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This investigation focused on the development of a sustainable and cost-effective epoxy-

based coating system tailored for the protection of concrete infrastructure. The epoxy 

matrix was reinforced with recycled industrial by-products—namely concrete waste 

(CW) and cement kiln dust (CKD)—incorporated at loadings of 2–10 wt%. Specimen 

fabrication was carried out using an industrially scalable mixing protocol to ensure 

practical applicability. Mechanical characterization revealed that CW reinforcement 

markedly enhanced tensile performance, achieving a peak strength of 54 MPa at 6 wt% 

CW, compared to 18.5 MPa for the unmodified epoxy, although higher filler loadings 

induced a decline due to agglomeration phenomena. In contrast, CKD incorporation did 

not result in a comparable tensile improvement. The modulus of elasticity exhibited a 

substantial increase, rising from 0.62 GPa in the neat epoxy to 1.363 GPa at 4 wt% CW 

and 0.48 GPa at 8 wt% CKD. Surface hardness, measured by Shore D, increased 

progressively, reaching 80.9 at 8 wt% CW and 81.6 at 6 wt% CKD. Impact resistance 

was similarly improved, attaining values of 5.26 kJ/m² at 4 wt% CW and 5.89 kJ/m² at 2 

wt% CKD. Single-edge notched bending (SENB) tests indicated that fracture toughness 

was maximized at 0.2067 MPa·m¹/² for 4 wt% CW and 0.1677 MPa·m¹/² for 2 wt% CKD. 

Adhesion strength improvements at intermediate filler contents were attributed to 

effective mechanical interlocking, as corroborated by SEM analysis, while FTIR spectra 

suggested predominantly physical interactions within the composite system. 
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1. INTRODUCTION

In recent years, significant advancements have been made 

in the development of specialty polymers, particularly to meet 

the growing demands of the construction sector. This progress 

aligns with the increasing global emphasis on environmental 

preservation and the reduction of industrial pollution, which 

has, in turn, driven the adoption of recycled materials and 

heightened the focus on cost-efficiency in material selection 

and processing [1].  

In the construction sector, epoxy-based systems serve dual 

preventive and restorative functions, being extensively 

utilized in protective coatings, repair mortars, and sanitation 

applications. Beyond their structural and functional roles, such 

systems also enhance the aesthetic quality of surfaces, 

particularly in industrial flooring applications [2]. Among 

polymeric materials, epoxy resins have achieved broad 

industrial adoption as coatings, adhesives, and lightweight 

structural components due to their outstanding combination of 

high mechanical strength, superior chemical resistance, and 

excellent adhesion to diverse substrates [3]. Within the 

industrial construction domain, epoxy coatings are especially 

valued for imparting surfaces with exceptional resistance to 

aggressive chemicals and persistent contaminants. However, 

the widespread application of epoxy resins is constrained by 

their relatively high cost [4]. Accordingly, considerable 

research has been directed toward the incorporation of 

alternative additives and fillers to partially substitute the resin 

and curing agents, with the aim of reducing material costs 

while retaining or enhancing performance characteristics [5]. 

In this regard, recycled materials such as concrete waste and 

Portland cement have emerged as promising candidates. Their 

incorporation not only augments the mechanical and adhesive 

behavior of polymeric matrices but also contributes to 

environmental sustainability by valorizing construction debris, 

a critical source of ecological burden [6]. For instance, 

Almusallam et al. [7] reported superior adhesion strength (3.3 

MPa after two weeks in single-layer application) for epoxy 

coatings compared with polyurethane and acrylic systems, in 

addition to remarkable crack-healing capacity, thermal 

stability, and resistance to chloride ingress. Similarly, 

Szewczak and Łagód [8] emphasized that epoxy resins 

demonstrate excellent chemical and water resistance, along 

with strong interfacial bonding to concrete and steel substrates, 

where the inclusion of fillers further enhanced durability and 

protective efficiency. Moreover, the intrinsically low 
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shrinkage during curing promotes dimensional stability and 

structural integrity of the coating layers [9]. Consequently, 

epoxy coatings remain a material of choice for harsh service 

environments, and recent research trends have focused on their 

cost reduction and functional enhancement through the 

integration of conventional or sustainable fillers derived from 

industrial and construction by-products [10, 11]. 

