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Introduction 

 

Recycling concrete from the construction and demolition 

waste showed increasing importance in solving the 

scarcity of landfills to dispose these wastes and 

conserving natural resources. As a result of the shortening 

length of new roads construction in Japan, the use of 

recycled concrete of which most has been used in the 

road-bed materials is highly limited. As yet, some popular 

methods improving the quality of recycled concrete 

aggregate (RA) such as removing or densifying the 

adhered mortar on RA are not cost effective and of low 

efficiency to enlarge its practical application in concrete 

production. Recently, related specification (JIS A5022) on 

the coarse aggregate has been modified in which L-grade 

or the lowest grade RA can be used mixing with natural 

coarse aggregate for recycled aggregate concrete (RAC). 

In this case, the properties of the mixed coarse aggregates 

meet the requirement of the M-grade RA and allowed to 

be used as the M-grade RA. Meanwhile, the performance 

of steam curing RAC needs further investigation with the 

prevalence of steam curing regime in precast construction 

industry.  

In this study, the properties of four types of RA that 

originally used for road bed materials were investigated. 

Mechanical properties and durability of concrete prepared 

with the mixes of same cement amount, same effective 

water to cement ratio and limited replacement levels (20% 

and 50% by volume) of natural coarse aggregate by one 

of these types of RA, RAM1, were studied and discussed 

regarding two curing methods.  

 

Experimental Details 

 

Materials 

The cement used in this study was blast-furnace slag 

cement type B (BB cement) to reduce the possibility of 

alkali-silica reaction of RAC. 

The RAs used were named RAS and RAM which were 

supplied by two companies from Sapporo respectively. 

And each company was requested to perform once and 

twice crushing procedures on the RAs. As a result, four 

types of RAs were obtained, namely, RAS1, RAS2, 

RAM1 and RAM2. All collected RAs were further sieved 

to the particle size of 5-20mm to serve as the recycled 

coarse aggregate in concrete. 

The crushed limestone with the particle size between 

5mm to 20mm (coarse aggregate 2005) was used as 

natural coarse aggregate (NA). The fine aggregate used 

was the natural sand. 

The air-entraining agent used was the Vinsol W and the 

air-entraining water reducer used was the Chuball EX50. 

These chemical admixtures conforming to JIS A6204 

were used to achieve target air content and slump of 

concrete. 

 

Concrete mixes 

As indicated in Table 1, a total of three sets of concrete 

were mixed in which the replacement rate of RAM1 was 

0%, 20% and 50% by volume, respectively. The amount 

of chemical admixture was adjusted in accordance with 

the target air content 5% (±1.5%) and slump 12cm 

(±2.5cm). 

 

Table 1. Mix proportions 

Series W/C s/a 

(%) 

Unit content ((kg/m3) 

Water Cement Sand NA RA 

NAC 0.45 45.5 139 309 868 1044 0 

RAC_20M1 0.45 45.5 139 309 868 835 186 

RAC_50M1 0.45 45.5 139 309 868 522 466 

 



Specimens casting and curing 

For each series of concrete, cylinders with size of 

200×100mm diameter and 100×100×400mm prisms were 

cast. The cylinders were used to evaluate the compressive 

strength and static modulus of elasticity. The prisms were 

used to test the resistance of concrete to freezing and 

thawing action. Cylinder specimens were cast in plastic 

molds and prisms were cast in steel molds. Each series of 

concrete was cured under two curing methods. For normal 

curing, molds were covered with vinyl sheets and were 

cured in air for 24h before demolding. Then, the demolded 

specimens were cured in water tank (Relative 

Humudity:100%) in the temperature-controlled room at 

20±2℃ until test ages were reached. For steam curing, the 

concrete specimens after casting (without demolding) 

underwent a steam curing regime shown in Figure 1. After 

curing, specimens were demolded, covered with wet cloth 

(RH:100%), sealed by plastic bags and then put into the 

same temperature-controlled room at 20±2℃ until the test 

ages were reached. 

 

 

Figure 1. Steam curing regime 

 

Results and Discussions 

 

Properties of recycled coarse aggregates 

The results of density and water absorption were 

determined according to JIS A1110 and presented in 

Table 4. RAS1, RAS2, RAM1 and RAM2 can be 

classified as L-grade RA based on their oven-dry density 

and water absorption. For RAM1 and RAM2, the density 

increased with extra crushing times while water 

absorption was just opposite trend. The change between 

RAS1 and RAS2 showed similar behavior but was less 

obvious. 

