
 

 

Review Article 

Role of Fly Ash in Concrete Construction Industry 

Amin Akhnoukh1 

1 Associate Professor, Construction Management Department, East Carolina University; Greenville, North 

Carolina, USA akhnoukha17@ecu.edu   

* Correspondence: akhnoukha17@ecu.edu; Tel.: (001 252 328 5340) 

Abstract: The main objective of this paper is to highlight fly ash current utilization in construction 

industry, and explain advantages attained by incorporating different types and contents of fly ash 

in the concrete mix. Fly ash is currently used as a supplementary cementitious material (SCM) in 

ordinary Portland cement (OPC) concrete in partial replacement of cement, and is recently used as 

a geopolymer cement in the development of geopolymer concrete (GPC) mixes. Class C and Class 

F fly ash high aluminosilicate content, and fine granular size contributes to concrete improved work-

ability, lower permeability, and reduced heat of cement hydration. Due to its chemical properties, 

the use of fly ash in producing OPC and GPC results in increased compressive strength, higher 

tensile strength, and higher modulus of elasticity (MOE). The fine size of fly ash particles increases 

the concrete mix packing order, reduces the ingress of moisture, and mitigates the impact of aggres-

sive environmental attacks through the reduction of sulfates and chlorides rate of concrete penetra-

tion. Thus, fly ash improves concrete resistivity to alkali-aggregate reactions (AAR), and reduces 

the corrosion of reinforcing steel, and prestressing strands. Fly ash as an economic byproduct of coal 

industry results in reduced material cost, increased durability, and a higher sustainability of con-

crete construction projects. 
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1. Introduction 

Coal is used as a major energy source throughout the globe. The share of coal is ex-

pected to represent 24% of the energy market by year 2035 [1]. Fly ash is a fine residue 

resulting from the combustion of pulverized coal and produced by coal-fired electric and 

steam generating plants [2-4]. Fly ash is the light fine ash particles generated during coal 

combustion and remain suspended until it is removed by emission control devices such 

as electrostatic precipitators or filters. On the contrary, coarse ash resulting from the same 

combustion process precipitates in the grates below the combustion room, and is being 

mixed with water and pumped to lagoons. This sand-like coarse ash particles are known 

as bottom ash. 

The fly ash is conveyed to storage silos, and storage facilities using buckets and belt 

conveyors or through pressurized pipelines. It is transported to markets using barges, 

tanker trucks, or packaged in sacks to be used in specific industrial applications. The fly 

ash market size is estimated as $5.4 billion in 2022, with a forecast increase to $8.2 billion 

by year 2028 [1]. Most of the fly ash is produced in North America (United States), and 

Asia (China and India), and Australia. Fly ash utilization represents 25% of its total pro-

duction. In China and India, utilization rate of fly ash is less than 50%, while EU countries 

as Denmark, the Netherlands, and Italy have 100% utilization rate [5]. The amount of pro-

duced fly ash is expected to grow in India, and southeast Asia. However, it is expected to 

decline in the European Union and the United States. Global fly ash production and utili-

zation rates are shown in Figure 1. 
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Figure 1. Global coal ash production and utilization percentage [5] 

 

A few decades ago, fly ash was considered a waste material with limited value. It 

was only used for landfills. However, the fly ash fine particle size, high alumina, and sili-

cate content resulted in fly ash possible incorporation in concrete production, and other 

relevant applications as soil stabilization, structural fill, road base and sub-base, agricul-

ture, mining, and oil field services [6-15]. This paper presents fly ash types, physical and 

chemical composition, impact on fresh and hardened concrete properties, current con-

struction applications, advantages, and limitations. 

 

2. Fly Ash Physical and Chemical Composition 

Fly ash is a pozzolanic material which have little or no cementitious properties. How-

ever, pozzolans are capable of developing cementitious properties in the presence of cal-

cium hydroxide and water. Pozzolans have been used since the Roman time, and were 

derived from natural sources as volcanic ash. Currently, many pozzolans are derived from 

coal industry and are commonly known as fly ash. In Great Britain, fly ash is commercially 

known as pulverized fuel ash (PFA). 