Concrete surface coating has emerged as a widely adopted 

technique for the rehabilitation of deteriorated structures; 

however, its long-term effectiveness is primarily governed by 

the coating’s adhesion strength to the concrete substrate and 

its resistance to chemically aggressive environments. Previous 

investigations have demonstrated that polymeric systems—

particularly epoxy-based coatings—offer superior protection 

for concrete exposed to acidic media, such as 3% sulfuric acid 

solutions, owing to their excellent chemical resistance and 

strong interfacial bonding. The durability of such protective 

systems is strongly influenced by multiple parameters, 

including the intrinsic chemical composition of the coating, 

the application methodology, and the surface condition of the 

concrete substrate, all of which collectively dictate the overall 

performance [12]. 

In this context, cement kiln dust (CKD), a fine particulate 

by-product of cement manufacturing, has attracted increasing 

research interest. Although CKD exhibits physical properties 

comparable to those of Portland cement, it is predominantly 

regarded as industrial waste and typically disposed of in 

landfills [13]. Recent studies, however, have highlighted its 

potential as a cost-effective filler in epoxy matrices, 

demonstrating improvements in thermal stability and 

performance of the resin, alongside a reduction in overall 

production costs. This valorization not only mitigates 

environmental burdens but also supports the development of 

sustainable, high-performance composite materials [14]. 

Accordingly, the present study aims to formulate 

environmentally sustainable and economically viable epoxy-

based coatings for the protection of concrete structures. 

Particular emphasis is placed on evaluating the influence of 

incorporating recycled concrete waste (CW) and cement kiln 

dust (CKD), at varying weight fractions, on the mechanical, 

thermal, and protective performance of epoxy coatings. 

 

 

2. EXPERIMENTAL PART 

 

2.1 Materials used 

 

2.1.1 Epoxy resin 

The epoxy resin used in this study, Strong coat 400, was 

purchased from DCP Company, located in Hilla, Iraq. It is a 

two-component system comprising a resin and a hardener. 

 

2.1.2 Waste concrete 

Waste concrete generally contains sand, gravel, and various 

aggregates. When crushed and processed into fine particles 

with a size of 125 µm or smaller, it can serve effectively as a 

filler material, helping to reduce environmental pollution and 

lower construction costs. 

 

2.1.3 Cement kiln dust (CKD) 

Cement kiln dust, a fine powder sieved to 125 µm, was 

sourced from the Karbala Cement Factory in Iraq. It was used 

as a filler in epoxy resin to enhance properties, reduce costs, 

and support sustainable construction. 

 

2.2 Preparation of pure epoxy samples 

 

The epoxy resin was mixed with the hardener at a weight 

ratio of 85:15 and stirred mechanically for 5 minutes to 

achieve a uniform mixture. It was then placed under vacuum 

at room temperature for 30 minutes to eliminate any entrapped 

air bubbles. The degassed mixture was poured into a pre-

prepared silicone rubber mold and left at room temperature for 

24 hours, followed by an additional 7 days to ensure complete 

curing [15]. The preparation process is shown in Figure 1. 

 

 
 

Figure 1. The procedure preparation samples of epoxy pure 

 

2.3 Preparation of waste concrete particles 

 

As shown in Figure 2, it was taken a ready-made concrete 

cube was processed through several steps. First, it was cleaned 

with water, then dried using both room temperature and an 

oven at 80℃. The dried concrete was ground with a mortar 
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until it became a fine powder. The powder was then sieved to 

separate coarse particles, using a 125 µm mesh to obtain the 

fine particles suitable for use in the epoxy resin [16]. 

Composite samples were then prepared by incorporating 

different weight percentages of waste concrete particles (0%, 

2%, 4%, 6%, 8%, and 10%wt) into the epoxy resin. 

