moisture content 0.8%

Bulk density 1535 kg/m3

Specific gravity 2.35

Color White
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each level. Constant water to binder ratio of (0.38) was used for all batches. Four mix proportion of HSDFRC-A 
with varying percentage of wooden ash as show in Table 6 where A denotes percentage of wooden ash.

Results and analysis
Workability and fresh density. Figure 3a shows the relationship between a slump and HSDFC with dif-
ferent percentages of wooden ash. Workability of HSDFC decreased with addition of wooden ash giving maxi-
mum workability when the substitution rate of wooden is 0% (control) while minimum workability is achieved 
at 30% substitution of wooden ash. The adverse effect of wooden ash on the workability of HSDFC is due to the 
physical feature of wooden ash i.e., irregular particle shape and larger surface area, as shown in Table 2. A larger 
surface area required more cement paste for flowability, which resulted in less workable concrete. Also, irregular 
shape and larger surface area enhance the internal friction between concrete ingredients leading to less workable 
concrete. However, some studies show that wooden ash increased the workability of concrete due to micro filler 
material, which fills the void between concrete ingredients, which results in more cement paste is being available 
for lubrication which leads to more workable concrete.

Figure 3b shows the fresh density of HSDFC with different doses of wooden ash. Results show that fresh 
density is improved with the substitution of wooden ash up to 20% and then decreased gradually. All the wooden 
ash HSDFC show fresh density more than reference concrete having a maximum fresh density at 20% substation 
of wooden ash. The positive impact of wooden ash on HSDFC is due to micro filling voids, which give more 
dense mass. However, 30% substitution of wooden ash shows fresh density slightly lower than 20% substation 
of wooden ash due to lack of workability, which enhances the compaction process.

Figure 3c shows a correlation between the workability of HSDFC and fresh density with different doses of 
wooden ash. Workability directly affects the fresh density of concrete i.e., higher workability results in more 
dense concrete and vice versa. Therefore, a strong correlation exists between fresh density and workability of 
fresh HSDFC.

Compressive strength. Figure  4 shows the compressive strength of HSDFC with different dosage of 
wooden ash from 0 to 30% in increments of 10% by weight of cement. General trends show that the compressive 
strength of HSDFC increased up to 20% substitution of wooden ash and then decreased. All batches of wooden 
ash HSDFC show compressive strength more than as in comparison to control/reference concrete having mini-
mum compressive strength at 0% substitution of wooden ash while maximum compressive strength is achieved 
at 20% substitution of wooden ash. The average value of control compressive strength of concrete at 28 days of 
curing is 55 MPa and increased to 60 MPa at 20% substitution of wooden ash, which is about 10% higher than 
reference concrete. The positive impact of wooden ash on the compressive strength of wooden ash on HSDFC is 
due to the pozzolanic reaction of wooden ash in which silica present in wooden ash reacts with calcium hydrates 
(CH) form due to hydration of cement forming calcium silicate hydrates (CSH) gel which gives secondary bind-
ing property leading to more compressive strength. According to past researchers’ wooden ash acts like a micro 
filler that fills the voids between concrete ingredients giving more dense concrete leading to more compressive 
strength. However, a higher dose of wooden ash (30%) causes an adverse effect on the compressive strength of 
HSDFC due to the lack of workability of concrete, which increased compaction affords to lead to more pores 
in hardened concrete, resulting in less compressive strength. Also, compressive strength may be reduced at the 
higher dose of pozzolanic material due to the dilution effect, which causes an alkali-silica  reaction37,38. Therefore, 
it is recommended to use wooden ash up to 20% of the substation by weight of cement.

Relative analysis was also carried out in which 28 days control compressive strength was considered as 
reference concrete, from which another dose of wooden ash was measured. Figure 5 shows a relative analysis 
of compressive strength. At 7 days of curing, compressive strength was 19% less than as compared to reference 
concrete (28 days of control strength). On the other hand, compressive strength was 10% higher than reference 
concrete (28 days of control compressive strength) after 28 days of curing. At 56 days of curing, compressive 
strength is about 21% more than reference concrete (28 days of control compressive strength).