There are currently three classes of pozzolans: Class N, Class C, and Class F. Fly ash 

contains small percentage of several heavy metals including nickel, cadmium, barium, 

zinc, lead, and copper. Fly ash particles are mostly spherical in shape with diameter rang-

ing from 2 to 25 microns. The most-often used standards and specifications for fly ash 

characterization are AASHTO M 295, and ASTM C618. According to ASTM C618, two of 

the three classes of fly ash are commercially available for use in concrete production, 

namely class C and Class F [16,17]. ASTM C618 delineates requirements for physical and 

chemical composition of fly ash to be incorporated in concrete mix designs. Class C fly 

ash is derived from sub-bituminous coal and lignite, and contains a higher percentage of 

calcium oxide, and less than 2% of carbon, and Class F fly ash resulting from the combus-

tion of anthracite and bituminous coal, and contains lower percentage of calcium oxide, 

and a carbon content ranging from 5% to 10%. Normal range of chemical composition for 

fly ash produced from different types of coal is shown in Table 1. [18]. 

Specific gravity of fly ash varies according to fly ash source, particle shape, gradation, 

and chemical composition [19]. An average specific gravity value of 2.0 is predominantly 

used for different types of fly ash. Fly ash used in concrete should be as consistent as 

possible, and should be sampled and tested according to ASTM C311 procedures. Fly ash 

engineering properties are important when fly ash is used as a supplementary 
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cementitious material in partial replacement of Portland cement in ordinary Portland con-

crete (OPC) mix designs, and as a source for alumina and silicate for geopolymer concrete 

(GPC) mix development.  

 

Table 1. Range of chemical composition of fly ash based on coal type (weight %) [18] 

Component Bituminous Subbituminous Lignite 

SiO2 20-60 40-60 15-45 

Al2O3 5-35 20-30 10-25 

Fe2O3 10-40 4-10 4-15 

CaO 1-12 5-30 15-40 

MgO 0-5 1-6 3-10 

SO3 0-4 0-2 0-10 

Na2O 0-4 0-2 0-6 

K2O 0-3 0-4 0-4 

LOI 0-15 0-3 0-5 

 

Detailed chemical and physical requirements for class C and class F fly ash to be suc-

cessfully used in Portland cement concrete are listed in AASHTO M295, and ASTM C618, 

as shown in Table 2. 

 

Table 2. Specifications for fly ash in Portland cement concrete (ASTM C618, AASHTO   

M295) 

  Percentage Class F Class C 

Chemical Requirements SiO2+Al2O3+Fe2O3 Min % 70 50 

SiO3 Max % 5 5 

Moisture Content Max % 3 3 

Loss on Ignition Max % 5 5 

Optional Chemical Requirement Available alkalis Max % 1.5 1.5 

Physical Requirements Fineness (+325 Mesh) Max % 34 34 

Pozzolanic Activity/Ce-

ment (7 days) 

Min % 75 75 

Water requirement Max % 105 105 

Autoclave expansion Max % 0.8 0.8 

Optional Physical Requirements Multiple factor (LOI x 

fineness) 

 255 - 

Increase in drying 

shrinkage 

Max % 0.03 0.03 

Uniformity require-

ment (air entraining 

agent) 

Max % 20 20 

Cement-alkali reaction 

(mortar expansion) 

Max % 0.02 - 

  

3.  Fly Ash Pozzolanic Activity  

 A pozzolan is defined in ASTM C125 [20] as “a siliceous and aluminous material, 

which in itself, possesses little or no cementitious value but which will, in finely divided 

form in the presence of moisture, react chemically with calcium hydroxide at ordinary 

temperature to form compounds possessing cementitious properties.” In Portland ce-

ment concrete, The pozzolanic activity is a measure for (1) the amount of calcium hy-

droxide resulting from the hydration of portland cement that reacts with fly ash incorpo-

rated in the mix, and (2) the rate at which this reaction is produced. A wide range of test 

methods are used to assess the pozzolanic activity. Test methods are categorized as 
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direct or indirect methods. In a direct method, the presence of calcium hydroxide 

Ca(OH)2 is monitored and the subsequent reduction in its amount is an indicator of the 

pozzolanic reaction. Direct assessment of pozzolanic activities includes analytical meth-

ods such as X-ray diffraction (XRD), thermos-gravimetric analysis (TGA), or classical 

chemical titration [21]. Indirect test methods assess the pozzolanic activity of fly ash by 

measuring a physical property of a test sample that indicates the extent of the activity. 