 

2.4 Preparation of composite samples 

 

Composite samples of epoxy resin /concrete waste 

(EP/CW) and epoxy resin / cement kiln dust (EP/CKD) were 

prepared by incorporating varying proportions (2%, 4%, 6%, 

8%, and 10%wt) of waste concrete particles and cement kiln 

dust as fillers into the epoxy resin. The fillers were first mixed 

with the resin using a mechanical stirrer for 30 minutes to 

ensure uniform dispersion. Subsequently, the hardener was 

added and the mixture stirred for an additional 5 minutes. The 

resulting mixture was then subjected to vacuum degassing for 

30 minutes to eliminate entrapped air bubbles. Finally, the 

mixture was poured into a pre-prepared silicone rubber mold 

and left at room temperature for 24 hours, followed by an 

additional 7 days to ensure complete curing, as illustrated in 

Figure 3. 

 

 
 

Figure 2. Steps of preparing powder concrete waste 

 

 
 

Figure 3. The procedure for preparing samples of the composite epoxy coating 

   

 Step 1 Step 2 Step 3 

   

Step 4 Step 5 Step 6 
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2.5 Experimental tests 

 

2.5.1 Tensile strength test 

Tensile tests were conducted at room temperature using a 

microcomputer-controlled electronic universal testing 

machine (Model WDW-5E, China) with a load capacity of 

5 KN and a testing speed of 5 mm/min, following the ISO 75-

1 standard [17]. The tests were performed in the laboratory of 

the College of Materials Engineering, University of Babylon. 

Multiple specimens were prepared and tested under identical 

conditions, as illustrated in Figure 4. Each specimen was 

subjected to uniaxial tensile loading until failure, and the 

corresponding stress–strain curves were recorded for analysis. 

The tensile strength and modulus were calculated using the 

following equations [18]: 

 

F

A
 =  (1) 

 






=


E  (2) 

 

where:  

σ: Tensile strength (MPa). 

E: Elastic modulus (MPa). 

F: Load (N). 

A: Cross-sectional area of sample (mm²). 

∆σ = σ2- σ1 Stress of sample (MPa). 

∆ɛ = ɛ2-ɛ1 Strain of sample. 

 

 
 

Figure 4. Specimens of the tensile test 

 

2.5.2 Hardness (Shore D) test 

The hardness test is a fundamental method for assessing a 

material’s resistance to localized deformation and is critical in 

evaluating the durability and surface integrity of coatings. In 

this study, hardness measurements were conducted following 

the ASTM D2240 standard [19]. A standard Shore D hardness 

tester equipped with a sharp indenter was used to evaluate the 

surface hardness of the samples, which included pure epoxy 

(EP), epoxy with concrete waste (EP/C), and epoxy with 

cement kiln dust (EP/CKD). For each sample, measurements 

were taken at six different points on the surface, and the final 

hardness value was determined as the average of these six 

readings. 

 

2.5.3 Impact strength test 

The pendulum impact test is one of the most widely used 

methods for evaluating the impact resistance of plastic 

materials. In this study, specimens were prepared under ISO 

179-1 [20]. Multiple specimens were tested for each 

composition ratio. Figure 5 illustrates both standard and 

experimental un-notched specimens. 

 

 
(a) 

 
(b) 

 

Figure 5. (a) Schematic impact specimen, (b) experimental 

impact specimens 

 

During testing, each specimen was clamped in a cantilever 

position and struck by the pendulum’s arm. The energy 

absorbed by the specimen during fracture is referred to as the 

breaking energy [21], and it was measured in joules. The 

impact strength was then calculated based on the energy 

required to break the specimen, using the following equation 

[20]: 

 
/Gc Uc A=  (3) 

 

where: 

Gc is impact strength (J/m2). 

Uc is energy of impact (J). 

A is an abbreviation representing the cross-sectional area 

(m²). 

 

2.5.4 Fracture toughness tests 

For the fracture toughness tests, the Compact Tension (CT) 

and Single Edge Notched Beam (SENB) methods were 

employed. Following the specimen preparation process, a 

sharp crack was introduced at the center of the pre-existing 

notch using a razor blade [15]. This was achieved by applying 

a specific weight combined with manual pressure (referred to 

as "hand force") to generate a precise incision, as illustrated in 

Figure  6. This technique, commonly adopted in various 

studies, produces a sharp crack approximately 1 mm in length, 

serving as a stress concentrator.  

