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The disposal of agricultural waste ash is a great ecological challenge. This 
study analyzed the basic properties of corn straw ash and soybean straw 
ash, encompassing the identification of key oxides, the assessment of 
particle size distribution, and the performance of thermogravimetric 
analysis. This study also evaluated the potential of corn straw ash and 
soybean straw ash to replace cement in mortar and concrete through 
laboratory tests. The findings indicated that the strength activity index of 
corn straw ash was higher than soybean straw ash. Furthermore, when 
these ashes were used as cement replacements, the compressive 
strength of concrete decreased. Notably, concrete containing corn straw 
ash exhibited greater strength than concrete with the same substitution 
amount of soybean straw ash. Specifically, at a 5% substitution level, the 
compressive strengths of corn straw ash concrete and soybean straw ash 
concrete were 31.5 and 30.5 MPa, respectively. Additionally, soybean 
straw ash concrete demonstrated superior resistance to water penetration 
compared to corn straw ash concrete. Both corn straw ash and soybean 
straw ash exhibited the potential to enhance the early crack resistance of 
concrete. 
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INTRODUCTION 
 

China is a large agricultural country, annually generating vast quantities of straw. 

Straw serves as an abundant source of combustible materials for power generation. 

However, the disposal of industrial ash, particularly the biomass ash generated by biomass 

power plants, such as rice husk ash and corn cob ash, poses significant challenges (Athira 

and Bahurudeen 2022; Ruan et al. 2022; Santhosh et al. 2022). Rice husk ash, rich in 

amorphous silica, has been identified by numerous researchers as a viable cementitious 

material for use in engineering materials (Antiohos et al. 2014; Wei and Meyer 2016; Yan 

et al. 2022). The study of other biomass ashes and whether they can improve the 

mechanical properties of concrete is of great significance for the utilization of biomass ash 

resources. 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Wen et al. (2024). “Straw ash usage in concrete,” BioResources 19(3), 4250-4263.  4251 

With the development of industrial buildings, a large amount of concrete will be 

needed (Yurt and Bekar 2022). Cement is one of the most important materials of concrete. 

It has an important effect on strength and durability. The production process of cement is 

complex and requires many raw materials.  

Many scholars aim to reduce the waste of natural resources in cement production 

by different methods (Teixeira et al. 2022). Global concrete production exceeds 10 billion 

tons per year, so cement consumption is also very large. The production of cement would 

produce large amounts of gaseous wastes, solid wastes, and wastewaters that will cause 

pollution to the environment. Environmental pollution can be decreased by reducing the 

consumption of cement (Wu et al. 2018; Tavares et al. 2022; Yan et al. 2022; Yurt and 

Bekar 2022).  

Biomass ash has pozzolanic properties and can be effectively used as an auxiliary 

cementitious material in cement-based materials (Wang et al. 2008). Studies have found 

that many types of crop biomass ash have certain activities, such as sugarcane straw ash 

(Martirena et al. 2006), and wheat straw ash (Jankovsky et al. 2017; Supic et al. 2021). 

With the development of science and technology, the development of agricultural straw 

ash in construction is increasingly worthy of attention, and its application is beneficial to 

environmental protection (Rosales et al. 2016). 

The chemical compositions of various biomass ashes are different (Adhikary et al. 

2022). They have a strong relationship with temperature and collection methods (Fontes et 

al. 2019). The fineness of particles in the biomass ash will also affect its activity, and many 

biomass ash specimens need to be ground in preparation for experiments (Agarwal 2006; 

Antiohos et al. 2014). Thus, the kind of biomass ash and the methods used to obtain them 

can affect their properties.  

There have been many studies dealing with the replacement of cement by ash in the 

preparation of concrete. Amin et al. (2021) reported that ash can lead to a decrease in slump 

flow, and replacing cement with nanocotton stalks and palm leaves ash can enhance the 

concrete strength. Tuan et al. (2011) found that the compressive strength of HPC was more 

favorable with 10% dosage of rice husk ash, and a larger ash particle size resulted in a 

smaller compressive strength. Ristić et al. (2021) reported that 10% dosage of biomass 

wood ash is conducive to increase concrete strength. Andrade Neto et al. (2021) reported 

that sugarcane bagasse ash has a high pozzolanic activity when calcined at 600 °C. The 

resulting material showed the ability to reduce the porosity and sorptivity of the concrete. 