Split tensile strength. Figure 6 shows the relationship between split tensile strength and HSDFC with 
different percentages of wooden ash. Split tensile strength is a function of compressive strength. Researchers 
showed that split tensile strength is 10 to 15 percent  compressive3. Similar to compressive strength, split tensile 
strength of HSDFC increased with addition of wooden ash up to 20% substitution of wooden ash and then 

Table 6.  Mix proportion of materials.

Materials HSDFC—0% HSDFC—10% HSDFC—20% HSDFC—30%

Cement (kg) 420 378 336 294

Fine aggregate (kg) 510 510 510 510

Coarse aggregate (kg) 760 760 760 760

Water (kg) 160 160 160 160

Marble waste (kg) 84 84 84 84

Nylon fibers (kg) 8.4 8.4 8.4 8.4

Wooden ash (kg) – 42 84 126
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decreased gradually giving maximum split tensile strength when the substitution rate of wooden ash is 20% 
while minimum workability is achieved at 0% substitution of wooden ash (control). The average value of control 
split tensile strength of concrete at 28 days of curing is 6.4 MPa and increased to 10.8 MPa at 20% substitution 
of wooden ash, about 68% higher than reference concrete. It is worth mentioning that wooden ash improved 
split tensile more effectively than the compressive strength of HSDFRC. The positive effect of wooden ash of 
split tensile strength of HSDFC is due to the pozzolanic reaction, which gives additional binding property which 
improves the bond between concrete ingredient (aggregate) and fibers which result in more split tensile strength. 
It has also been reported that fiber increased split tensile strength more effectively than compressive strength 
due to the prevention of  cracks32,33. Fiber prevents the crack formation of concrete which results to enhance 
split tensile strength. A study shows that even if a crack occurs in fiber reinforced concrete, the fiber can prevent 
the propagation of the crack’s length and  width34,35. Also ,the micro filler of wooden ash fills the voids between 
concrete ingredients, leading to more dense concrete, which results in more split tensile strength. However, at 
a higher dose, split tensile strength gradually decreased due to lack of workability, which results in more com-
paction effort being required and hence more voids in hardened concrete which ultimately decreased the split 
strength of HSDFRC.
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Figure 3.  (a) Slump, (b) Fresh density, and (c) Co relation between a slump and fresh density.
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Flexure strength parameter. The flexural test measures the force required to bend a beam under the 
action of the applied load. Figure 7 shows the details of cross-section and reinforcement used for flexure strength. 
Flexure test was carried out on beam specimens of 150 × 150 × 700 mm at the ages of 7-, 28- and 56-days curing.

Figure 8 shows the flexure strength of HSDFC with different dosages of wooden ash from 0 to 30% in 
increments of 10% by weight of cement. Similar to the compressive strength, the flexure strength of HSDFC 
increased up to 20% substitution of wooden ash and then decreased. All batches of wooden ash HSDFC show 
flexure strength more than as in comparison to control/ reference concrete having minimum flexure strength at 
0% substitution of wooden ash while maximum flexure strength at 20% substitution of wooden ash. Concrete’s 
average value of control flexure load strength at 28 days of curing is 7.7 MPa and increased to 11.8 MPa at 20% 
substitution of wooden ash, which is about 53% higher than reference concrete.

Crack Pattern. Figure 9 shows the cracks distribution of HSDFC of the control mix and 30% substitution of 
wooden ash. Tiny cracks spread through length with the substitution of wooden ash. Furthermore, many cracks 
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with smaller ones spaced between the main cracks were also observed, which may be due to improvement in 
interfacial transition zone (ITZ) between fibers and matrix.

