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1 Introduction

Concrete is one of the most widely used construction materials since the 20th

century due to its convenience and relatively low price. It is estimated that global

construction industry uses approximately 10 billion tons of concrete per year [1].

Generally, concrete structures are designed for 50-years of service and will be

demolished after their expiry date. It means that most of the buildings constructed in

the 60’s or 70’s could not fulfill their original purpose. It could be anticipated that a

considerable quantity of waste concrete, arising from the demolition of these

dangerous buildings, will undoubtedly be produced in the following twenty years.

Currently, approximately 850 million tons of waste concrete were produced per year

during the last decade, while Europe and America create 34% and 26% of it

respectively [2-3]. Therefore, the solution to the environmental impact of the

construction industry must be seriously taken into consideration.

The recycling of waste concrete is well-developed as it could decrease the

consumption of land and keep the sustainability of the resource. Previous studies

reveal that crushed waste concrete, after the separation from the sieve is called

recycled coarse aggregate (RCA), could be reused as the aggregate in conventional

concrete. This type of concrete called recycled aggregate concrete (RAC). Although

RAC is commonly used, most of them are utilized in low-grade applications such as

concrete blocks, bulk fills, and pavement base. Compared with the traditional concrete

materials, generally, the unstable and lower quality of RCA makes it challenging to be

used widely. Also, although there are some standards on the use of RCA as a filling

material, these standards could not be complied with to consistent design and produce

structural-grade concrete from RAC. Therefore, options to use RAC scientifically and

efficiently will undoubtedly require more technically sound, leading to substantial

new study issues.
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The existing cases [4, 5] and improved method [6] highlighted that RAC could

be utilized for concrete applications as successfully as conventional concrete. The

concerns of RAC applications are not only for structural stability but also durability in

designing. For example, the coastal buildings suffer especially severe environment

such as chloride and sulfate exposure. To prolong the buildings’ service life, lots of

researchers and engineers have paid an amount of attention to the durability of the

constructions. On the past few years, they find that the steel corrosion is the

significant reason of degeneration in concrete buildings. Not only RAC has weaker

mechanical and physical properties compared with natural aggregate concrete (NAC),

but also have more reduced durability due to the reduced electrical resistivity.

Nevertheless, there is little research on the deterioration procedure and its generated

impact in RAC constructions.

In summary, concrete is widely used around the world, but its application has

resulted in a series of resource destruction and construction waste. The continuance

recycling of waste concrete is a sustainable strategy to reduce this consumption of

natural resources and deal with the construction waste. However, the reuse of RAC is

still limited on the non-structure due to the RAC is generally inferior to NAC. To

expand its application in higher and broader scopes, the research on structures not

only stability but also the durability should be accumulated a great deal of. Whereas,

relatively little research has been conducted on the mechanism of the durability of

RAC so far. Therefore, a research program has been designed to comprehensively

investigate the damage mechanics and elastic mechanics of RAC in the simulated

coastal environment by considering the micro and macro pentameters.
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2 Literature review

2.1 General

This chapter mainly presents the existing literature review about the research and

application of RAC. The number of studies on RAC has increased significantly during

the past decade. However, most studies focus on the using of RAC in low-grade. The

study of RAC as filler material will not be summarized in this paper; this literature

review does not include these studies, and its primary purpose is to study the use of

RCA as a structural material. Also, this article in the discussion is by the theme to

describe, not by the timeline. It focuses on various aspects of RAC as they relate to

the scope of the study. Current research does not include topics such as sulfate attack,

alkali-silica reaction, and reliability because they are not investigated in this study.

In the first part of the literature review, the material properties of RAC are

discussed. It mainly includes the research of the workability, compressive strength,

elastic modulus of RAC. In addition, the study status of RAC is also discussed and

summarized at the end.

The second part discusses the corrosion model of RAC and the influencing

factors of the corrosion. The rust layer, crack width and morphology of RAC are also

summarized. Then, the shortcomings of RAC corrosion is presented in the last part.

2.2 Physical and mechanical properties of RAC

2.2.1 Workability

RCA has higher water absorption rate than NA, which can affect the fluidity of

new RAC. Günçan [7] and Topcu et al. [8] found that with constant water

consumption, the slump of concrete decreases as the proportion of RCA increases. To

obtain the construction and workability of RAC, Padmini and Tabsh et al. [9-10] also
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proved that RAC without the addition of water reducer needs more water to be

added when designing the mix ratio. However, several scholars also found that the

slump of RAC is not necessarily smaller than that of NAC. For example, in Topcu's

study [11], the experimental group with a 50% replacement ratio of RCA has a more

considerable slump than the NAC with the same ratio. According to Ke's research

[12], the slump is the same as that of control concrete if the replacement rate of RCA

is 0-60%. Its slump loss is not significant. When the substitution rate exceeds 70%,

the slump of RAC is significantly reduced. The reason for this result may be related to

the massive difference in water absorption of RCA used in different countries and

regions. It may also be related to the shape, roughness and particle distribution of

RCA used in different studies [13].

Pooh and other studies [14] shows that the wet state of RCA would affect the

slump loss of RAC under the specific ratio of water-cement. The concrete with dry

RCA has the most significant initial slump. When RCA is used in air dried and

saturated dry state, the first slump and loss rate of RAC are regular.

Therefore, to adjust the slump of the RAC, it is necessary to increase the water

consumption and add the water reducer in the proportion design. Besides, it can also

be improved in the concrete production process. The study of Poon et al.[14] shows

that the initial slump of RAC depends on the initial amount of free water in the mix.

Therefore, keeping the mixing water the same, the surface of the RAC can be

improved by the pre-wetting treatment of the RCA.

2.2.2 Compressive strength

There are many research results on the compressive strength of RAC. Many

scholars reported the correlation between the replacement ratio of RCA and the

compressive strength of concrete. Generally speaking, the compressive strength of

RAC decreases with the increase of replacement ratio of RCA.
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According to [15-19], compressive strength with 50% substitution rate is 5% -

18% lower than that of NAC with the same ratio. The loss rate of compressive

strength could reach 12% - 30% if the replacement rate was 100%. Manzi and others

[13] also obtained similar conclusions.