It also was able to enhance the compressive strength and increase the concrete 

carbonization rate.  

There are many types of straw ashes, and the application of straw ash to concrete 

can not only solve the environmental problems caused by straw ash, but it also can realize 

the resource utilization of straw ash, replacing the cement also can save the raw materials 

in concrete and reduce the production cost. 

In this paper, the properties of corn straw ash (CSA) and soybean straw ash (SSA) 

were studied, and the effect of straw ash on the concrete using CSA and SSA to replace 

ordinary Portland cement in concrete was also studied, including the compressive strength, 

impermeability, crack resistance, and so on. The results in this paper have significance in 

the utilization of waste resources and will also provide sufficient scientific basis for the 

application in concrete. 
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EXPERIMENTAL 
 

Materials 
1) The naturally burned CSA and SSA were heated to 600 ℃ for 5 h, passed through 

a 200-mesh sieve, collected, and used as the test materials.  

2) The ordinary Portland cement was P. O 42.5, the compressive strength of the 

specimen was 25.8 MPa at 3 days, and it was greater than 42.5 MPa at 28 days. The 

contents of MgO and SO3 were 4.35% and 2.1%, the firing loss was 3.35%, the alkali 

content was less than 0.6%, and the specific surface area was 380 m2/kg. 

3) The coarse aggregate was continuous graded limestone gravel with a particle 

size of 5 mm to 15 mm, and the fine aggregate was river sand, which is a medium-sized 

sand, the packing density was 1380 kg/m3, and the fineness modulus was 2.7. 

4) Water reducing agent, polycarboxylate type, and laboratory tap water were 

added. 

 

Methods 
Strength activity index of straw ashes 

The strength activity index of straw ashes was examined according to GB/T 1596 

(2017). The strength activity index is defined as the ratio between the compressive strength 

of testing mortar and the reference mortar. The mass ratio of cement and standard sand was 

1:3 for the reference mortar, and the testing mortar involved the replacement of 30% of the 

cement with either CSA or SSA. Both mortar samples were tested at 28 days. The strength 

activity index test mortar ratio is shown in Table 1. 

 

Concrete strength test  

The ordinary Portland cement, water, stone, and sand were evenly mixed, and then 

a water reducing agent was added. The mixing design for the concretes is shown in Table 

2. Then, 100 mm × 100 mm × 100 mm concrete was prepared, left for 24 h, and then 

removed from the mold. It was then put into a standard thermostatic curing box with curing 

humidity ≥ 95% and curing temperature of 20 ± 2 ℃ (Yan et al. 2022). After 28 days of 

curing, the concrete sample was removed, and the surface water was wiped off for the 

compressive strength test. The test instruments are shown in Fig. 1(a).  

 

Resistance of concrete water penetration test and early cracking of concrete test  

Both tests were conducted according to GB/T 50082 (2009). The resistance of 

concrete water penetration test was measured by the gradual pressure loading method. The 

test instruments are shown in Fig. 1(b), and the substituted ordinary Portland content of 

CSA and SSA was 5% for the tests. During the test, the water pressure started from 0.1 

MPa, and it increased 0.1 MPa every 8 h. The water seepage situation of the end face of 

the test specimen was observed. When the water seepage occurred on the surface of three 

specimens, the test was stopped, and the time was recorded. During the test, when water 

seeped from the perimeter of the specimen, it was re-sealed. 