Load deflection curve, crack width and crack number. Figure 10a–c shows crack width, crack number, and load 
defection at the midpoint of the beam of HSDFRC with different doses of wooden ash. The specimens were frac-
tured completely with incrementing in displacement at mid-span subsequently peak load. The latter increased 
with the substitution of wooden ash from 90 KN reference concrete to 115 KN of 20% substitution of wooden 
ash, almost 27% more than from reference concrete. However, deflection at 30% substation is slightly lower than 
20% substation. Therefore, a higher dose of wooden ash (30%) dose does not significantly improve the ultimate 
peak load but reduces environmental effects. The crack number increased while crack width decreased with the 
addition of wooden ash compared to control. It is due to the micro filling of wooden ash, which results in more 
dense concrete leading to more thinner cracks.

Ductility index. Ductility refers to a material’s ability to withstand significant plastic deformation before failure, 
which can be expressed as percent elongation or percent area reduction in a tensile test. The ACI  36336 can be 
used to determine the ductility of the beams, which is the ratio of the deflection at peak load to the yield point 
deflection. Concrete is a brittle material that gives no warning or deformation prior to failure, making it unsuit-
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able for use as a construction material. The ductility index of various dosages of wooden ash was demonstrated 
in Table 7. It can be seen that by substituting wooden ash for reference concrete, the ductile behavior of the beam 
can be significantly improved, with maximum ductility at 20% addition of wooden ash being nearly 267% higher 
than from reference concrete. It could be due to wooden ash pozzolanic reaction, which strengthens the bond 
between paste and  aggregate37.

Water absorption. Water absorption is one of the simple tests to detect durability of concrete. Higher water 
absorption results in lower durability of concrete. More water absorption also led to freezing and thawing action, 
which resulted in the degradation of concrete. A study shows that higher water absorption of concrete causes 
freezing and thawing of concrete, particularly when it is placed in abruptly changing  temperature32.

Figure 11 shows water absorption of HDSFRC with varying doses of wooden ash. Water absorption decreased 
with the substitution of wooden ash up to 20% of wooden ash and decreased gradually, having minimum water 
absorption at 20% substitution of wooden ash and maximum water absorption at 0% substitution of wooden ash. 
It is due to the pozzolanic reaction of wooden ash, which gives secondary CSH gel, increasing binding properties 
leading to a denser matrix, resulting in less water absorption. Also, due micro filling of wooden ash results in 
more dense concrete leading to less water absorption. However, at higher dose of WA, water absorption increased 
due to lack of workability, which results in more pore in hardened concrete, leading to more water absorption.

Acid resistance. Several aggressive acids are available, like HCL (hydrochloric acids),  NHO3 (nitric acids), 
 H2SO4 (sulfuric acids), etc. In this study,  H2SO4 (sulfuric acids) is considered as an acid attack on the concrete 
specimens with different proportions of wooden ash.

Figure 12 shows acid resistance of HSDFC with different dosages of wooden ash from 0 to 30% in increments 
of 10% by weight of cement. General trends show that acid resistance HSDFC increased up to 20% substitution 
of wooden ash and then decreased. All batches of wooden ash HSDFC show acid resistance more in comparison 
to control/ reference concrete having minimum acid resistance at 0% substitution of wooden ash, while maxi-
mum acid resistance was achieved at 20% substitution of wooden ash. The positive impact of wooden ash on 
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Figure 9.  Crack pattern.
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acid resistance is due to the pozzolanic reaction of wooden ash in which silica present in wooden ash reacts with 
calcium hydrates (CH) form during the hydration process of cement, forming calcium silicate hydrates (CSH) gel 
which gives secondary binding properties, leading to more acid resistance. Also, according to past researcher’s 
wooden ash acts as a micro filler, which fills the voids between concrete ingredients giving more dense concrete 
leading to more acid resistance. However, a higher dose of wooden ash (30%) causes an adverse effect on acid 
resistance due to the lack of workability of concrete, which increases compaction affords, leading to more pores 
in hardened concrete which results in less acid resistance. Also, at the higher dose of pozzolanic materials, acid 
resistance may be reduced due to dilution effect, which causes an alkali-silica  reaction37,38. Therefore, it is recom-
mended to use wooden ash up to 20% substation by weight of cement.
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Figure 10.  (a) Max crack width, (b) Crack number and (c) Load deflection.