The fundamental reason why the compressive strength of RAC is inferior to

NAC due to the introduction of RCA. Because of the existence of the adhere mortar,

the RCA has lower overall density and higher water absorption rate [20]. Under the

same ratio, the existence of RCA increases the content of mortar in concrete and

reduces the content of NCA. Therefore, the compressive strength of RAC decreases.

The existence of old mortar makes the performance of RCA more discrete, which

leads to higher dispersion of mechanical properties of RAC [21]. In the research

results of Etxeberria [22], the compressive strength of RAC with a 100% replacement

rate of RCA is 20-25% lower than that of NAC, and the standard deviation of its

compressive strength is as high as 50%.

However, some studies show that the compressive strength of RAC has a linear

relationship with the RCA. Some do not show a clear linear relationship. These results

are not only related to the greater discreteness of the RCA performance in different

countries and regions, but also may be related to the different concrete mix ratio used

in different literature studies. The study of Topcu [11] and Rao [23] proved that the

compressive strength of RAC decreases with the increase of RCA substitution rate

when the ratio of water-cement is small. However, in the preparation of low strength

concrete, the compressive strength of RAC was not the same as that of NAC. The

study of Etxeberria [22] and others found that the compressive strength of RAC with

25% RCA replacement rate was almost the same as that of NAC. However, the

compressive strength of recycled concrete of 50% and 100% of concrete was reduced

by 4-10%. Hallsell [24] also found that if the water-cement ratio of RAC did not more

than parent concrete, the compressive strength of RAC would be comparable to or

even better than that of the parent waste concrete [25].
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Generally speaking, the compressive strength of RAC will decrease with the

increase of water-cement ratio as a whole. Therefore, to meet the requirement of

strength design, RAC generally needs lower water-cement ratio and higher cement

dosage.

2.2.3 Elastic modulus

Elastic modulus represents the ability of materials to resist deformation. It is

often used to test the resistance deformation of RAC:

Krishnan et al. [26] pointed out that the elastic modulus of RAC was generally

70-80% of the matrix concrete, and the addition of plasticizer could increase the

elastic modulus of RAC.

Guo et al. [27] studied the replacement rate of different RCA, and the influence

of water reducer, fly ash, and swelling agent on the elastic modulus of RAC. The

results proved that the elastic modulus of RAC increased first and then decreased if

the replacement rate of RCA increased continuously; the elastic modulus of RAC

decreased with the increase of water reducer; the elastic modulus of RAC increased

with the increase of fly ash content. If the expansion agent content was small, the

elastic modulus of RAC increased with the increase of swelling agent content.

However, the elastic modulus of RAC would decrease when the too much swelling

agent was added.

Kou et al. [28] compared the effect of water-binder ratio, RCA and fly ash

content on the elastic modulus of RAC. The water-binder ratio was the most

significant one. The second was the amount of RCA. With the increase of RCA, the

elastic modulus of RAC increased first and then decreased.

The results of Corinaldesi [29] showed that if the replacement ratio of recycled

aggregate was 100%, the elastic modulus decreased by 28% which faster than the

compressive strength; its elastic modulus increased by 33% when the water-cement
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ratio of RAC decreased from 0.8 to 0.4.

Xiao et al. [30] studied the effect of replacement ratio of RCA on the elastic

modulus of RAC. With the substitution rate above 20%, the modulus of elasticity

decreased with the substitution rate increasing. Moreover, when the substitution rate

was 30%, it was only 63.3% of NAC.

So far, few studies have been concentrated on the elastic modulus of RCA. The

present investigations are also more qualitative studies on the macroscopic level, and

quantitative studies on the microscopic level still need to be in-depth.

2.2.4 Effect of microscopic defects in RAC

The defects of RCA seriously affect the mechanical properties of RAC. The RCA

particles which obtained by simple crushing have many edges and corners, rough

surface, and the components contain hardened cement mortar. In addition, a large

number of microcracks are generated inside the RCA during crushing of the

abandoned concrete, resulting in a significant porosity of the RCA. Besides, high

water absorption, low bulk density, and high crush index values are also important

factors affecting the mechanical properties of RAC.

(1) Effect of adhesive mortar defects on mechanical properties of RAC

In 2007, Tam [31] found that the adhesion of mortar was the most critical factor

affecting the mechanical properties of RAC. Adhesive mortar is fragile, brittle, and

porous. It directly affected the performance of RCA, such as low strength, low density,

and high water absorption. Therefore, removing adhesive mortar is the most effective

way to improve the quality of RCA. Tam [31] explored three ways to remove

adhesive mortar and evaluated its effect through the performance of RCA and RAC.

The RCA was soaked with 0.1 mol/L acidic solution (hydrochloric acid, sulfuric acid,

and phosphoric acid) at 20 °C, and the microstructure of the RAC was observed. The

results showed that the water absorption of RCA was reduced by 7.27-12.17% by acid
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treatment. When the replacement rate of RCA was 20%, the compressive strength of

the RCA treated by hydrochloric acid was increased by 21.84% than that of the

untreated RCA; the treated RCA is denser than the ITZ of new cement paste before

treatment. The results showed that the performance of RCA and RAC are significantly

improved after the removal of a certain amount of adhesive mortar by an acid

solution.

In 2011, Akbamezhad [32] conducted microwave heating to remove adhesion

mortar to improve the quality of RCA. The heated RCA was continuously heated at

maximum power (10 kW) for at least 30 seconds or heated water-saturated RCA for at

least 10 seconds, then immediately placed in 25 °C water for cooling. The use of

microwave heating could produce high-stress concentrations in the attached mortar,

especially at the interface, in order to peel off the attached mortar. In addition, the

peeled adhesion mortar and the original mortar block were broken into small pieces

and sieved to remove the attached mortar. Or put the microwave-heated RCA into the

wear detection equipment for mechanical grinding to remove the attached mortar

more effectively. After the combination of microwave heating and mechanical

grinding, the performance of RCA and RAC was significantly improved. The RCA

had a reduced adhesion mortar by 85%, reduced water absorption by 74%, apparent

density by 7.6%. Besides, the compressive strength of RAC was 20% higher than

untreated RAC.