Example of physical properties include compressive strength, electrical conductivity [22-

25], or heat evolving from hydration process [26]. 

The hydration process of ordinary portland cement and subsequent pozzolanic ac-

tivity of fly ash are shown in the following equations [27]: 

 

Cement + Water         Calcium Silicate Hydrate + Calcium Hydroxide (CaOH2)          [1] 

 

Calcium Hydroxide + Fly ash + Water             Calcium Silicate Hydrate (binder)        [2] 

 

Calcium hydroxide resulting from cement hydration as shown in equation [1] re-

sults in efflorescence phenomena in the absence of fly ash. The incorporation of fly ash 

in the mix design results in the transformation of calcium hydroxide into additional 

binder through the pozzolanic reaction described in equation [2]. The amount of calcium 

hydroxide that reacts with mix fly ash depends on the fly ash type, source, and chemical 

composition, while the rate at which the reaction occurred is dependent on the fly ash 

particle size and fineness [28]. 

Fly ash plays a different role when used in the development of geopolymer con-

crete (GPC). GPC is produced by the alkaline activation of the aluminosilicate content of 

fly ash. The silica content (SiO2) and the alumina content (Al2O3) represents approxi-

mately 80 -95% of the fly ash content [29], and plays a major role in produced GPC mix 

properties [30-32]. Similarly, the type of alkaline activator [33-25], and curing conditions 

[36, 37] would affect the strength and durability of hardened geopolymers.  

While the water-to-cementitious  ratio is considered the main factor in designing 

OPC concrete mixes incorporating fly ash, the type of alkaline activator, its molarity, and 

the silicate to hydroxide ratio of the used activator impacts how fly ash-based geopoly-

mer concrete, its flowing ability, and initial, and final compressive strength. It is well-

noted that fly ash GPC generates the majority of its strength within 1-week of being 

poured. On the contrary, fly ash portland cement concrete may face compressive 

strength gain delay, especially when class F fly ash is used. 

 

4. Fly Ash Engineering Properties 

 Main fly ash engineering impacting the concrete construction industry includes par-

ticle fineness, loss on ignition, pozzolanic activity, and moisture content. These properties 

have direct impact on fly ash-concrete mix properties including workability, set time, 

bleeding, pumpability, initial and final compressive strength of concrete mixes [38]. 

 Fineness: of fly ash particles are of particular interest as it significantly impacts the 

pozzolanic activity of fly ash. Pozzolanic activity is increased with fly ash increased fine-

ness. Fly ash fineness is calculated using sieve analysis and the Blaine air permeability test 

[39]. ASTM C618 specifies a maximum of 34% of fly ash should be retained on 0.045 mm 

sieve (sieve # 325). 

 Loss on Ignition (LOI): is used as an indicator to determine the residual carbon content 

in fly ash. LOI values are affected by the type of fly ash source (coal type), conditions of 

combustion, and the efficiency of air pollution control equipment. The ASTM specifies a 

maximum permissible LOI of 6%. However, different state departments of transportation 

in the United States specify a maximum LOI value of 3% to 4%. Lower LOI values are 
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required due to the adverse effect of higher carbon content on air entrainment of hardened 

concrete [40]. 

 Pozzolanic Activity: is the chemical reaction between the reactive alumina-silicate con-

tent in fly ash and the calcium hydroxide formed from Portland cement hydration. The 

pozzolanic activity requires water to initiate, and results in the formation of additional 

binder content that increase the hardened concrete strength and reduce the efflorescence 

phenomenon [41,42]. 

 Moisture Content: is limited to 3% by weight of fly ash sample to be usable in concrete 

mixing as per ASTM C618. Increased moisture will impact the pozzolanic activity of fly 

ash and reduce its efficiency in concrete mix development.  

 

5. Impact of Fly Ash on Concrete Mechanical Properties 

Workability: is extremely important for concrete mixes used in deep members and 

structural components where heavy reinforcement is used. Fly ash with high fineness and 

low carbon content reduces the water demand required to attain a certain flowing-ability. 

The improved rheological properties of high-volume fly ash concrete make it possible to 

use fly ash in developing self-consolidating concrete (SCC) mixes. On the contrary, coarse 

fly ash particles or fly ash with a high carbon content may require increased water content 

to attain a specified workability [43, 44]. 

