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Abstract 
The aim of this study was to develop a technique for the complete recycling of concrete based on 
microwave heating of surface modification coarse aggregate (SMCA) with only inorganic materials 
such as cement and pozzolanic materials (silica fume, fly ash). The mechanical properties of SMCA, 
which was produced using original coarse aggregate (OCA) and inorganic admixtures, as well as its 
separation from the cement matrix and recovery performance were quantitatively assessed. The 
experimental results showed that micro structural reinforcement of the interfacial transition zone, 
which is a weak part of concrete, by coating the surface of the OCA with cement and admixtures 
such as pozzolanic materials can help suppress the occurrence of micro-cracks and improve the 
mechanical performance of the OCA. Microwave heating was observed to cause micro-cracking 
and hydrate decomposition. Increasing the void volume and weakening the hydrated cement 
paste led to the effective recovery of recycled coarse aggregate. 
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1. Introduction 
Concrete, which is used in large quantities in civil engineering and building construction, becomes weak with time; 
thus, old structures must be demolished and replaced [1] [2]. The handling of old concrete is a major problem 
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for society to adhere to the 3R concept (reduce, reuse, and recycle). The accumulation and storage of concrete in 
huge piles cannot be a long-term solution because of the reduced natural resources and lack of space. Moreover, 
decreases in road construction work, which is the main use for recycled concrete, are expected to lead to less 
demand for sub-base coarse material for roads [3] [4]; in the long term, this calls for measures to expand and 
diversify the use of recycled concrete waste and to use recycled aggregates for concrete manufacture [5]. Thus, 
research on recycled aggregates is being conducted from various angles worldwide, and the Japanese Industrial 
Standards (JIS) has been revised for recycled aggregates [6]. However, there are still problems related to the 
production of high-quality recycled aggregates such as high energy consumption and the generation of large 
amounts of fine powder during crushing [7] [8]. On the other hand, using low-quality recycled aggregates can 
lower the concrete performance, which impedes the spread of recycled aggregate use [9] [10]. Because the ag-
gregate resources that can be newly used are limited, an efficient and reliable mechanism for concrete recycling 
with low energy consumption is necessary. There are a variety of benefits to recycling concrete rather than 
dumping or burying it in a landfill [2] [11]: 
• Keeping concrete debris out of landfills saves space. 
• Using recycled material as gravel reduces the need for gravel mining. 
• Recycling 1 ton of cement can save 1360 gallons of water and 900 kg of CO2. 
• Using recycled concrete as the base material for roadways reduces the pollution involved in trucking materi-

al. 

2. Technical Overview  
Concrete recycling via microwave heating is a completely new technique and is shown in Figure 1 [21] [22]. Ad-
mixtures (e.g., pozzolanic materials) improve the chemical bonding and mechanical friction between aggregates 
in the coating layer of the original coarse aggregate (OCA) surface and cement matrices at the interfacial transi-
tion zone (ITZ), which is the weak part of concrete. Thus, recycled coarse aggregate (RCA) can be recovered for 
concrete structures because the mechanical performance of the concrete is improved, as shown in Figure 2(a) 
and Figure 2(b). This technique involves coating the OCA with iron oxide (Fe2O3), which has a high dielectric 
constant, as a binder and then selectively heating and weakening the aggregate interface with microwaves to 
manufacture RCA following the dismantling of a structure, as shown in Figure 3(a) and Figure 3(b) [5]. This 
technique allows almost complete recycling of the aggregates by recovering high-quality RCA while using a 
small amount of energy [21] [22]. This technique allows for a trade off [9] between improvement in the concrete 
strength and aggregate recovery rate. Concrete fabricated with this technique comprises OCA, surface modifica-
tion coarse paste (SMCP), surface modification coarse aggregate (SMCA), and Fe2O3, as shown in Figure 1 [5]. 

3. Mechanical Performance of OCA-SMCP-Cement Matrix 
3.1. Experiment Overview 
In general, because the bond strength between the aggregate and paste is less than the individual tensile 
strengths of either the aggregate or paste, a crack tends to initiate from the aggregate-paste interface (i.e., ITZ) 
owing to bleeding in the fresh concrete or a load-induced crack in the hardened concrete [12]. Therefore, the 
bond strength of aggregate-paste is somewhat directly related with the strength of the concrete, and this shear 
bond strength is generated by chemical and physical adhesion [13] [14]. In order to review the effectiveness of 
surface modification at improving the OCA-SMCP (interface)-cement matrix in detail, as shown in Figure 2, a 
shear bond strength experiment was conducted by coating the OCA surface with either cement or an admixture 
comprising cement and pozzolans. The changes in mechanical properties were assessed. 