In summary, the adhesion of mortar has a significant influence on the

performance of RCA and RAC. Therefore, to obtain high-strength RCA, the old

mortar layer wrapped on the surface of the aggregate should be thoroughly removed

firstly. The adhesion of the RCA can be removed by treatment of acid soaking, heat

treatment, and mechanical force separation to improve the performance of the RAC.

(2) The influence of the defects from the coarse aggregate

In 2004, Nagataki et al. [33] used fluorescence microscopy and image analysis
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techniques to study the damage caused by RCA during the crushing process. The

results showed that the adhesion of mortar does not always affect the dominant factor

of the RCA. In addition, the gravels in the RCA also have the effect of cracks.

Because the stone of the original concrete had already contained cracks before it was

broken, no cracks were found in the interface between the mortar and the stone.

Nagataki et al. [33] studied the mechanical properties of RAC formulated with

different fragmentation levels of RCA. The study found that after three crushing

processes, RCA prepared RAC had the higher compressive strength and tensile

strength than NAC. The main reason was that the stones of NAC already contain

cracks before they were broken. After one time of crushing the RCA, there was almost

no increase in cracks in the attached mortar and ITZ. The RCA broke from the cracks

in the original coarse aggregate, which significantly reduced the cracks in the original

coarse aggregate. After crushing 3 times, a new crack was added to the original coarse

aggregate stone in RCA. The adhesion mortar and ITZ have fewer cracks and have

less influence on the mechanical properties of RAC.

In the process of crushing, there are many microcracks in the RCA due to the

collision trauma. Microcracks and other damage may also occur in primitive coarse

aggregate stones. These microcracks will affect the mechanical properties of RAC and

should be repaired as soon as possible. These surface cracks can be filled by adding

mineral admixture and changing the construction process to make the whole coarse

aggregate structure dense.

(3) Influence of ITZ defects on the mechanical properties of RAC

In 2009, the influence of the blending process and the general stirring process on

the mechanical properties of RAC was compared by Li et al. [34]. The results showed

that the workability and strength of RAC could be improved obviously by wrapping a

layer of mineral admixture on the surface of RCA. The ITZ of RAC and cement paste

were scanned by SEM. It was found that the hydration products on the ITZ of the
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concrete mixed with the aggregate process were mainly C-S-H gels. A large number

of calcium hydroxide crystals were found on the ITZ of the concrete mixed with the

standard stirring process, and there was a 30 - 40 μm vertical crack. Because of the

substantial water absorption of RCA, it may cause the internal bleeding of concrete

and cause cracks in ITZ after evaporation. When the mineral admixture partially

replaces the cement, admixture coating can fill the whole ITZ and improve its

microstructure. So that the thickness of the interface between recycled aggregate and

cement paste is more compact. The dense ITZ controls the improvement of the

workability and strength of concrete.

In 2003, Otsuki et al. [35] studied the mechanical properties of RAC with water

glue ratio of 0.25, 0.40, 0.55 and 0.70. He found that the interfacial bonding strength

between recycled aggregate and the new cement paste was very important. The

experimental results showed that the compressive strength of RAC with 0.40, 0.55

and 0.70 water-cement ratio was equivalent to that of NAC. The compressive strength

of RAC with 0.25 water-cement ratio was lower than that of NAC, which indicated

that the new ITZ controlled the strength of the RAC with 0.25 water-cement ratios.

The strength of RCA concrete was similar to that of NAC when the strength of ITZ

was higher than that of the new interface. When the strength of the old ITZ was lower

than that of the new interface, the RCA strength was lower than that of the NAC.

It can be seen that the strength of the ITZ between recycled aggregate particles

and mortar is an essential factor to control the strength of RAC. Therefore, the

mechanical properties of RAC can be improved by improving the interfacial

properties. If using the two-stage mixing method [36], reducing the water-cement

ratio, adding the appropriate water, reducing agent and blending material to wrap the

aggregate technology, can obviously improve the structure of RAC ITZ. So that the

gap between the aggregate and cement slurry narrowed and the porosity decreased.

The probability of adhesion between the hydration products of new cement paste and

RCA surface is apparently increased, and the strength of RAC is improved.
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2.2.5 Research status of RAC

With the development of modern science and technology, the microstructure of

concrete can be systematically analyzed by electronic scanning electron microscope

(SEM), electron probe (EPXM), electron spectrometer, mercury-pressure instrument

(MIP) and micro-hardness tester (VH). At present, some researchers have studied the

microstructure of RAC using modern testing techniques and instruments:

In 1963, Su et al. [37] systematically observed the fracture process of concrete. It

was found that some interfaces were cracked before loading, and the cracks occurred

mainly in the interface before the load reaches 70% damage stress. Beyond this load,

the cracks begin to develop into the cement matrix and are interconnected. The larger

the aggregate size, the easier it is to crack the interface with hardened cement paste.

Guo et al. [27] also studied ITZ at the microscopic level. They used microhardness

testing techniques to find that the hardness was minimal near the surface of the

aggregate. Using the microhardness test technique, we found that the ITZ hardness

was the smallest near the surface of the aggregate and gradually increased toward the

substrate.

Sidney et al. [38] used SEM to find that the ITZ had a higher porosity than the

cement matrix. The closer to the aggregate, the more pronounced this phenomenon is.

Furthermore, a large number of CH crystals attached to the surface of the aggregate

are deposited in the area formed by the "wall effect", and these parts are substantially

free of holes. Escadeillas et al. [39] found that due to the presence of "wall effect" in

the ITZ, a higher porosity existed in the ITZ. The width of this interface transition

region was generally more than 30μm.