Set-Time: is affected by the amount, type, and quality of fly ash used in mic develop-

ment. The fly ash impact on set-time is affected with the cement content, water content, 

the inclusion of high-range water reducers (HRWR), and HRWR dose. The use of fly ash 

tends to delay both initial and final concrete setting. However, the impact on early setting 

is more prominent. In hot weather, fly ash incorporation in concrete mixes may result in 

increased set-time, which is favorable as it allows labor crews to place, consolidate, and 

surface-treat concrete members. Similarly, concrete mixes with high fly ash content may 

adversely delay set-time under cold weather, and subsequently impede the work pro-

gress. On average, an increase of 10% in fly ash content in the mix cementitious content 

results in a 3-minute delay in set-time [45]. 

Pumpability: is impacted by the type, fineness, and carbon content of fly ash used in 

developing the concrete mix. The use of fly ash tends to increase set time and improves 

workability. Thus, fly ash concrete mixes are advantageous when concrete is placed using 

pumps [46]. 

Strength Development: is impacted by the percentage of fly ash as an SCM in the mix 

constituent. When low-calcium (class F) fly ash is used, early strength gain is negatively 

impacted. The higher percentage of class F fly ash used in partial replacement of Portland 

cement, the slower is the strength gain. Thus, class F fly ash is not beneficial in applications 

in need for high early strength as highway maintenance, fabrication of prestressed con-

crete members, aviation, and defense applications. However, long-term strength is im-

proved when class F fly ash is used. Fly-ash mixes with higher calcium content, as class C 

fly ash, has a much lower impact on strength gain at early ages of concrete. Strength gain 

of fly ash concrete as compared to ordinary Portland cement concrete mixes is shown in 

Figure 2. 
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Figure 2. Compressive strain gain versus time for fly ash and normal concrete mixes 

[47] 

 

Permeability and chloride resistance: is increased when fly ash is incorporated in con-

crete mixes. This is attributed to the improved packing order in concrete’s granular con-

stituents. Chloride resistance is considered a major advantage for using fly ash in produc-

ing concrete as it results in a reduced rate of corrosion for steel reinforcement and pre-

stressing strands [48]. 

Freeze-Thaw Resistance of concrete: is reduced when high percentage of fly ash is used 

in-partial replacement of Portland cement. The low freeze-thaw resistance of fly ash con-

crete is attributed to the lack of air voids in fly ash concrete. Thus, hardened concrete lacks 

the ability to deal with the internal pressure developed due to the freezing of concrete 

internal moisture [49]. 

Alkali-Silica Reactivity (ASR): as a reaction is developed when alkaline content of the 

Portland cement reacts with active silica content of specific types of aggregates. ASR is 

catalyzed when free moisture is available within the concrete. ASR results in the for-

mation of an expansive gel-like material that induce destructive internal tensile pressure 

within the hardened concrete member, as shown in Figure 3. ASR is mitigated when 

supplementary cementitious materials, including fly ash, are used in concrete mix pro-

duction. Recent research showed that a replacement of 30% of concrete mass with fly ash 

is sufficient to stop the deleterious effect of ASR [50, 51].  

 

 
Figure 3. ASR reaction product (expansive white gel-like substance) [52] 

 

Fly ash effect on fresh and hardened concrete properties, and technical guidance for suc-

cessful production of fly ash concrete mixes are summarized in Table 3. 

 

 

Table 3. Effect of fly ash on concrete properties and relevant technical specifications 
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Property Fly Ash Effect on Concrete Technical Specifications/Testing  

Workability [53-56] Improved by using fly ash, meas-

ured by concrete slump and SCC 

spread diameter 

ASTM C143, ASTM C1611, ASTM 

C1621, ASTM C1610 

Pumpability [57] Better pumpability due to improved 

workability and delayed set time 

ACI 211.9R-18 

Set Time [58] Set time is extended when fly ash is 

used. Specially with high carbon fly 

ash (Fly ash class F results in more 

set time delay as compared to class 

C) 

ASTM C403/C403-M 

Early Strength [59] Class F fly ash tends to delay early 

strength gain. Class C fly ash tends 

to expedite strength gain due to its 

self-cementing properties 

ASTM C918M-20 

Long Term Strength [60] Class C and F fly ash results in a 

long-term strength increase. The in-

crease in long term strength is pro-

portional to the amount of fly ash in-

corporated. This is validated by test-

ing strength at 56 days 

ASTM C39/C39M-15a 

Permeability and Chloride Re-

sistance [61, 62] 

Class C and F fly ash results in im-

proved packing order for the granu-

lar constituents of concrete mix. 