 

2.5.5 Compact tension (C.T) test 

The fracture toughness test was performed at room 

temperature by ASTM D5045 [22]. A universal testing 

machine (Model WDW/5E) was utilized for this purpose.  

To evaluate the fracture toughness characteristics, the test 

was conducted at a constant crosshead speed of 5 mm/min 

using a 5 KN load cell. The stress intensity factor KIC, 

representing the material's fracture toughness under plane 

strain conditions, was calculated using the following equation 

[23]: 

 

max
Ic

P a
K F

wb w

   
=    
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 (4) 
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where, 

P max: the maximum load, b: thickness of sample, W: the 

width, a: the initial crack length, X = 
𝒂

𝒘
, where (0 < x < 1). 

 

2.5.6 SENB test 

The Single Edge Notched Beam (SENB) test was conducted 

to evaluate the fracture toughness of the micro-composite 

specimens. Testing was performed using a universal testing 

machine (Model WDW/5E), with the specimens configured as 

shown in Figure 7. The test was carried out at room 

temperature following ASTM D5045 [22]. A constant 

crosshead speed of 5mm/min and a span length of 40 mm were 

maintained throughout the test. The stress intensity factor 

(KIC), indicative of fracture toughness under plane strain 

conditions, was calculated using the equations provided in the 

reference [24]. 

 

1/2IC

P a
K f

wBW

   
=    
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 (6) 

 

( )2

1/2

3/2

1.99 (1 ) 2.15 3.93 2.7
( ) 6

(1 2 )(1 )

x x x x
f x x

x x

 − − − +
 

=
+ −

/Gc Uc A=  

(7) 

 

where (0 < x < 1), P is the critical load for split propagation, B 

is the specimen thickness, W is the specimen width, a is the 

crack length, and f (x) is a non-dimensional shape factor with 

x = a/w.  

 

2.5.7 Adhesion strength (pull off) test 

The pull-off adhesion test, conducted under ASTM D4541 

[24] as seen in Figure 8, involves cutting through the coating 

layer down to the surface of the concrete substrate using a 

circular area equal in diameter to that of the loading fixture 

(dolly or stud). The fixture is then bonded perpendicularly to 

the coating surface using an appropriate adhesive. Following 

proper curing, tensile load is applied normal to the surface 

until failure occurs. The pull-off strength is determined using 

the equation [25]: 

 

𝐴 = 4 𝐹/𝜋𝑑2 (8) 

 

where, 

A is the pull-off strength at failure (MPa), F is the peak force 

applied at failure (N), and d is the diameter of the loading 

fixture (mm). 

 

2.5.8 Fourier transform infrared spectrometer (FTIR) test 

The FTIR test was performed using a SHIMADZU IR 

Affinity-1 spectrometer (Japan), equipped with a mid-IR 

source (400-4000 cm⁻¹), DTGS detector, and KBr beam 

splitter. According to ASTM E1252 [26]. A small amount of 

the sample was ground, mixed with potassium bromide (99% 

ratio), and pressed into a semi-transparent disc to allow 

infrared radiation penetration. This analysis was conducted to 

investigate the nature of the bond, physical or chemical, 

between the epoxy matrix and fillers in epoxy, EP/CW, and 

EP/CKD composites. 

 

2.5.9 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a powerful 

technique used for observing and characterizing the surface 

morphology of both organic and inorganic materials. It 

provides critical data regarding the topography and structural 

features of the sample. In the present study, SEM was 

employed to investigate the dispersion and distribution of 

fillers within the epoxy resin matrix.  The analysis was 

conducted using the (Axia ChemiSEM) device. 

 

 
 

Figure 6. (a) Image of the compact fracture sample, (b) Introduction of the pre-crack incision, (c) Compact tension (CT) testing 

setup 
 

 
 

Figure 7. (a) Specimens prepared for fracture toughness testing, (b) Creation of the V-shaped notch (crack) in the SENB samples, 

(c) Fracture toughness test 

 

(a) (b) (c) 

 

(a) (b) (c) 
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Figure 8. The three stages: (a) preparation of the concrete specimen with bolts, (b) during tensile testing apparatus, and (c) 

specimens after testing with bolts removed 

 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 Tensile results 

 

Figure 9 presents a comparison of the tensile strength values 

for pure epoxy (EP Pure), epoxy reinforced with varying 

weight percentages of concrete waste (CW), and epoxy 

reinforced with cement kiln dust (CKD). The test aimed to 

evaluate the effect of filler type and loading percentage on the 

mechanical behavior of the composites and to identify the 

optimum composition for maximum tensile performance. 