Otsuki et al. [40] observed by SEM that the old cementite with severe aging had

high porosity around the aggregate. There is an ITZ between the recycled aggregate

and the new cement stone matrix. Yue et al. [41] obtained similar conclusions by SEM

and infrared spectroscopy to observe the microstructure of RCA and RAC.
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Marinkovićv [42] found through SEM that the RCA prepared from the waste

high-performance concrete was dense in ITZ. The ITZ of RAC made from regular

RAC is mainly composed of some loose hydration products, which presents a porous

state.

Poon [43] used optical microscope, SEM and electron probe to determine the

distribution characteristics of elements and compounds in ITZ. It was found that the

hydration products in the ITZ of the old concrete were abundant and dense due to the

high degree of hydration of the old concrete. The test results showed that Ca element

was enriched in the interface region. K element has a higher content near the interface,

and its content was lower outside the ITZ. The phenomenon of iron enrichment in ITZ

was apparent. Besides, Al, S, and Mg element were sometimes clustered in ITZ, but

their distribution was not continuous and uniform.

Ismail [44] proposed a method for improving the characteristics of ITZ. After

washing the old concrete interface with an appropriate amount of hydrochloric acid

for a period, the microscopic roughness of ITZ can be significantly improved without

excessively damaging the interface. The incorporation of fly ash and sand in the

cement paste could significantly reduce the shrinkage of the ITZ and the content of

coarse crystals.

In general, there are still few studies on the microstructure of RAC. Compared

with NAC, RAC has natural aggregate, old cement paste, new cement paste, original

natural aggregate, and ITZ, etc. Therefore, it is particularly vital to study the

microstructure of RAC systematically.

2.2.6 Summary

Although a lot of research has been done on the material and component

properties of RAC so far, it has been confirmed that most of the materials and

structural components of RAC are inferior to NAC. However, the mechanism of its
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poor performance has not been thoroughly studied. Compared with NAC, RAC has

more complex microstructure. The introduction of RCA not only directly introduces

old mortar, but also produces more kinds of ITZ in concrete. Compared with NAC,

there are more types of ITZs in RAC under the same conditions. There are more and

more complicated interface weak links in RAC, which is the essential difference

between RAC materials and NAC. It is also the fundamental reason why the

performance of macrostructure of RAC is inferior to that of NAC structures.

At present, some scholars have begun to pay attention to the performance

analysis of the ITZ of RAC. However, the existing studies are often limited to the

observation and qualitative analysis of the morphology of hydration products in the

interface, the quantitative analysis is wanting. The limited quantitative analysis is also

limited to the analysis of a small amount of sample porosity, interface element content

or a single type of interface. The author of this paper believes that to quantitatively

reveal the mechanism of deterioration of RAC materials and structural members. It is

not sufficient to rely only on the qualitative analysis of interface properties or the

quantitative analysis of the properties of a particular kind of interface. The geometric

parameters and mechanical properties of various ITZs in RAC should be

comprehensively studied. Based on this, an active comprehensive method is proposed

to characterize the interface properties of RAC compared to NAC. Finally, the

relationship between the RAC structure and the microscopic properties of the material

was established. At present, there are few reports on the connection between such

RAC and its structure. This article will discuss it in depth. This article is to further

discussion.

2.3 The Durability of RAC

2.3.1 Corrosion process and model

The reinforced concrete structure might encounter different kinds of exposure



Li Wei. Mechanical behaviors of recycled aggregate concrete reinforced by steel rebars

Dissertation thesis. VŠB-Technical University of Ostrava, 2018.

14

conditions during its service life. Chloride is one of the most dangerous corrosion

media. Its catalytic process for rebar corrosion as shown in Fig.1 [45-50].

Fig.1 Catalytic process for rebar corrosion

(1) Destruction of the passive film

Chlorine ions have a powerful erosion ability. After the chloride ions pass

through the concrete cover then adsorb on localized passive film, the pH of the

concrete can be rapidly reduced to below 4 [51-53]. In this way, the passive film on

the surface of the rebar will be destroyed.

(2) Formation of the corrosion cell

High concentrations of chloride may cause uniform corrosion on the large area of

the concrete surface. However, due to the inhomogeneous of concrete, chloride ions

start to destroy the passive film locally and then further localize corrosion [54].

Therefore, the potential difference between the partially exposed iron matrix and the
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intact passive film region is formed. Subsequently, the iron matrix as an anode is

corroded, and a large area of the passive film serves as the cathode [55]. The result of

the corrosion cell is that the etching pits are generated on the rebar surface, and these

pits develop quickly because the large cathode corresponds to the small anode.

(3) Depolarization effect

Chloride ion (Cl-) not only forms the corrosion cell on the rebar surface but also

accelerates its reaction speed. FeCl2 is generated by the reaction between Fe+ formed

by the oxidation of rebar in the anodic region and Cl-. In this process, the anodic

evolution is smooth or even faster because of the timely removal of the oxidation

products [56]. The anodic oxidation process is usually referred to as anodic

polarization, while the acceleration of anodic polarization is called depolarization.

Chlorine ions play the role of anodic depolarization. It is tough to find FeCl2 in the

presence of chloride ions in concrete [57]. This phenomenon is due to the fact that

FeCl2 is soluble and can form Fe(OH)2 precipitation. When it diffuses into concrete

and encounters OH-, these Fe(OH)2 precipitation undergo further oxidation to form

rust. Accordingly, chloride ions play an important role in transport, yet not be

consumed. In other words, the chloride ions entering the concrete will play a

destructive role again and again, which is also one of the hazard characteristics of

chlorine ion.

O4HFeClOH42ClFe 222
-2 

O2H2H2ClFe(OH)OH4FeCl 2
-

222  

(4) Electric conduction

One of the critical elements of corrosion cell is to have the ion channel. The

existence of chloride ions in concrete strengthens the ion channels and reduces the

ohmic resistance between the anode and the cathode [58]. Thereby, the improved
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efficiency of corrosive cells accelerates the electrochemical corrosion process. In

addition, the chloride improves the moisture absorption of the concrete, which can

also reduce the ohmic resistance between the anode and the cathode.

2.3.2 Rust layer, crack width and morphology

On the microscopic level, the corrosion of the concrete protection layer is caused

by corrosion products of the steel bars. Therefore, quantitative studies on the

distribution of corrosion products (rust layer, rust-filled region) are urgently needed.