3.2. Experimental Method 
In this experiment, specimens with OCA, SMCP, and a cement matrix structure were fabricated in order to cha-
racterize the chemical and physical bonds that form in the interface between the modified aggregate and cement 
matrices, as shown in Figure 4. The compressive and tensile shear bond strengths were measured at interface 
angles (α, β) of 30˚, 45˚, and 60˚, and the failure load at each angle was compared and analyzed [15] [16]. The 
OCA specimens were cut from crushed hard sandstone (standard density: 2.66 g/cm3, water absorption ratio: 
0.70%); the compressive and tensile shear specimens had dimensions of 10 cm × 10 cm × 40 cm and 10 cm ×10  
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Figure 1. Improvement in concrete strength by modification and recovery by 
microwave heating [21] [22].                                               

 

 
(a) 

 
(b) 

Figure 2. Mechanism of adhesion between modified aggregate and interface 
[5]. (a) Concept of surface adhesion of modified aggregate; (b) Control factor 
of surface adhesion of modified aggregate.                               
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(a) 

 
(b) 

Figure 3. Mechanism of weakening between OCA and SMCP [5]. (a) Con-
cept of surface separation between OCA and SMCP; (b) Control factor of 
surface separation of modification aggregate.                             

 

  
(a)                                               (b) 

Figure 4. Outline of shear bond testing of SMCA concrete. (a) Concept of shear bond testing; (b) Manufacture of 
specimen.                                                                                       
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Table 1. Experimental factors and conditions.                                                                      

Experimental factors Conditions 

OCA Cutting specimen of crushed hard sandstone 
(Standard density: 2.66 g/cm3, Water absorption ratio: 0.70%) 

SMCP 

W/C 30% 

Modification materials Cement, Fly ash (F/A), Blast furnace slag (BFS), Silica fume (S/F) 

Replace ratio of  
modification materials (%) 

Cement = 100 
Cement + Fly-ash (F/A) = 70:30 
Cement + Blast Furnace Slag (BFS) = 70:30 
Cement + Silica-fume (S/F) = 90:10 

Cement matrix Normal strength W/C = 55% 

Interface angle 30˚, 45˚, 60˚ 

 
Table 2. Mix proportions of SMCP.                                                                                

Type W/B (%) W (ml) 
Volume (ml/l) Weight (g/l) Fe2O3 (g/l) 

C FA BFS SF C FA BFS SF Fe2O3 

C 

30 487 

513 0 0 0 1620 0 0 0 1620 

FA30 359 154 0 0 1134 363 0 0 1497 

BFS30 359 0 154 0 1134 0 446 0 1580 

SF10 461 0 0 51 1458 0 0 113 1571 

Note: Density of each material (unit: g/cm3). C: Cement: 3.16; FA: Fly ash: 2.22; BFS: Blast furnace slag: 2.91; SF: Silica fume: 2.24. 
 
Table 3. Mix proportion of mortar.                                                                                

Type W/C (%) Air (%) 
Unit weight (kg/m3) 

W C Fine aggregate Admixture 

OCA’s concrete (O) 
55 4.5 ± 1.5 175 318 833 1.59 (a*) 

SMCA’s concrete (M) 

Note: O: OCA concrete; M: SMCA concrete; a*: Plasticizer. 
 
the specimen surfaces. The specimens were then air-cured for 28 days in a room at constant temperature and 
humidity (20˚C, 60%RH), and the mortar was placed. In order to prevent failure in the aggregate and cement 
matrix surface when the specimen was taken out of the form, the specimens were air- and water-cured for 5 and 
28 days, respectively, in the room at the same constant temperature and humidity. Then, a load was applied at a 
rate of 1mm/min to measure the bond failure in the interface. In the tensile shear bond strength test, epoxy resin 
adhesive was used to attach the specimen to the tensile testing instrument, and the load was applied using a 
round loop to prevent eccentricity. Table 4 presents the experimental levels of the SMCA concrete. 