The amounts of impurities and fine particles passing 

through 75-μm sieve were measured in accordance with 

JIS A5021 and JIS A1103, respectively. Total impurities 

Table 2. Density and water absorption of RA 

Type of 

coarse 

aggregate 

Saturated 

Surface-

dry 

density

（g/cm³） 

Oven-dry 

density        

（g/cm³） 

Water 

absorption

（%） 

RAS1 2.45 2.33 5.43 

RAS2 2.46 2.34 5.24 

RAM1 2.41 2.25 6.61 

RAM2 2.44 2.30 6.02 

 

contents of RAS1, RAS2, RAM1 and RAM2 were 0.73%, 

0.32%, 1.02% and 0.88% by mass fraction. The results 

showed that main impurity in RAS was wood (0.40% in 

RAS1 and 0.26% in RAS2) and for RAM was brick and 

ceramic (0.70% in RAM1 and 0.69% in RAM2). And the 

amounts of fine particle in RAS1, RAS2, RAM1 and 

RAM2 were 1.12%, 0.60%, 1.34% and 1.27%. As a result, 

the total impurity and fine particle contents of four types 

of L-grade RA met the requirement of JIS A5022. 

Sieve analysis of these four types RAs were performed 

based on JIS A1102. The upper and lower bound in JIS 

A5022 were used to check the gradation of L-grade RA 

used in recycled aggregate concrete Class M. As shown in 

Figure 2, RAS1, RAS2, RAM1 and RAM2 met the 

standard requirements. 

 

 

Figure 2. Coarse aggregate size distribution curve 

 

Compressive strength 

The compressive strength of normal cured concrete was 

determined at the ages of 3, 14, 28 and 91 days. The tests 

results were shown in Table 3. The effect of mortar 

became substantial in deciding the compressive 

performance of concrete besides the types of coarse 

aggregates at the early age because of the use of BB 

cement. When considering the test results at 28-day and 

91-day age, the compressive strengths of NAC were 



higher than these of RAC. The inferior compressive 

strength of RAC can be attributed to the adhered mortar 

on the RA. Some researches indicated that the 

compressive strength of the RAC depended on the relative 

quality of the old interfacial transition zone (ITZ) and the 

new ITZ. In this study, a relatively small W/C ratio was 

incorporated leading to the old ITZ as the governing factor 

for the failure behavior. 

However, the compressive strength of RAC_50M1 was 

higher than that of RAC_20M1. This was due to that the 

entrained air in RAC_50M1 was less compared with 

RAC_20M1 after considering the air in RAM1. 

 

Table 3. Compressive strength of normal cured concrete 

Normal 

cured 

concrete 

Compressive strength (MPa) 

3-day 14-day 28-day 91-day 

NAC 17.0 40.7 49.2 60.1 

RAC_20M1 15.2 36.6 44.1 53.8 

RAC_50M1 18.3 41.4 48.9 55.0 

 

The steam cured cylinder specimens were tested at the 

ages of 1, 14, 28 and 91 days. The results were given in 

Table 4. The 1-day compressive strength of steam cured 

concrete was checked to ensure that concrete made with 

BB cement reached a sufficient strength to allow early 

demolding. The hydration of BB cement was accelerated 

and more hydration products were generated due to the 

high temperature. Similarly, the compressive strengths of 

steam cured RAC were lower than these of steam cured 

NAC, particularly at 14 days and later ages. 

 

Table 4. Compressive strength of steam cured concrete 

Steam cured 

concrete 

Compressive strength (MPa) 

1-day 14-day 28-day 91-day 

NAC 10.1 35.4 43.6 51.0 

RAC_20M1 10.1 31.0 36.8 43.5 

RAC_50M1 9.9 31.4 39.2 42.3 

 

In addition, the compressive strength of normal cured 

concrete was higher than that of steam cured concrete at 

later age. This was because the coarser pore structure in 

steam cured concrete due to the unevenly distributed 

hydration products. Strength development rate was lower 

for steam cured concrete at the later age because of denser 

gel around cement particles hindering further hydration. 

Static modulus of elasticity 

The static modulus of elasticity (E value) of concrete was 

calculated at 28-day and 91-day conforming to JIS A1149. 