In the test for early cracking of concrete, the 800 mm × 600 mm × 100 mm flat 

sheet specimen was used. It was made of steel and the template can be disassembled. A 

steel crack inducer was installed inside the template and a polyethylene film was placed on 

the bottom plate. After the concrete was poured into the mold, the surface of the concrete 

is flattened and the surface should be slightly higher than the mold frame. The mould is 

shown in Fig. 1(c). It was used to vibrate the concrete manually. When the specimen was 
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formed, after 30 min, the fan was used to blow the surface. The wind direction was parallel 

to the specimen surface and the crack inducer. The substituted level of ordinary Portland 

content by CSA and SSA was 5% for the tests to study the influence of CSA and SSA on 

the early cracking of concrete. The ambient temperature was 20 ± 2 ℃ and the humidity 

was approximately 60%. The cracks were observed with a magnifying glass with an 

accuracy of ≤ 0.01 mm.  

 

Table 1. Strength Activity Index Test Mortar Ratio (g) 
 

Samples Cement Water Sand CSA SSA 

Reference mortar 450 225 1350   

Testing mortar 
315 225 1350 135  

315 225 1350  135 

 

Table 2. Mix Design of Concretes (kg/m3) 
 

Samples Cement Water Stone Sand CSA SSA Water reducing agent 

A 431 194 837 837 
 

 10.77 

B 409.45 194 837 837 21.55  10.77 

C 387.9 194 837 837 43.1  10.77 

D 366.35 194 837 837 64.65  10.77 

E 409.45 194 837 837  21.55 10.77 

F 387.9 194 837 837  43.1 10.77 

G 366.35 194 837 837  64.65 10.77 

 

 

(a)        (b)            (c) 

Fig. 1. Test equipment: (a) Compressive strength equipment, (b) Concrete impermeability 
equipment, and (c) Early cracking of concrete test mold 

 

 

RESULTS AND DISCUSSION 
 
Properties of CSA and SSA 

The main oxides of straw ashes are shown in Table 3, as measured by X-ray 

fluorescence (XRF). The content of SiO2 in CSA was 50.0%, and the content of SiO2 in 

SSA was 25.2% which was one half of that in CSA. The contents of CaO and K2O in CSA 

were 12.5% and 14.8%, which were one half of those in SSA, in which the contents of CaO 

and K2O were 25.2% and 22.2%, respectively. The contents of Al2O3 and Fe2O3 were 

similar, whereas the content of MgO in the SSA was bigger than that of CSA, which was 
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7.9%. The total content of SiO2 + Al2O3 + Fe2O3 in CSA and SSA was 56.8% and 33.0%. 

The content of active ingredients in CSA was higher than that in SSA.  

 
Table 3. The Main Oxides of CSA and SSA (%) 

Straw Ash Type CaO SiO2 Al2O3 MgO SO3 Fe2O3 K2O 

CSA 12.5 50.0 4.6 5.8 1.1 2.2 14.8 

SSA 25.2 25.2 5.1 7.9 3.6 2.7 22.2 

 
As shown in Fig. 2, the maximum particle sizes of the CSA and SSA were greater 

than 75 μm, which was inconsistent with the test condition. This result can be explained 

by some unscreened particles of straw ashes that became mixed in the grading analysis test. 

The difference in the particle size between CSA and SSA was concentrated in the 10 to 40 

μm range, and the authors found that for the CSA particle size, the percentage of passing 

in the 10 to 40 μm range was smaller than that of SSA. In Fig. 3, it can also be concluded 

that the main mineral compositions of the ashes were quartz, calcite, sylvite, and so on. 

Through XRD, the XRD intensity of quartz in CSA was greater than that of SSA, but for 

sylvite, it was the opposite. As shown in Fig. 4, there was a large difference in surface color 

between CSA and SSA, where CSA surface color was dark gray and SSA surface color 

was gray. The authors also found that slag formation occurred in the calcination process of 

CSA and SSA.  
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Fig. 2. The particle size distribution of straw ashes         Fig. 3. The XRD of the straw ashes 

 

 

Fig. 4. CSA and SSA samples 
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The mass of untreated CSA and SSA decreases with the increase of temperature. 