The epoxy reinforced with concrete waste exhibited a 

noticeable improvement in tensile strength with increasing 

filler content up to 6 wt.%, reaching a peak value of 54 MPa 

as compared to pure epoxy of 18.5 MPa. The strength 

increases progressively at 2 wt.% and 4 wt.% (about 37.5 MPa 

and 50 MPa, respectively), indicating that the inclusion of 

concrete waste enhances stress transfer and filler-matrix 

interaction. However, beyond 6 wt.%, a decline in tensile 

strength is observed at 8 wt.% and 10 wt.% (about 35.3 MPa 

and 17 MPa, respectively), which could be attributed to filler 

agglomeration and poor dispersion within the matrix. Such 

defects likely lead to stress concentration zones and 

compromise the composite's structural integrity. Therefore, 6 

wt.% concrete waste appears to be the optimal filler content 

for enhancing tensile strength. In contrast, the epoxy 

composites incorporating cement kiln dust do not exhibit 

significant improvements in tensile strength. The measured 

values ranged from 14 MPa to 11.667 MPa, showing minimal 

and inconsistent variation across different filler loadings. This 

suggests weak interfacial bonding between CKD particles and 

the epoxy matrix, possibly due to unfavorable particle 

morphology or chemical incompatibility, which limits the 

material’s ability to effectively resist tensile forces. 

 

 
 

Figure 9. Effect of adding concrete and cement waste (CKD) 

on the tensile Strength of epoxy coating 

Figure 10 presents the effect of incorporating concrete 

waste and cement kiln dust (CKD) on the elastic modulus of 

epoxy composites. The addition of concrete waste markedly 

enhances the stiffness of the epoxy matrix, with a maximum 

elastic modulus of 1.363 GPa observed at 4 wt.% as compared 

to pure epoxy of 0.62 GPa. The modulus remains stable at 6 

wt.% and 8 wt.%, indicating efficient stress transfer and filler 

dispersion. However, at 10 wt.%, a significant reduction to 

0.61 GPa was recorded, likely due to filler agglomeration and 

matrix saturation. In contrast, composites containing CKD 

exhibit inferior performance, with elastic modulus values 

ranging from 0.34 to 0.48 GPa. These results suggest poor 

interfacial bonding and inadequate reinforcement efficiency. 

In some cases, CKD-filled samples performed worse than the 

neat epoxy, likely due to the formation of internal defects and 

poor compatibility between CKD particles and the epoxy 

matrix. 

 

 
 

Figure 10. Effect of adding concrete and cement waste 

(CKD) on the elastic modulus of epoxy coating 

 

3.2 Hardness (Shore D) results 

 

The analysis of the results presented in Figure 11 highlights 

the influence of incorporating two types of fillers, concrete 

waste (CW) and cement kiln dust (CKD), on the Shore D 

hardness of epoxy resin, thereby demonstrating the behavior 

of the resulting composite in terms of surface resistance to 

deformation. The results show that pure epoxy has slightly 

lower hardness. It is noted that the results of all ratios are close 

to those of pure epoxy. In other words, there is a slight, 

unnoticeable change in hardness. This is attributed to the 

physical bonding between the epoxy matrix and the 

microparticles (as evidenced by the FTIR spectra, which 

revealed no significant chemical bonding) due to the 

agglomeration of microparticles within the epoxy matrix. 