On the macroscopic level, it is necessary to study the formation and development of

rust expansion cracks, crack morphology, and surface crack width. Therefore, this

article will elaborate on the existing research status from these three aspects.

(1) Research on corrosion product distribution of reinforced concrete interface

Wong et al. [59] used the CL (corrosion layer) to describe the rust layer formed

by the corrosion products accumulating at the steel/concrete interface; the CP

(corrosion-filled paste) was used to describe the "rust-filled region" formed by filling

the pores of the concrete surrounding the reinforcement. Dry and wet accelerated

corrosion method was used to obtain specimens with different rust conditions. After

encapsulation with epoxy resin, the specimens were sectioned to obtain observation

specimens. SEM was used to observe the microstructure of the steel/concrete interface

in the back-scattering (BSE) mode. At the same time, X-ray energy spectrum analysis

(EDX) was used to quantify and characterize the elements at the steel/concrete

interface. The presence of CP in the rust-filled region was confirmed by SEM

observations. At 200× magnification, nearly 100 testing points were uniformly

selected for each sample. The average thickness and corrosion rate of the rust layer

and rust-filled region of each sample were measured, as shown in [59]. It can be seen

that as the corrosion of reinforcing bars increases, the thickness of the rust layer

increases significantly. However, the thickness of the filling area remains constant,
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approximately 100-200 mm.

Michel et al. [60] used the CAR (corrosion accommodating region) to describe "

rust-filled region". The test used the method of electricity to accelerate the cracking of

reinforced concrete specimen (current density controlled at 250 μm/cm2). The test

verified the feasibility of the X-ray test technique and used it to monitor the formation

of corrosion products and rust expansion cracks. The test results also confirmed the

existence of "rust-filling region", and found that the thickness of the rusted product

filling area increased with the rust variation. In addition, the test results also showed

that with the intensification of corrosion, corrosion products accumulate at the

interface of steel/paste and produce rust-inflated tensile stress on the surrounding

mortar. During this process, the corrosion products do not fill in the rust expansion

cracks.

Car et al. [61] used an optical microscope and SEM combined with energy

dispersive spectroscopy (EDS) to observe the rust distribution at the steel/concrete

interface of specimens that were electrically accelerated and rusted. At the same time,

the digital image correlation method was used to measure the displacement field at the

interface to study the effect of corrosion products on the cracking of the protective

layer. The test accelerated the deterioration of the sample containing chlorine salt by

means of electrification accelerated corrosion. The specimens were observed at a

different stage (0 h, 10 h, 45 h, and 76 h) of the energization. And the existence of the

"rust-filled region" was once again demonstrated. The test results also found that the

method of accelerated rusting by electricity does not change the morphology of the

rust layer. In addition, the measurement of the sample rust layer at four different

energization times revealed that the thickness of the rust layer changed linearly with

the energization time. However, the test did not measure the thickness of the

"rust-filled region". During the energization process, observation of the displacement

field at the steel/paste interface showed that the displacement field was continuous

between 0 h and 3.5 h after the accelerating corrosion. At this time, the radial
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displacement of the mortar is the same as that of the steel bar. However, when the

power is applied for 3.5 h, discontinuous displacement occurs. At this time, the radial

displacement of the mortar is larger than that of the steel bar. This also indicates that

the corrosion products begin to develop rust stress on the surrounding mortar after

filling the pores near the interface.

Jaffer et al. [62] also studied the composition and distribution of corrosion

products under the coupling of chlorine salt erosion and load using SEM combined

with EDS. In the testing, the observations of ordinary silicate concrete specimens

were performed by slice observation. And EDS analysis method was used to analyze

the elemental composition of 12 measurement points at the steel/concrete interface.

Once again proved the existence of "rust-filled region". In addition, observations were

made at the steel/concrete interface in backscatter (BSE) mode. Six measurement

points were selected for EDS spectroscopy analysis. The result shows steel/concrete

interface can be divided into five parts: steel, solid precipitate, oxide scale, mortar rust

mixing zone, and concrete.

Itty et al. [63] used X-ray micro-CT (CT) methods to monitor the formation and

development of rust products and rust expansion cracks in real time. In the test, the

accelerated deterioration of the test piece was accelerated by the method of electrified

accelerated corrosion (the sample was placed in a 3.5% mass fraction of NaCl

solution, and the current density was controlled at 5 mA/cm2). In the process of

electrification, the steel corrosion potential was estimated by monitoring the potential

of steel bars. In the testing, carbon steel specimens and ferritic stainless-steel

specimens were separately monitored at different energization times to observe the

formation and development of rust products and rust expansion cracks. The

observations all showed that the corroded product would not be filled with corroded

cracks before the corroded cracks penetrate the concrete protective layer. This also

showed that the third stage of the three-stage theory [46, 47] of rust cracking was not

necessary.
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Yu [64] accelerated the deterioration of cylindrical specimens by means of an

accelerated corrosion method. The specimens were placed in a 3.5% NaCl solution

and the current density was controlled at 300 mA/cm2. After slicing and grinding,

SEM combined with EDS was used to observe the distribution of corrosion products

at the steel/concrete interface and the filling of rust products in the rust expansion

cracks. The test results showed that during the energization process, the corrosion

product did not fill the cracks before the corrosion cracks penetrated the concrete

protection layer. In addition, the results also showed that the reinforced concrete

interface could be divided into four parts: steel rebar, galvanized rust, millscale and

concrete. The study did not propose the concept of "rust-filled region". This may be

because the specimen was not sufficiently ground. Therefore, the results of the energy

spectrum analysis did not distinguish the concrete from the "rust-filled region".

However, the presence of "rust-filled region" can be clearly seen from the picture of

the interface photographed in a backscattering mode in the literature.