Thus, permeability is reduced, and 

chloride resistance is improved 

ASTM C1202-22e1, ACI PRC-228.2-

13 

Alkali-Silica Reactivity [63, 64] Fly ash reduction to mix permeabil-

ity results in decreased moisture in-

gress. Thus, ASR is mitigated. The 

incorporation of 30% of fly ash ter-

minates ASR 

ASTM C1567-21, ASTM C1293-08b 

 

6. Fly Ash Applications in Concrete Construction Industry                                            

Fly ash is currently used in construction industry, especially in concrete mix devel-

opment. Recent research showed that the incorporation of supplementary cementitious 

materials (SCMs) as silica fume, quartz flour, and fly ash in partial replacement of OPC 

[65-68] or in cement-free GPC results in desirable mechanical characteristics. Fly ash use 

in concrete construction includes the following applications: 

Ready Mix Fly Ash Concrete: incorporates fly ash as a supplementary cementitious 

material for different reasons including set time delay, increased workability, long-term 

increase of compressive strength, reducing permeability, and increasing hardened con-

crete durability by fighting ASR, sulfate and Chloride attacks. In addition, the use of fly 

ash as a byproduct of coal industry results in lower project material budget, and reduced 

carbon footprint due to the decrease in cement consumption. SCC concrete mixes required 

for casting deep beams, heavily reinforced sections, and slabs/bridge decks are currently 

designed using fly ash, as shown in Figure 4. 
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Figure 4. I-girder heavy reinforcement (poured with fly ash concrete) [69] 

 

Geopolymer Concrete: is produced by using alkaline solution to activate a pozzolanic 

material to form 3-dimensional inorganic polymer chains, known as geopolymers. The 

successful use of pozzolans in full replacement of Portland cement results in a significant 

reduction in project carbon footprint due to cement elimination. Type F fly ash is currently 

used as a main source of pozzolan to develop economic and environmentally friendly 

geopolymer concrete mixes. Advantages of fly ash geopolymer concrete are shown in Fig-

ure 5. 

 

 
Figure 5. Advantages of fly ash geopolymer concrete [70] 

 

Asphalt Concrete: is currently developed for road pavement projects using fly ash 

as a partial or complete substitute of mineral fillers [71]. 

Roller Compacted Concrete (RCC): is increasingly used in different construction appli-

cations, including the construction of parking lots, rural roads, highway shoulders, and 

major highway intersections. RCC mixes are extremely dry mixes, and has “zero-slump” 
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during placement. Thus, it is advantageous to incorporate fly-ash to ensure the concrete 

rheology under very low water-cement ratio. Fly ash RCC construction applications in-

clude road construction, fly ash bricks, and fly ash-based ceramics. Fly ash fine particle 

size results in reduced permeability and higher strength required for RCC mixes despite 

their rough surface, as shown in Figure 6. 

 

 
Figure 6. Fly ash RCC rough surface, as compared to conventional concrete [72] 

 

Ultra-High-Performance Concrete (UHPC): as a new class of concrete with superior me-

chanical characteristics incorporates steel fibers and multiple SCMs in the mix design. Fly 

ash is used in the mix design of proprietary and non-proprietary UHPC [73-76]. Fly ash is 

incorporated by percentages up to 30% of the cement weight to improve the packing order 

of granular material and reduce hardened concrete voids. Increase density and reduced 

voids/permeability of concrete results in a significant increase in compressive strength 

and long-term performance of concrete projects. Currently, class C fly ash is used in the 

production of precast/prestressed I girders to be used in bridge construction. The incor-

poration of fly ash results in higher girder strength, which enables precast facilities to use 

large diameter prestressing strands. In addition to their improved mechanical character-

istics, fly ash UHPC girders have smaller sections, and results in expedited construction 

with increased site safety, and higher environmental compliance [77]. 

Mass Concrete: are poured using high volume of fly ash. The use of fly ash in mass 

concrete in partial replacement of portland cement targets the reduction of heat evolved 

as a result of cement hydration. Recent research showed that fly ash is effective in reduc-

ing the adiabatic temperature rise of concrete produced using a portland cement content 

up to 250 kg./m3 The decrease in heat of hydration is directly proportional to the amount 

of fly ash used [78]. 