3.3. Compressive Shear Bond Strength 
Figure 5 shows the results of the compressive shear bond strength test; the SMCA concrete demonstrated an ap-
proximately 50% increase in strength compared to the OCA concrete regardless of the interface angle. The com-
pressive shear bond strength tended to decrease as the interface angle increased; this was deemed to be caused 
by the sliding effect resulting from the increase in the interface angle irrespective of the bonding surface. On the 
other hand, adding silica fume to the SMCP led to higher compressive shear bond strength because of the micro- 
filler effect and pozzolanic reaction. A 30% substitution with fly ash resulted in the second-highest compressive 
shear bond strength following the SMCP containing silica fume. Thus, the pozzolanic reaction caused by the 
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Table 4. Experimental levels.                                                                                    

Experiment Modified paste Compressive shear Tensile shear 

O N/A 

P P 
M 

C 

A 
C + FA 

C + BFS 

C + SF 

Note: O: OCA; M: Modified coarse aggregate (SMCA concrete), C: Cement; C + FA: Cement + Fly ash; C + BFS: Cement + Blast furnace slag; C + 
SF: Cement + Silica fume, N/A: Not applicable; A: Application; P: Performed. 
 

 
Figure 5. Compressive shear bond strength.                              

 
substituted fly ash may improve the strength. 

3.4. Tensile Shear Bond Strength 
Figure 6 shows the results of the tensile shear bond strength test; all of the modified aggregate specimens had 
improved shear bond strength compared to the OCA. In addition, the tensile shear bond strength was observed to 
increase with the interface angle. In other words, a larger bonding surface meant a larger area of the microstruc-
ture of ITZ was improved, which in turn improved the shear bond strength. In particular, when a pozzolanic ma-
terial such as silica fume or fly ash was added to the SMCP, the tensile shear bond strength increased even fur-
ther; this may be a result of the structural densification caused by the micro-filler effect and pozzolanic reaction. 
Figure 7(a) and Figure 7(b) show the fracture surfaces and scanning electron microscope images of the ITZ for 
the OCA and SMCA concretes. As shown in Figure 7(a), failure occurred in the ITZ between the OCA and ce-
ment matrices, which were observed to contain calcium hydroxide (C-H) and ettringite. However, failure of the 
SMCA concrete occurred in the cement matrices and not in the interface, as shown in Figure 7(b). This may in-
dicate that a denser and stronger ITZ with a high level of calcium silicate hydrate (C-S-H) was strengthened by 
the surface modification treatment and pozzolanic reaction. 

4. Weakening between OCA and SMCP by Microwave Heating 
4.1. Experiment Overview and Method 
An experiment was carried out to measure the weakening between OCA and SMCP caused by microwave heat-
ing (frequency of 2.45 GHz and high-frequency output of 1800 W) at heating times of 0, 60, 120, or 180 sin the 
SMCA concrete, as shown in Figure 3. The microwave heating characteristics and changes in the pores before 
and after heating were measured by mercury intrusion porosimetry (MIP). The temperature was measured using 
thermography before and after microwave heating was applied, and the temperature characteristics under each 
condition were assessed (Figure 8). The experimental specimens were manufactured by selecting O and M-C 

0 

15 

30 

45 

60 

O M-C M-C+FA M-C+BFS M-C+SF

C
om

pr
es

si
ve

 st
re

ng
th

(M
Pa

) 30 45 60



H. Choi et al. 
 

 
589 

 
Figure 6. Tensile shear bond strength.                                   

 

 
(a) 

 
(b) 

Figure 7. Fracture surfaces and scanning electron microscope images for ITZ of each concrete specimen. (a) OCA 
concrete; (b) SMCA concrete.                                                                          

 
from the pozzolanic materials in Section 3. Also, aggregates with a significant amount of cement paste attached 
were collected from the concrete for use as test specimens in the MIP experiment, as shown in Figure 9. 
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Figure 8. Microwave heating.                                            

 

 
Figure 9. Microwave heating. Note: G: Gravel; M: SMCP; C: Cement matrix.    

 

 
Figure 10. Temperature characteristics of SMCA and OCA with microwave 
heating.                                                            

 
effective heating of iron oxide [17], which was mixed in the SMCP as a dielectric material, as shown in Figure 
11. 