Wu [65] used SEM combined with EDS to study the corrosion of reinforced

concrete specimens accelerated by wet and dry cycles. The distribution of corrosion

products at the steel/concrete interface was observed and the distribution of

"rust-filled region" was quantitatively studied. In addition, the filling of rust products

in rust expansion cracks was also studied. The specimens were wet and dry for 2 years

in an artificial climate chamber. After the specimens were ground and polished, the

specimens were observed. The observations showed that the steel/concrete interface

could be clearly divided into five parts: steel rebar, rust layer, oxide scale, CP, and

concrete. In addition, in the electron microscope observation process, 80 measurement

points were uniformly selected around the steel rebar. The thickness of the rust layer

and rust-filled region at each measurement point were measured and grouped

according to the thickness of the rust layer. After finding the average thickness of the

rust layer, it was found that when the rust level was light, the average thickness of the

CP increased by the thickness of the rust layer. When the thickness of rust layer was
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more significant than a specific value, the average thickness of CP had no obvious

growth trend. The study also studied the distribution of rust products at cracks. It was

found that rust was attached to the edge of the rust expansion cracks. However, there

was no rust filling in the rust expansion cracks, which further confirmed that the rust

expansion cracks penetrated the concrete surface. Corrosion products do not fill in the

rust expansion cracks conclusion.

(2) Research on Non-uniform Rust Layer Distribution in Reinforced Concrete

Section of Concrete

Li [66] sampled and tested the concrete wall surface, analyzed the rust shape of

the steel bar and concluded the regularity of the shape change. The shape of the rebar

was not circular shape after corrosion. Its outer contour line was similar to the

elliptical shape. The higher the corrosion rate on the side near the protective layer, the

less on the other side. Based on this, a mathematical model of the elliptical outer

contour was proposed to analyze the expansion force of the rusted product.

Xu [67] designed a new accelerated corrosion testing scheme. The corrosion and

cracking of concrete protective layer caused by uneven corrosion of steel rebar in

chloride ion environment were studied. The appearance of obvious pits on the surface

of the steel bars after rust was found during the corrosion process. The corrosion of

the steel reabr on the cover side was more severe and there was noticeable

non-uniform corrosion. This study also measured the steel corrosion rate at the time of

the corrosion cracking of the concrete protective layer. Through the statistical analysis

to establish the fitting formula of the corrosion rate, the concrete strength, steel bar

diameter and protective layer thickness. He pointed out that the relative thickness of

the protective layer was to determine the concrete cracking moment reinforcement

corrosion rate of the main influencing factors.

Yuan [68] used digital video microscopic measurement system to observe the

distribution of rust layer on the steel surface of rust specimens. The formation,
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development and mesostructure of rust layer were studied. The distribution rules of

the corrosion amount of reinforcing bars in concrete were revealed. Moreover, the

thickness distribution curve of rust layer before and after the corrosion cracking was

obtained. Before corroded cracking, the amount of corrosion of the steel bar was

basically distributed on the half of the steel bar facing the concrete protective layer.

The amount of corrosion of the steel bar facing away from the protective layer was

negligible. Therefore, the semi-elliptical model curve was in good agreement with the

actual rust layer curve. After corrosion expansion and cracking, the corrosion rate of

steel rebar gradually develops to the side of the protective layer. The distribution of

the rust layer on the circumferential surface of the steel bar could be divided into two

parts. The semi-elliptical model could be used near the protective layer, and the

uniform rust model could be used on the other side.

Liu [69] improved the experiment of Li [66] and believed that the remaining

steel profiles after corrosion of the steel bar also approximated the elliptical shape.

Therefore, a double elliptical mathematical model of steel rust corrosion contour was

proposed to correct the corrosion of the edge reinforcement. Combined with the shape

of the corrosion of the corner rebar obtained by the test, a dual-ellipse corrosion

model for the corrosion of the corner rebar was established. The model is suitable for

corrosion of corners and edge reinforcements. According to the model, the

displacement model of the concrete protective layer was established, and the finite

element analysis of the corrosion expansion of the steel was performed.

Du et al. [70] used microscopic numerical analysis methods to investigate the

corrosion cracking of the concrete protective layer due to the volume expansion of the

corrosion products of the steel bars. In this study, the half-ellipse model proposed by

Yuan [68] to describe the distribution of non-uniform rust layer was used to simulate

the non-uniformity of rust product swelling. It compared with the situation of uniform

corrosion. They found that compared to uniform corrosion, the non-uniform volume

expansion of the rusted product was more likely to cause corrosion cracking of the
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concrete protective layer. In addition, the influence of the diameter of the steel bar, the

thickness of the protective layer and the position of the steel bar on the non-uniform

volume expansion of the rusted product were also analyzed. The study indicates that

the influence of steel bar diameter on the cracking mode of concrete is small. But the

larger the diameter, the more likely it will cause cracking of the concrete. The more

the thickness of the concrete protective layer, the more the critical amount of

corrosion that causes the protective layer to crack. The more severe the non-uniform

corrosion of the corner rebar, the more likely it will cause cracking of the concrete.

Xu et al. [71] accelerated corrosion of hot-rolled rebar by wet cycling. The

surface profile curve of steel bar under different corrosion rate was measured by

single spike percentage scale. Statistical analysis and fractal calculation were both

used for it. The results showed that the corrosion pit distribution of corroded steel

rebar exhibited uneven characteristics under chloride environment. Moreover, the

surface profile of the corroded steel bar was in line with normal distribution. The

corrosion rebar exhibited uneven distribution on the surface corrosion profile and

profile curve.

Zhao et al. [72] used SEM and EDS methods to study the corrosion of reinforced

concrete specimens accelerated by wet and dry cycles. They studied the distribution of

rust layers at the steel/concrete interface. The test specimen was wet and dry in an

artificial climate chamber for 1 year. After the sample was ground and polished, the

steel/concrete interface was observed under the scanning electron microscope back

spalling mode. 60 measuring points were evenly measured to calculate the thickness

of rust layer. The relative coordinates of the measurement were recorded. The

relationship between the relative coordinates and the thickness of the rust layer was

established, and the data points were fitted using a Gaussian model. It was found that

Gaussian model could describe the non-uniform distribution of corrosion products

around the steel rebar. In addition, the study also used Gaussian models to fit some of

the data in the literature. Therefore, the study showed that the Gaussian model could
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describe the non-uniform distribution of rust products well.