 

(a) (b) (c) 
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Figure 11. Effect of adding concrete (CW) and cement waste 

(CKD) on the Hardness (Shore D) of epoxy coating 

 

 
 

Figure 12. Effect of filler content (wt%) on the impact 

strength of the epoxy matrix 

 

3.3 Impact strength results 

 

This study investigates the impact of incorporating two 

types of recycled fillers, concrete waste (CW) and cement kiln 

dust (CKD), on the fracture resistance (impact strength) of 

epoxy composites. Filler materials were added at various 

weight percentages (2%, 4%, 6%, 8%, and 10%) as shown in 

Figure 12 and fracture energy was selected as the primary 

performance indicator. The pure epoxy resin (0% filler) served 

as the reference material and records a fracture energy of 4.56 

J/m², reflecting a moderate level of crack resistance in the 

absence of reinforcement. The addition of concrete waste 

results in a clear improvement in impact strength, with 

recorded values of 4.78, 5.26, 4.68, 4.66, and 4.83 J/m² for the 

2%, 4%, 6%, 8%, and 10% samples, respectively. The highest 

value is achieved at 4% filler content (5.26 J/m²), which is 

attributed to the uniform dispersion of filler particles and their 

ability to inhibit crack growth, thereby enhancing fracture 

resistance. At higher contents, the performance remained 

relatively stable, indicating good compatibility between the 

filler and the epoxy matrix. In contrast, CKD-filled samples 

exhibit the highest fracture energy at a 2% concentration, 

reaching 5.90 J/m², the highest value recorded in the study. 

However, increasing the CKD content leads to a significant 

and continuous reduction in fracture energy, with values of 

4.04, 3.06, 3.22, and 3.21 J/m² for the 4%, 6%, 8%, and 10% 

samples, respectively. This decline is likely due to particle 

agglomeration and poor interfacial bonding at higher filler 

concentrations, which generate weak zones within the 

composite structure and reduce its ability to resist crack 

propagation. Overall, the results suggest that while both fillers 

can enhance the fracture performance of epoxy composites, 

their effectiveness is highly dependent on filler concentration, 

with optimal results achieved at lower levels for CKD and 

moderate levels for concrete waste. 

 

3.4 Fracture toughness results  

 

3.4.1 Compact tension (C.T) 

Figure 13 presents the effect of incorporating recycled 

fillers on the fracture toughness of epoxy composites (EP), 

using the compact tension (CT) test as the evaluation method. 

The reference sample (pure epoxy) exhibits a fracture 

toughness 0.204 MPa √m, indicating a moderate resistance to 

crack initiation and propagation in the absence of 

reinforcement. Epoxy composites reinforced with concrete 

waste show a marked improvement in fracture toughness 

compared to the neat epoxy. The recorded values are as 

follows 2%: 0.308 MPa√m, 4%: 0.330 MPa√m, 6%: 0.300 

MPa√m, 8%: 0.262 MPa√m, 10%: 0.292 MPa√m. The 

optimum performance is achieved at a filler content of 4%, 

with a fracture toughness of 0.330 MPa√m, representing an 

approximate 62% increase over the unmodified epoxy. This 

enhancement is attributed to the effective dispersion of filler 

particles within the matrix, which improves toughness and 

inhibits crack propagation through mechanisms such as crack 

deflection and energy dissipation. At higher filler contents (6–

10%), a slight reduction in fracture toughness is observed, 

likely due to filler agglomeration or the formation of micro 

voids, which act as stress concentrators and impair the 

efficient transfer of mechanical loads.  

 

 
 

Figure 13. Effect of filler content (w.t%) on the fracture 

toughness (CT) of the epoxy matrix 

 

Composites containing CKD also exhibit improved fracture 

toughness at low filler levels, particularly at 2%, after which a 

gradual decline is noted with increasing filler content. The 

measured values are 2%: 0.299 MPa√m, 4%: 0.250 MPa√m, 

6%: 0.220 MPa√m, 8%: 0.233 MPa√m and 10%: 0.235 

MPa√m. The maximum toughness recorded for the CKD-

reinforced composites is 0.299 MPa √m at 2% content, 

indicating a 46.5% improvement over the pure epoxy. This 

result suggests that CKD can be an effective reinforcement at 

low concentrations due to its fine particle size and surface 

characteristics, which may promote mechanical interlocking 

and energy absorption. However, as the filler ratio increased, 

the performance declined consistently. This degradation can 

be attributed to poor dispersion, filler agglomeration, and 
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weak interfacial adhesion between the CKD particles and the 

epoxy matrix, leading to the development of structural defects 

that compromise the material's fracture resistance. 