When the temperature reached 900 ℃, the mass fraction of CSA decreased to 82.9%, while 

the mass fraction of SSA decreased to 75.6%. This means that the CSA and SSA quality 

decreased 17.1% and 24.4%, respectively, which can be seen from Fig. 5. The weight loss 

rate of CSA and SSA is faster at 100 ℃. This was due to the fact that water in the straw 

ash was lost due to the heat. The CSA and SSA used in the concrete test are calcinated at 

600 ℃, the properties of CSA and SSA before this temperature have little effect on the 

study. There is also a large peak weight loss rate between 600 and 800 °C. This was because 

some substances volatilize at high temperatures, such as sylvite. The weight loss value of 

SSA was greater than that of CSA. This may be related to the higher sylvite content in 

SSA. In concrete, the best calcination temperature of different biomass ash is not the same. 

Perhaps the calcination temperature of biomass should be controlled between 600 and 800 

℃. In this paper, the performances of CSA and SSA in concrete were studied only at the 

calcination temperature of 600 ℃. 
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Fig. 5. TG-DTG of CSA and SSA (a): TG curves, (b) DTG curves 

 
Properties of Straw Ash Concrete 
Strength activity Index 

The strength activity index results of both tests are presented in Fig. 6. According 

to the criteria given in standard GB/T 1596 (2017), the activity index at 28 days shall not 

be less than 70%. The CSA concrete was able to meet these requirements, while SSA 

concrete samples did not meet the standard at the age of 28 days. This may be because the 

amount of reactive silica was higher than that for the SSA. This means that, based on the 

present results, CSA can be used in cement to a certain extent as an active mixture of 

cement, whereas SSA as an active mixture of cement has low activity and worse 

performance than CSA in the cement mortar. 
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Fig. 6. Strength activity index of straw ashes 

 

Compressive strength 

As shown in Fig. 7, the compressive strength of concrete was 31.5 MPa, which was 

decreased 7.9% with 5% CSA addition, and the compressive strength of concrete was 30.5 

MPa, which was decreased 10.8% with 5% SSA addition. It was found that added straw 

ash was not able to improve the compressive strength of concrete, but when the dosage of 

straw ash added was small, the strength decreased little compared with the original 

concrete. This indicates that straw ash can be feasibly to be applied to concrete when the 

concrete is not very strict in strength (Zhang et al. 2017). The compressive strength of CSA 

concrete was stronger than that of SSA concrete with the same dosage addition. This was 

because the contents of SiO2 and SiO2 + Al2O3 + Fe2O3 were more than that of SSA, as 

shown in Table 3. A better activity of straw ash results in the more beneficial to improve 

the strength of concrete. The compressive strength of straw ash concrete is related to not 

only the type of straw ash but also the dosage of the straw ashes. When the dosage of straw 

ash increased, the compressive strength decreased. This also indicated that the straw ash 

cannot compensate for the influence of cement on the strength of concrete with the same 

amount. But in research on the application of straw ash in concrete, straw ash replacing 

fine aggregates also can effectively improve the strength, which has been shown by the 

tests (Binici et al. 2008; Rahimi et al. 2015; Supic et al. 2021).  
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Fig. 7. Concrete strength changes with different straw ash dosages 
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Resistance of concrete water penetration 

As shown in Fig. 8, the resistance of concrete to water penetration decreased 

noticeably with the addition of CSA, and as for the SSA, the impermeability of SSA 

concrete was similar to that of original concrete. However, compared the SSA concrete 

with the original concrete, water seepage in the third concrete specimen began to occur 

when the water pressure was 1.0 MPa, which lasted for 1 h, and the water pressure was 1.0 

MPa, which was lasted for 6 h for the original concrete. The resistance of concrete to water 

penetration of SSA concrete still decreased compared with the original concrete. From Fig. 

7, it is apparent that the replacement of an equal dosage of the Portland cement by CSA 

can reduce the compressive strength and the resistance of concrete water penetration. The 

compressive strength of CSA concrete was greater than that of SSA concrete, but the 

resistance of concrete to water penetration was weaker than that of SSA concrete. This 

indicates that the activity of CSA was greater than that of SSA when replacing an equal 

dosage of Portland cement. Being a porous structure, concrete must have seepage channels 

inside, and these can have a great impact on the resistance of concrete water penetration. 