(3) Study on the width and morphology of corrosion cracking

Vidal et al. [73] conducted experiments on two reinforced concrete beams

subjected to dry-wet cycles in the chloride environment for 14 years and 17 years

respectively. The weight loss method was used to measure the section loss at different

positions of the reinforcement. Moreover, the concrete surface crack width at the

corresponding location of the reinforcement was measured. After the data points are

fitted, the relationship between the crack width and the loss of the steel bar section is

obtained.

Based on the research of Zhang [74] studied the reinforced concrete beams in the

14 and 23 years under the condition of ammonia salt respectively. The thickness of

corroded crack and the average corrosion loss of steel bar section were measured.

After introducing the assumption of uniform rust, the relationship between the

average corrosion loss of steel bar section and the crack width was established.

Xia [75] used the "electro-seepage constant current-cycle" method to accelerate

the corrosion of beam. By observing the cracks on the surface of the beam, it is found

that there are two primary configurations of the rust expansion crack. One is the

multiple-face cracking type; the other is a single crack type. Moreover, the crack

width of concrete surface is measured respectively. Moreover, according to the results

of Vidal [73], the crack width is developed rapidly in the initial stage of rust

expansion crack development. After the expansion cracks appear, the width of rust

crack increased slowly with the increase of rust degree. Therefore, a logarithmic

model describing the corrosion rate and the crack width of rust expansion is

presented.

Wang [76] accelerated the degradation of the prismatic specimens by applying a

rapid current rusting method. The data points were fitted by measuring the crack
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width and rust amount of the test specimens. The relationship between the crack width

of the concrete surface and the corrosion depth of the steel bar was established.

Yu [77] studied the reinforced concrete specimens with a deterioration of 2 years

in the artificial environment. After slicing and polishing, he analyzed the rust filling

condition and the development of rust expansion crack in the rust expansion crack by

digital microscope. The measuring function of the digital microscope was used to

measure the total width of circumferential fractures at different positions. The data

points were analyzed, and the relationship between the total width of the

circumferential fractures and the location is established.

2.3.3 Research status of corrosion-induced cracking in RAC

The RCA produced by crushing waste concrete contains about 30% hardened

cement mortar. Most of these cement mortars form a separate block and a small

amount adheres to the surface of natural aggregates. As a result, the recycled

aggregate has many edges and corners, rough surface, low density, high water

absorption, and weak bonding ability. Also, the accumulation of damage during the

regeneration and destruction of abandoned concrete blocks will cause a large number

of microcracks inside the recycled aggregate. Research on recycled aggregates shows

that compared with natural aggregates, recycled aggregates have a higher porosity,

lower density, higher water absorption, and lower aggregate strength. These may lead

to the difference between RAC in concrete strength, pore structure, cracking

performance, and ordinary concrete. Thus, the corrosion cracking process of RAC

shows new features.

In recent years, many scholars have conducted a series of studies on the

durability of RAC. Most of these studies [77-81] focused on durability-related

properties of RAC regarding impermeability, abrasion resistance, freeze-thaw

resistance, sulfate resistance, and carbonation resistance. Research on the process of
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rusty concrete cracking of RAC is relatively rare, especially the lack of research on

the mechanism of rust cracking.

In this study, we mainly introduce the research results of experimental research

and model establishment related to the rust cracking process of RAC. Also, the

research on the durability of RAC is also studied. Although these studies are not

directly related to the rust cracking performance of RAC, the results are of reference

value to the rust cracking performance of RAC.

Marinković and others [82] used RCA made of waste concrete to produce RAC

with a regeneration replacement rate of 50%, and NAC was set as a control group.

After the curing period of the concrete specimen, carbonization test and corrosion rate

measurement were followed. The results of the study found that with the reduction of

the standard curing age, the carbonation depth of RAC increased dramatically, and at

the same time, its ability to resist corrosion of steel bars also decreased. In addition,

the corrosion rate of rebar in RAC was greater than the corrosion rate of rebar in

ordinary concrete. Under the same test conditions, the rebar in ordinary concrete was

free of rust, while the rebar in reclaimed concrete had a large rust weight loss rate and

obvious rust.

Corinaldesi [83] changed the replacement rates of different water-cement ratios

and recycled aggregates, studied the corrosion of steel bars in RAC and compared

them with NAC. The testing was carried out by immersing the test piece in saline to

accelerate the corrosion of the test piece. Electrochemical linearization method was

used to compare the corrosion current density of steel rebar in NAC and RAC. The

research results showed that under the same conditions, the corrosion rate of rebar in

RAC was higher than that of NAC. As the water-cement ratio increased or the

replacement rate of recycled aggregates increased, the corrosion rate of rebar in RAC

increased.

Rea et al. [84] designed four concrete mixes with different mix ratios. The
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replacement rate of the recycled aggregates and the admixture were controlled, and

the effect of the substitution rate and the additives on the corrosion of the steel bars

was studied. The results of the study indicate that the increase in the replacement rate

of recycled aggregates increases the incidence of steel bar corrosion. The addition of

suitable additives can slow the corrosion rate of the steel to a certain extent, such as

silicon powder and fly ash added during the test. This may be because a suitable

admixture can increase the compactness of the internal microstructure of the concrete

and optimize the internal pore structure, thereby affecting the rust cracking

performance of the concrete component.

Higuera et al. [85] used the research method similar to Rea et al. [84] to study the

cracking process of RAC. The study found that compared with ordinary concrete, the

rebar in RAC started to rust earlier. Adding reagents to RAC can delay the corrosion

time of steel bar and reduce the corrosion rate of reinforcement. The main

components of fly ash and silica fume are Al2O3. The presence of Al2O3 in the test

block can significantly inhibit the diffusion of chloride ions in concrete. As a result,

the admixture plays an essential role in the corrosion process of RAC.