Table 7.  Ductility index.

Mix ID Deflection at yield point (mm) Deflection at ultimate point (mm) Ductility index

HSDFC—0% 2.2 15 6.81

HSDFC—10% 1.2 19 15.83

HSDFC—20% 0.8 20 25

HSDFC—30% 2.0 17 8.5
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X‑Ray diffraction (XRD). To examine the mineralogy of the experiment, hardened pasts of wooden ash 
were ground lightly and later exposed to XRD investigation when throwing around sieve #200. The experi-
ment was evaluated in the powder form glass concrete, which is ground into fine powder form by trampling 
glass by employing the diffractometer apparatus accessible in Peshawar university MRL lab. The test procedures 
were planned so that copper (cu) and Kα rays were utilized as supply to the process by using 30 mA and 40 kV 
requirements. A gap of 2θ is held steady to a range of 20 to 60 degrees with the angular step of 0.02  degrees. A step 
time of 0.5 s is set down, and a 0.5-degree deviation slit was used. XRD patterns of wooden ash and marble waste 
are given in Fig. 13. To evaluate the quantity of  SiO2 and CSH (calcium silicate hydrate) gel in reference and 
WA replaced concrete. Peaks of C-S-H gel at 30° and 45° were chosen for evaluation. For the reference concrete 
without WA, C-S-H gel is less than  SiO2. C-S-H gel is formed during the hydration process of cement due to the 
chemical reaction of CH with  SiO2. The amount of  SiO2 is less than CH, which converts all  SiO2 into C-S-H gel, 
and hence no more  SiO2 is accessible for the reaction with calcium hydrate. All Silica  SiO2 was consumed and 
converted into C-S-H gel. Calcium hydrate rests unreactive, creating weak pockets causing the lower mechanical 
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performance of concrete. A study also concluded that calcium hydrate is active to reactive with other chemical 
compounds available in the cement causing less  strength39. It has also been observed that Pozzolanic materials 
should be a substitute in concrete to utilize calcium hydrate, which is a by-product form through the hydration 
process of cement to achieve durable  concrete39. WA was partially substituted as cement replacement to neutral-
ize calcium hydrate. It can be observed by XRD analysis that peak of  SiO2 decreases while the peak of C-S-H 
is enhanced as the proportion WA is enhanced. Maximum C-S-H peaks were examined when the replacement 
rate of WA was 30%. It is due to the pozzolanic reaction of WA, which converts calcium hydrate into calcium 
silicate (C-S-H) gel.

Conclusion
The effect of wooden ash on mechanical performance, flexure strength characteristics, durability and micro-
structure analysis of HSDFRC were studied in this research. The substitution ratio of wooden ash was 10%,20%, 
and 30% by weight of cement were employed. Based on experimental results, the following conclusions have 
been drawn.

• The workability of HSDFRC is decreased with the substitution of wooden ash. It is due to physical nature 
of wooden ash (irregular particle shape and larger surface area) which enhances the water requirement for 
lubrication.

• Compressive strength and split tensile strength of HSDFRC is increased up to 20% substitution of wooden 
ash. It is due to pozzolanic reaction and micro filler of wooden ash. Flexure strength characteristics and 
load–deflection were considerably improved with the substitution of wooden ash. The ultimate peak load of 
20% substation wooden is about 27% higher than reference concrete.

• Morphology of fibers analysis displayed positive outcomes in terms of the mechanical performance and 
durability of HSDFRC.

• Durability aspects such as water absorption and acid resistance of HSDFRC is of 20% substitution is much 
better than reference concrete. It is due to pozzolanic reaction and micro filler of wooden ash, which gives 
more dense concrete with fewer voids which ultimately decreases water absorption and acid penetration 
through concrete.

The overall study demonstrates that wooden ash is a better substitution of cement for concrete production 
because it enhances the concrete microstructure and bonds among fibers and concrete ingredients.

Data availability
The data required to support the present findings are present in the manuscript.
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