Cutting off seepage channels and reducing the number of water-conducting pores formed 

in the hardening process of concrete is an effective way to improve the permeability 

resistance of concrete (Chen et al. 2005; Zhang et al. 2015). Straw ashes have pozzolanic 

activity and particle filling properties, pozzolanic activity plays a major role in the strength, 

while the particle filling properties mainly affect the pore structure of concrete, and the 

concrete impermeability is mainly related to the pore structure. When the straw ash is added 

to concrete, the particle filling effect of CSA is weaker than that of SSA, and then the 

impermeability of concrete will decrease, the particle filling effect of SSA on concrete is 

stronger than that of CSA. Figure 9 shows the concrete seepage pattern after the concrete 

impermeability test, which can reflect the water seeping through internal channels in the 

concrete under the pressure. 
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Fig. 8. The concrete impermeability             Fig. 9. Impermeability test diagram 

 

Early cracking resistance of concrete 

As shown in Fig. 10, the total cracking area and the number of cracks per unit area 

of the ordinary concrete were larger than that of CSA and SSA. The concrete cracking 

diagram is shown in Fig. 11. The total cracking area of original concrete was the largest, 

followed by CSA concrete, and the total cracking area of SSA concrete was the smallest. 
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The number of cracks per unit area was the largest for original concrete, followed by CSA 

concrete, and the last was SSA concrete. The average cracking area was the largest for SSA 

concrete, followed by CSA concrete, and finally original concrete. When the internal 

tensile stress of concrete is greater than the tensile strength of concrete, the concrete will 

have an early cracking phenomenon, and the water-cement ratio, cementing materials, and 

curing conditions all have important effects on the early cracking of concrete (Ba and Su 

2006). It may have a strong relationship with the release of hydration heat in the hydration 

hardening process of gelled materials and the adsorption of water of the concrete. After 

replacing cement with straw ash, the compressive strength of concrete partially decreases, 

the hydration heat in the cement reaction process is also reduced due to the reduction in 

cement content, which promotes the reduction of cracks in concrete. 

The cracking of concrete can affect the concrete structure to a certain extent, and 

then it can affect the strength of concrete in terms of water permeability. Due to the 

particularity of concrete materials, the cracking phenomenon of concrete cannot be 

eliminated, but some measures can be taken to reduce the concrete cracks. Such measures 

have great significance for the application of concrete in civil engineering. 
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Fig. 10. Early crack resistance of concrete       Fig. 11. Concrete cracking diagram 

 

Concrete density 

As can be seen in Fig. 12, the density of concrete showed a declining trend with 

increasing dosage of the CSA or SSA. With an equal dosage, the density of CSA concrete 

was larger than that of SSA concrete, and the difference between the CSA concrete and 

SSA concrete densities gradually increased with increasing dosage. The density of CSA 

concrete was 1.4% higher than that of SSA concrete and 8.8% lower than that of original 

concrete with 15% straw ash dosage. The concrete density decreased 0.4% to 8.8% when 

CSA was added in the 5% to 15% range, whereas it was 1.3% to 10.0% for the SSA. This 

may be because the activity of straw ash was not as high as cement, and the amount of gel 

produced in the reaction process was less than that of cement, thus reducing the density. 

The increase in the dosage of straw ash will reduce the amount of cement, so that the quality 

will also decline and the density will become smaller. 
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Fig. 12. Density of straw ash concrete 

 
 
DISCUSSION 
 

In practical applications, the resistance of concrete water penetration is affected by 

the environmental conditions and service life period, and it is one of the durability indexes 

of concrete. The poor resistance of concrete to water penetration has a serious impact on 

the quality and safety of the structure. The resistance of concrete to water penetration is 

related to multiple factors, including the water-cement ratio, porosity, pore size, and the 

interface contact between the aggregate and matrix (Li et al. 2004; Chen et al. 2005). These 

factors affect the permeability of concrete by affecting the internal pores of the concrete, 

the concrete pores can be divided into: macropore, capillary pores, transition pores, and gel 

pores, and the pore size affecting the permeability of concrete is generally greater than 100 

nm (Li et al. 2004; Chen et al. 2005). The resistance of concrete to water penetration is 

related not only to the size and number of pores, but also to the connectivity of the pores. 