Figure 3 indicated that the E value increased with the 

curing age as a result of the cement paste hardening 

overtime. The E value decreased with the increase amount 

of RA incorporated in concrete. This was interpreted by 

the fact that recycled concrete aggregates were more 

prone to deform and had a lower modulus than natural 

aggregates. Regarding different curing regimes, the steam 

curing showed a minor detrimental effect on the 28-day E 

value of NAC, RAC_20M1 and RAC_50M1. However, 

the 91-day static moduli of elasticity of steam cured 

RAC_50M1 were higher than the normal cured ones. The 

reason remained to be explored at this moment. 

 

 

Figure 3. E value of normal and steam cured concrete 

 

Results of freeze-thaw tests 

Relative dynamic modulus of elasticity (RDME) is a 

commonly used non-destructive test parameter to evaluate 

the concrete performance based on the internal 

compactness of concrete specimens. According to JIS 

A1148, the freeze-thaw test for a specimen should be 

stopped after the specimen passed 300 cycles or RDME of 

the specimen reached 60% of its initial value. RDME of 

tested specimens were calculated based on the results of 

two methods: ultrasonic pulse velocity (UPV) test and 

fundamental resonant frequency test. As shown in Figure 

4 and 5, the RDME calculated by UPV test results were 

higher than the values based on the fundamental resonant 

frequency which may overestimate the frost resistance of 

concrete, especially for NAC and RAC_20M1. This 

appeared to be because the ultrasonic pulse velocity was 

not sensitive to changes caused by distributed 

microcracking induced by freeze-thaw cycles. Thus, the 

following discussions were based on the results of 

fundamental resonant frequency test. 



The RDME decreased with the increase of freeze-thaw 

cycles. The RDME of RAC_50M1 was lower than that of 

RAC_20M1 and NAC indicating that the frost resistance 

of RAC_50M1 was lower for normal curing. This was 

because the porosity of RAC would increase when the RA 

replacement level was relatively high resulting in the 

water easily permeating into the specimen and the more 

damages accumulated during freeze-thaw cycles. 

 

 

Figure 4. RDME of normal cured RAC and NAC 

 

 

Figure 5. RDME of steam cured RAC and NAC 

 

The frost resistance of RAC_20M1 and NAC were 

comparable. Compared with normal cured concrete, the 

RDME of steam cured NAC and RAC_20M1 were 

smaller which was mainly related to the early age of these 

specimens (14-day for steam cured concrete and 28-day 

for normal cured concrete) starting the freeze-thaw test. 

The resistance to freeze-thaw damage of 14-day cured 

concrete was inferior to that of 28-day ages concrete.  

Figure 6 showed the mass loss of normal and steam 

cured concrete. As for normal cured RAC_20M1 and 

NAC, the mass decreased within 300 freeze-thaw cycles 

due to greater loss of surface scaling However, the water 

permeated into the normal cured RAC_50M1 more at 

early freeze-thaw cycles resulting in the mass increase and 

RDME decrease drastically. The frost resistance of normal 

cured RAC_50M1 was lower than that of RAC_20M1 and 

NAC. 

 

 

Figure 6. Mass loss of RAC and NAC 

 

Different from the normal cured RAC_20M1 and NAC, 

the mass of steam cured RAC_20M1 and NAC increased 

at the early freeze-thaw cycles which was related to the 

weaker resistance to freeze-thaw damage and the closed 

air voids can be connected more easily for steam cured 

concrete. Consequently, the RDME of the steam cured 

RAC_20M1 and NAC decreased more than that of the 

normal cured RAC_20M1 and NAC. Similarly, the frost 

resistance of steam cured RAC_50M1 is lower than that 

of RAC_20M1 and NAC.  

 

Conclusions 

 

The results indicated that RAS1, RAS2, RAM1 and 

RAM2 met the requirements for L-grade RA that can be 

used in RAC Class M. According to the performance of 

concrete made with RAM1, the compressive strength of 

normal cured concrete outweighed the steam cured 

concrete at later age. The compressive strength and static 

modulus of elasticity of RAC reduced compared with 

NAC. In addition, 1-day compressive strength of steam 

cured RAC were high enough for the satisfactory of 

precast construction. As for the frost resistance of RAC 

which is one of the major concerns for its application, 

RAC_20M1 was comparable to NAC. The performance 

of concrete with 50% replacement ratio of RAM1 was not 

desirable. Based on the overall performance, the use of 

limited fractional incorporation of RA in concrete is 

proposed. 