4.3. Weakening of SMCA Due to Changes in Void Volume 
The experimental results showed that the temperatures of the specimens increased because of the thermal con-
ductivity of the iron oxide being heated by the microwaves, as shown in Figure 12 and Figure 13. The total in-
crease in void volume and peak of the pore distribution moved to the part with the largest void volume. In par-
ticular, when the heating time was over 180 s, the number of pores with a diameter of 0.05 μm or less decreased, 
whereas pores with a diameter of 0.05 - 0.1 μm moved toward spores with a diameter of 0.1 μm as the void vo-
lume increased (Figure 13). As shown in Figure 14, when the heating time was over 180 s, the void volume 
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Figure 11. Heating of iron oxide by microwave heating (577˚C after 30 s).     

 

 
Figure 12. Cumulative void size distribution of SMCA.                    
 

 
Figure 13. Void size distribution of SMCA.                                  

 
of the SMCA concrete was slightly higher than that of the OCA concrete. The increase in the concrete porosity 
[18] [19] because of microwave heating may represent the weakening of the cement paste around the ITZ and 
aggregate. Thus, the increase in pores in the SMCA concrete because of microwave heating may result from the 
evaporation of bound water caused by the decomposition of calcium hydroxide and C-S-H hydrates and the oc-
currence of micro-cracks in the concrete [20]. 

5. Performance Review of SMCA Concrete 
5.1. Experiment Overview and Method 
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SMCA concrete, the surface of the OCA was coated with cement paste. This required that the modified paste be 
reflected in the mixing design, as shown in Figure 15. In the mixing design, the amount of coarse aggregate 
coated with an admixture can be increased. Thus, the amount of SMCP coated on the coarse aggregate can be 
excluded from the amounts of cement and water in the mixing ratio, and the amounts of cement, water, and  
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Figure 14. Void size distribution of each aggregate.                         

 

 
Figure 15. Ratios of constituents in concrete (Note: Materials/m3) [5].        

 
OCA for the OCA and SMCA concretes can be the same [5]. In this experiment, OCA and SMCA concrete spe-
cimens with a water-cement (W/C) ratio of 55% were compared. In order to achieve equal characteristics for the 
fresh specimens for the comparison, the W/C ratio of the SMCA concrete and amount of chemical admixture 
were adjusted as shown in Table 5. Using the above method, the same amount of cement was applied to the 
mixing design for the OCA and SMCA. As the binder for the surface admixture, only cement and cement with 
admixtures (e.g., pozzolanic material) were used with a W/C ratio of 30%. The mixing percentage of the surface 
admixture is shown in Table 6. Based on the mechanical performance and weakening of the SMCA concrete in 
Sections 3 and 4, the compressive and splitting tensile strengths of the SMCA concrete were examined in this 
experiment to assess the improvement in the mechanical properties. The recovery rates of RCA by microwave 
heating (frequency of 2.45 GHz and high-frequency output of 1800 W) for 0, 60, 120, and 180 s were measured 
to assess the aggregate recovery characteristics. 

For the OCA used in this experiment, the parent materials were collected from a rocky mountain, crushed 
with a jaw crusher, and sorted by diameter from 5 mm to 20 mm. Then, the particle size distribution was ad-
justed to satisfy the standard diameter prescribed in JIS A 1102 (standard for aggregate sieving test), and the 
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However, the OCA and SMCA in this experiment satisfied the criteria prescribed in JIS A 5021 (standard for 
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water absorption ratio was not expected to cause any potential problems in this experiment. 

5.2. Mechanical Properties of SMCA Concrete 
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Table 5. Mix proportions of concrete.                                                                            

Type W/C 
(%) 

Slump 
(mm) 

Air 
(%) 

Gmax  
(mm) 

Unit weight(kg/m3) 
Admixture 

(%) 
W C S G 

OCA’s concrete (O) 
55 180±25 4.5±1.5 20 

175 318 833 961 C × 0.5 (a*) 

SMCA’s concrete (M) 175 311 833 982 C × 0.9 (a*) 

Note: O: OCA concrete; M: SMCA concrete; a*: Plasticizer. 
 