Other fly ash construction applications includes the utilization of fly ash in road and 

embankment construction. Fly ash, in combination with lime, is used to stabilize the soil 

subgrade to enhance its strength and improves its workability. Soil mixed with fly ash 

and lime experience an increase in its California Bearing Ratio (CBR) test results [79,80]. 

 

7.  Current Studies for Fly Ash Applications 

 The use of fly ash as a pozzolanic supplementary cementitious material resulted in 

economic and environmental-friendly concrete mixes with reduced carbon emissions. The 

increase in fly ash proportion in concrete mix designs is currently investigated by different 

researchers. Recent trends in fly ash research includes the following: 
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High Volume Fly Ash Concrete: in which fly ash replaces a minimum of 50% of port-

land cement weight. The high-volume fly ash concrete (HVFA) are characterized by low-

water content, low portland cement content, a high slump in excess of 150 mm. The HVFA 

mixes incorporates air-entraining admixtures when exposed to freeze-thaw cycles [81]. 

High slump values of HVFA is attributed to the reduction of shear force between the fine 

aggregate particles due to the ball-bearing effect of fly ash [82] 

 The optimum workability of HVFA is attained when fly ash is used to replace 40% 

to 60% of portland cement weight within the mix [83]. However, the use of fly ash in re-

placement more than 60% of portland cement may result in reduced workability [84, 85] 

due to the higher specific area of fly ash particles as compared to cement [86, 87]. 

 Autoclaved Aerated Concrete (AAC): also known as Autoclaved Cellular Concrete 

(ACC) is produced using portland cement, burnt lime, gypsum, and a silicious material. 

Recent research showed that the incorporation of fly ash in partial replacement of sand 

and the extremely high void content  of AAC results in a lightweight building product 

with  higher thermal insulation [88]. The fly ash incorporated AAC has physical, and me-

chanical properties that varies from conventional concrete mixes. AAC density ranges 

from 300 to 750 kg/m3, a compressive strength ranging from 0.7 to 2.0 MPA. AAC elements 

with 200 mm thickness are granted a four-hour fire-resistant rating. AAC is non-combus-

tible, and will not burn or produce toxic fumes. 

  

8. Conclusions 

 The high rate of development in construction industry in the recent decades resulted 

in increased demand for cement. In order to limit the energy-consuming and environmen-

tally polluting cement manufacturing, waste products as fly ash are utilized in partial re-

placement of Portland cement. Fly ash, as byproduct of coal industry, with high alumina 

and silicate content and fine particle size is successfully incorporated in concrete mix de-

velopment to target specific mechanical properties improvement. Fly ash results in im-

proved packing order of concrete granular mix constituents, minimize voids, increase mix 

density, overall strength, and results in higher resistivity to chloride attacks, sulfate at-

tacks, and deleterious alkali-silica reactivity. The pozzolanic activity of fly ash and the 

extent of its impact on the afore-mentioned properties is highly dependent on fly ash 

source, chemical composition, particle size. Pozzolanic activity of fly ash is assessed using 

direct and indirect assessment techniques. Direct assessment techniques depending on the 

evaluation of the fly ash reactivity with calcium hydroxide resulting from cement hydra-

tion is commonly used in fly ash pozzolanic activity evaluation, while indirect methods 

depends on evaluation of specific concrete property correlated to pozzolanic activity as 

heat of hydration generated, and/or concrete compressive strength gain.  

 Current research is focused on the complete elimination of Portland cement through 

the development of fly-ash based geopolymer cements, which forms a binding agent upon 

activated by high alkaline activating solutions. The increased incorporation of fly ash in 

construction industry will result in a significant improvement in the environmental com-

pliance of construction projects, and lower the carbon footprint associated with concrete 

construction. 

 

9. Recommendations for Future Research 

 Significant research progress has been made to study the impact of fly ash on ordi-

nary portland cement concrete. Future research should focus on deciphering the impact 

of fly ash on geopolymer concrete. Additional research should focus on the deterioration 

modelling of fly ash concrete bridge decks [89] and reliability analysis of structural mem-

bers fabricated using high volume of fly ash [90]. 
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