 

3.4.2 Single edge notched bending (SENB) 

Figure 14 represents the relationship between the fracture 

toughness and the weight percentage of each of the recycled 

fillers, namely, concrete waste and cement kiln dust (CKD), at 

ratios of 2%, 4%, 6%, 8%, and 10%. The results show that the 

fracture toughness of pure epoxy reaches 0.1259 MPa.√m, 

which serves as the reference value for comparison. With the 

addition of concrete waste, a significant improvement in 

fracture toughness is observed, reaching 0.2023 MPa√m at 2% 

and continuing to increase at 4%, demonstrating the 

effectiveness of the added particles in improving the material's 

resistance to crack propagation. However, the values gradually 

decreased at higher ratios, recording 0.198 MPa√m at 6% and 

0.189 MPa√m at 8%. This decline is attributed to the potential 

for filler agglomerations within the polymer matrix. With 

CKD as a filler, the highest fracture toughness value is 

recorded at 2%, reaching 0.1677 MPa√m, a value higher than 

that recorded for pure epoxy, indicating an initial improvement 

in mechanical properties. However, performance deteriorated 

with increasing addition ratio, decreasing to 0.1514 MPa√m at 

4% and then increasing slightly at 6%, reaching 0.1559 

MPa√m. This behavior reflects instability in mechanical 

performance, likely caused by the inhomogeneous distribution 

of particles within the matrix or the formation of 

agglomerations that reduce the filler's effectiveness in 

enhancing fracture toughness. 

 

 
 

Figure 14. Effect of filler content (w.t%) on the fracture 

toughness (SENB) of the epoxy matrix 

 

3.5 Pull off adhesion results 

 

The adhesion test results reveal that the unmodified epoxy 

exhibits an adhesion strength, with a value of 2.88 MPa, as 

shown in Figure 15. Upon incorporating recycled concrete 

waste (CW) as filler, a noticeable improvement is observed, 

with the adhesion strength rising from 3.56 MPa at 2% to 

peaking with 5.02 MPa at 6% by weight, compared to pure 

epoxy. This improvement is attributed to improved 

mechanical interlocking between the filler particles and the 

epoxy matrix, which enhances internal cohesion. However, the 

adhesion strength decreased abruptly at 8% by weight. When 

cement kiln dust (CKD) was used as a filler, the 2% by weight 

filler samples recorded the highest bond strength of 6.48 MPa, 

followed by a gradual decrease to 3.90 MPa at 6%. However, 

the strength increases again to 5.33MPa at 8% and reaches 

6.07 MPa at 10%. This improvement is attributed to the 

increased surface roughness of the epoxy upon wetting, which 

enhances the mechanical interlocking between the microfillers 

and the substrate surface, as well as the good dispersion of 

particles within the matrix. In general, all CKD-filled samples 

demonstrated superior bonding performance compared to pure 

epoxy. These results confirm that the use of CW and CKD 

fillers not only contributes to enhanced environmental 

sustainability and reduced costs but also improves the 

adhesion properties of epoxy composites when the loading 

ratios and particle distribution are appropriately adjusted. 

 

 
 

Figure 15. Relationship between adhesion strength and filler 

loading (wt%) 

 

All images shown in Figure 16 indicate that the failure mode 

was cohesive failure, where the fracture occurred within the 

coating or substrate rather than at the bond interface. This type 

of failure indicates that the bonding strength between the 

coating and the concrete surface is higher than the bonding 

strength of the material itself, demonstrating that the coating 

system used has excellent performance and is considered one 

of the best coatings for bonding strength. The remains of the 

concrete substrate bonded to the back of the studs confirm that 

the adhesive maintained its cohesion, indicating a cohesive 

failure in the substrate. This type of failure is a positive 

indicator. 
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Figure16. Image illustrating adhesive failure on the surface of the concrete substrate 

 

3.6 FTIR result 

 