The connectivity of the internal pores of concrete can provide an effective water seepage 

channel, and the size of the pores becomes a necessary condition for water seepage in the 

connected pores. To improve the impermeability of concrete, it is concluded from the 

aspect of pores: (1) reducing the number of effective pores generated inside the concrete; 

(2) filling the existing effective pores, reduce the size of effective pores, and form invalid 

pores; (3) blocking through the pores and cut off of seepage channels. 

Straw ash has pozzolanic activity and particle filling properties that are similar to 

fly ash (Wei et al. 2021; Xiao and Yue 2023). The active SiO2 and Al2O3 in straw ash react 

chemically with Ca(OH)2. From the above tests, the authors learned that CSA and SSA 

could not improve the unconfined compressive strength of concrete at 28 days by replacing 

the same dosage of cement in concrete. When CSA and SSA replace Portland cement, the 

compressive strength follows the order of ordinary concrete > CSA concrete > SSA 

concrete. The resistance of the concrete to water penetration follows the order of original 

concrete > SSA concrete > CSA concrete. The performance of CSA concrete and SSA 

concrete was not as good as that of original concrete. The heat of hydration causes 

shrinkage and cracks in the process of Portland cement hydration and hardening, which 

will affect the unconfined compressive strength and the resistance of concrete water 
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penetration (Li et al. 2022). The original concrete was still in good condition. Replacing 

Portland cement with straw ash can reduce the hydration heat in the hydration hardening 

process of cement. Meanwhile, the filling property of straw ash can also fill the effective 

seepage pores in concrete and reduce the seepage channels. The decreases in compressive 

strength and the resistance of straw ash concrete water penetration were mainly caused by 

the decrease of cement content. The variations in the strength of CSA concrete and SSA 

concrete are caused by the different pozzolanic activities, and their different 

impermeabilities are mainly caused by the different particle filling effects. Figure 2 shows 

the distribution of straw ash particles in concrete. Some of those participate in the hydration 

hardening of cement, and some fill the internal pores of concrete. The chemical reaction is 

conducive to improving the strength of straw ash concrete, and the filling is conducive to 

improving the anti-seepage performance of straw ash concrete, or both at the same time. 

The test results showed that the particle size and chemical composition of straw ash 

had a great impact on the performance of concrete. Calcination and grinding methods can 

also increase the pozzolanic activity of the ash that are often used for concrete (Thomas et 

al. 2021). However, the properties of different biomass ashes differ greatly. They have 

different effects on the performance of concrete after replacing Portland cement. When the 

cement was replaced by CSA and SSA, the strength of concrete decreased slightly. 

Therefore, to be safe, they cannot replace Portland cement in large quantities. 

 
 
CONCLUSIONS 
 

1. The content of SiO2 in CSA was 50.5%, which was higher than that in SSA. The 

contents of CaO and K2O were lower than those in SSA. The CSA particle size that 

passed in the 10 μm to 40 μm range was smaller than that of SSA, when the temperature 

reached 900 ℃, the mass fraction of the untreated CSA decreased to 82.9%, while the 

mass fraction of the untreated SSA decreased to 75.6%. 

2. The strength activity index of CSA was higher than SSA, and the strength of CSA 

concrete was greater than that of SSA with the same dosage. The compressive strength 

of concrete was decreased by replacing an equal amount of Portland cement with straw 

ash. The permeability resistance of SSA concrete was stronger than that of CSA 

concrete, and the cracking resistance of straw ash concrete was improved. 

3. Straw ash reduced the density of concrete. The concrete density was reduced by 0.4% 

to 8.8% when CSA was added at the 5% to 15% levels. For the SSA, the concrete was 

reduced 1.3% to 10.0%. 

4. Both CSA and SSA should not be added to concrete in excess. The recommended 

dosage of addition is 5%. This dosage of CSA and SSA in concrete can make strength 

and impermeability meet the engineering requirements. It also can improve the early 

cracking resistance, and it can also save costs in concrete. CSA is the preferred choice 

compared to SSA.  
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