Table 6. Mix proportions of modification paste.                                                                   

W/B (%) Water (g) Binder (g) Fe2O3 (g) Superplasticizer (g) Table flow (mm) 

30 21 70 B × 100% B × (1.9% - 2.5%) 300 

Note: Based on 1 kg of OCA. 
 
Table 7. Type and properties of each coarse aggregate.                                                                

Type Density (g/cm3) Water absorption ratio (%) 

O 2.66 0.70 

M 

C 2.69 1.65 

C + FA 2.70 1.63 

C + BFS 2.70 1.65 

C + SF 2.70 1.62 

Note: O: OCA (OCA concrete); M: Modified coarse aggregate (SMCA concrete), C: Cement; C + FA: Cement + Fly ash; C + BFS: Cement + Blast 
furnace slag; C + SF: Cement + Silica fume. 
 
improved strength of the modified aggregate concrete was due to the reinforced physical and chemical bonding 
between the modified paste and cement matrices, which was caused by the increased mechanical friction result-
ing from the particle size and shape of the iron oxide and the SMCP coating effect on the ITZ [5]. In addition, 
the SMCA concrete using pozzolanic materials (silica fume and fly ash) showed an increase in strength of ap-
proximately 8% after 7, 14, and 28 days of curing compared to the SMCA concrete using only cement (Figure 
16). The splitting tensile strength test results showed an improvement in strength of approximately 5% after 7, 
14, and 28 days of curing (Figure 17). As noted in Section 2, when pozzolanic materials such as silica fume and 
fly ash were added to the SMCP, the micro-filler effect and pozzolanic reaction caused the ITZ structure to be-
come denser. 

5.3. Recovery Properties of SMCA Concrete 
As shown in Figure 18(a) and Figure 18(b), when the microwave heating times were 0 and 60 s, the RCA re-
covery rate for the SMCA concrete was equivalent to or slightly lower than that of the OCA concrete. This may 
be due to the enhanced bonding caused by the SMCP coating between the OCA and cement matrices. On the 
other hand, when the microwave heating times were 120 and 180 s, the recovery rate for the SMCA concrete 
became substantially lower than that of the OCA concrete regardless of the admixture (cement only and cement 
with pozzolanic materials). When the heating time was120 s, the temperature reached 300˚C, which is the wea-
kening temperature of cement paste [5] [6]. This was the point at which the recovery rate began to differ. In par-
ticular, when the heating time was180 s, the recovery rate of RCA for the SMCA concrete reached nearly 100%; 
thus, the microwaves were concluded to effectively heat the dielectric material (iron oxide) present in the SMCP. 
This result could be predicted by the RCA recovery rates for both the OCA and SMCA concrete specimens after 
180 s of microwave heating, as shown in Figure 19. 
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Figure 16. Comparison of strength.                                      

 

 
Figure 17. Splitting tensile strength.                                     

 

 
(a)                                                (b) 

Figure 18. Recovery rate of RCA of each concrete specimen by microwave heating. (a) RCA recovery rates; (b) Com-
parison of RCA recovery rates.                                                                              
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Figure 19. Comparison of RCA from each type of concrete.                 

6. Conclusions 
The following conclusions were made based on the results of the experiments conducted to examine the me-
chanical properties and recovery performance of the SMCA concrete with admixtures and microwave heating. 

1) When the W/C ratio was 55%, the improvements in the compressive strength and split tensile strength, in-
cluding the shear bond strength, were confirmed to be due to the SMCP coating; the ITZ structure was made 
denser by the admixtures (only cement and pozzolanic materials). 

2) When the SMCA concrete containing iron oxide (Fe2O3), was heated with microwaves, the temperature in-
creased more significantly compared to the OCA concrete. In particular, when the microwave heating time was 
180 s, the maximum temperature was over 400˚C, and micro-cracks occurred in the concrete along with an in-
creased void volume caused by dehydration of the hydrates. Based on these results, the microwaves effectively 
heated the iron oxide contained in the SMCP. 

3) The RCA recovered after microwave heating for 180 s contained less than 5% of paste and fine aggregate, 
regardless of the admixture. The recovered RCA was very similar to the OCA, which proves the feasibility of 
recovering high-quality RCA. Thus, microwave heating was determined to weaken binders containing a dielec-
tric material for efficient recovery of RCA. 

The mechanical performance of SMCA can be improved by the use of inorganic materials and microwave 
heating to effectively recover RCA. 
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