The FTIR spectrum of the pure epoxy sample (EP) and the 

samples filled with concrete waste (CW) and cement kiln dust 

(CKD) show clear stability in the absorption sites associated 

with the main functional degrees, as shown in Figure 17, 

indicating that no chemical interactions occurred between the 

polymer matrix and the added fillers. The broad absorption 

peak at ~3400 cm⁻¹, attributed to O–H stretching vibrations, 

appeared in all samples, with minor changes in intensity, 

suggesting the possible presence of weak surface hydrogen 

bonds. The aliphatic C–H stretching peak at ~2920 cm⁻¹ 

appeared without significant change, indicating the stability of 

the molecular chains. The peak at ~1600 cm⁻¹, associated with 

C=C vibrations in the aromatic ring, remained constant, 

confirming that the aromatic structure of the epoxy was not 

affected. Furthermore, aromatic C–H bending peaks appeared 

at ~1500–1450 cm⁻¹, C–O stretching peaks in ether bonds at 

~1250–1150 cm⁻¹, and the characteristic asymmetric C–O–C 

vibration peak at ~1100 cm⁻¹, all of which maintained their 

relative positions and intensities, indicating no cracking or 

modification of the polymer network. Finally, out-of-plane C–

H vibrations of the aromatic ring at ~870–750 cm⁻¹ appeared 

consistently across the samples, reinforcing the hypothesis that 

the interaction between the fillers and the matrix proceeds via 

physical mechanisms such as surface crosslinking or 

mechanical cohesion, without the formation of new covalent 

bonds. 

 

3.7 Scanning electron microscopy (SEM) result 

 

Scanning electron microscope (SEM) analyses reveal the 

effect of concrete waste (CW) and cement kiln dust (CKD) 

content on the microstructure of epoxy composites. Pure 

epoxy was characterized by a smooth, homogeneous surface, 

indicating an effective three-dimensional network structure as 

depicted in Figure 18(a). When 2% by weight of both CW and 

CKD were added as illustrated in Figure 18(b) and (c), even 
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particle distribution within the matrix was observed, without 

obvious structural defects, indicating acceptable compatibility 

between the filler and binder. As the filler content increased to 

10% by weight, as shown in Figures 18(d) and (e), the 

roughness surface becomes higher and clear particle 

agglomerations, defined joints between the filler and binder, 

and indications of poor internal bonding were observed. These 

results confirm that excessive filler content leads to 

microstructure complexity, necessitating adjustments in the 

addition ratios or surface modifications to the particles to 

ensure effective mechanical performance and structural 

integrity of the composite. 

 

 
 

Figure 17. FTIR spectra of pure epoxy, epoxy+ concrete waste (CW2%), (CW10%), and epoxy+ cement kin dust (CKD), 

(CKD2%, CKD10%) 

 

 
 

Figure 18. SEM images of the pure epoxy sample with various loading of fillers a) pure epoxy (b) epoxy/CW with 2%wt, (c) 

epoxy/CW with 10% wt (d) epoxy/CKD with 2% wt and (e) epoxy/CKD with 10% wt 

 

 

4. CONCLUSION 

 

The results show that reinforcing epoxy with concrete and 

kiln waste (CKD) improves some mechanical properties only 

at specific filler ratios. Concrete waste performs best in tensile 

strength, modulus of elasticity, and fracture toughness at 4–

6% filler ratios, due to improved physical bonding and filler 

distribution. In contrast, CKD shows limited improvement in 

tensile strength and modulus of elasticity, but the hardness test 

results show that the combination of CW and CKD did not 

significantly affect the hardness of the epoxy when recycled 

materials were added. This is attributed to the physical 

bonding. Adhesion test results indicate that moderate filler 

loading promotes mechanical interlocking and improves 

performance, while overloading leads to particle 

agglomeration and poor bonding; however, all CKD samples 

demonstrated clear superiority over unmodified epoxy in 

terms of adhesion strength. FTIR analysis reveals surface 

physical interactions without any change in the basic chemical 

composition of the epoxy, while SEM images reveal that 
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increasing the filler content leads to elevated surface 

roughness, primarily due to the agglomeration and clustering 

of microparticles resulting from poor dispersion. These 

morphological features are accompanied by signs of weak 

internal bonding, which negatively impact the mechanical 

properties of the composite. 
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