Salomon et al. [86] used fine recycled aggregates and RCA from dismantled

plain concrete buildings and clay brick walls for concrete applications. The

regeneration substitution rates were 0%, 20%, 50%, and 100%, respectively, and 12

sets of RAC with different recycled aggregates were obtained. Moreover, setting a set

of reference concrete that does not contain any recycled fine aggregate or coarse

aggregate as a reference. A series of tests were conducted to study the compressive

properties, water absorption, porosity, and carbonization properties of the 13 groups

of concrete. The results of the study indicate that for concrete made of RCA made of

concrete, the porosity is lowest at the substitution rate of 20%, which is lower than the

benchmark concrete without recycled aggregate. With a regeneration replacement

ratio of 50% and 100%, the concrete porosity is significantly higher than that of the

reference concrete. The water absorption of concrete shows the same trend of change.
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The replacement ratio of recycled aggregates was 20% and 50%, and the

carbonization performance of concrete was better than that of the reference concrete

and the concrete with 100% replacement ratio. The study concluded that when the

replacement ratio of recycled aggregate is 20%, the performance of the concrete is

similar to that of the reference concrete, and even better than that of the reference

concrete. Therefore, the use of a small amount of recycled aggregate to replace the

natural aggregate in the project will not affect the structural performance.

Poon et al. [87] studied the structure of the mortar/aggregate interface in concrete

with different recycled aggregates and its effect on the mechanical properties of the

concrete. Three control groups were set up in the study. RCAs made of natural coarse

aggregates, ordinary concrete, and reclaimed coarse aggregates made of

high-performance concrete were used, and the natural coarse aggregate control group

was used as the baseline group. The strength growth law of the three groups of

concrete with different coarse aggregates and the structure and performance of the

mortar/aggregate interface were experimentally studied. The results of the study

indicate that with the increase of age, the strength of concrete with RCA made of

high-performance concrete can reach the same level as the benchmark concrete. The

strength of concrete with RCA made of ordinary concrete is always lower than the

benchmark concrete. SEM scanning was used to analyze the microstructure of the

concrete. It was found that in RAC, different RCAs lead to different interface

microstructures. In the RAC prepared with high-performance concrete, the porosity of

mortar/aggregate interface is small and its structure is compact. This may lead to

differences in the strength of the two RAC.

Li et al. [88] used C30 NAC to prepare RAC. The effect of recycled aggregate on

the properties and pore structure of RAC was discussed. The replacement ratio of the

recycled aggregate was 0, 20%, 40%, 60%, 80% and 100%, respectively. Based on

the comparison of the mix ratio of the reference concrete and replacing the natural

gravel in the reference concrete with quality such as recycled aggregate. The mercury
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porosimeter was used to measure the pore structure of concrete. The results show that

the pore distribution of RAC is similar to that of the reference concrete, and peaks

appear at about 0.05 μm. With the increase of the replacement rate of recycled

aggregate, the height of the peak also increases. In addition, the average pore size and

porosity of RAC increase with the replacement rate of RCA, in other words, the

microstructure of RAC becomes looser.

From the above research, it is known that there are few studies on the rust

cracking process of RAC at present. Moreover, most attention was paid to the effect

of admixture on the process of rusting and cracking of RAC. The mechanism of the

process of rusting and cracking of RAC has not been studied from the difference of

microstructure between RAC and NAC. The research on the durability of RAC shows

that there is a significant difference between the RAC and the NAC in the pore

structure and the properties of the aggregate/mortar interface. These differences will

lead to different characteristics of rust cracking process of RAC compared with

ordinary concrete. For example, the pore structure will lead to the ability of the RAC

to accommodate the rust, and the properties of the aggregate/mortar interface will

affect the development of the rust and expansion cracks in the RAC. Therefore, it is

necessary to combine the characteristics of the RAC in the pore structure and the

properties of the aggregate/mortar interface, so as to make further research on the

mechanism of rust and to crack in RAC.

2.3.4 Summary

The current study has accumulated more research results on the mechanical

properties of RAC. However, there have been relatively few studies on the durability

of RAC structural members. Corrosion of reinforcing steel bars in concrete structures

is an important part of deterioration of the durability of components. The corrosion

product volume of steel bars is 2 - 6 times than the original steel bars [89-90]. This

causes the surrounding concrete to expand and crack. As a result, the concrete
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protection layer loses the protection of the steel bar and the concrete member enters a

rapid deterioration period. Corrosion of rebar also causes a decreasing in the bond

strength between the concrete and the rebar, which affects the synergy between them.

The reduction of the cross-sectional area of corroded steel bars will also lead to the

degradation of the mechanical properties of the components such as bearing capacity

and deformation. The combined effect of these effects will seriously affect the safety

and applicability of structural components and shorten the actual service life of the

structure.

The corrosion of reinforcing steel in RAC leads to the cracking of the concrete

protective layer is a complicated process. On the one hand, RAC is less resistant to

the intrusion of harmful substances than NAC. Therefore, when the RAC is applied to

structural components in harsh environments, harmful substances (such as Cl-) are

more likely to invade. Reinforced steel is more susceptible to corrosion. The modulus

and tensile strength of RAC are worse than NAC, therefore, this is unfavorable for

resisting corrosion and cracking. On the other hand, the porosity of RAC is greater

than that of NAC. As a result, more storage space can be provided for the rusted

product which may be advantageous for retarding the rust expansion and cracking of

the RAC [91]. Therefore, compared with NAC, the process of rebar corrosion and

concrete corrosion expansion may be more complicated. It has been shown that

compared with the NAC with the same ratio, the debuffing time of the steel bars in

the RAC under the same environmental conditions will be advanced. The corrosion

rate of the steel bars will be accelerated, which in turn will cause the surface of the

RAC with steel bars to move forward [92]. Zhao et al. [91] also studied the corrosion

cracking mode of RAC. Compared with NAC, it is observed that the corrosion crack

width of the RAC increases from the surface of the rusted steel bar to the surface of

the concrete protective layer.

Corrosion of rebar in RAC will inevitably lead to changes in the ability to work

together between concrete and corroded rebar. Tests by Etxeberria et al. [22] showed
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that the average bond strength between reclaimed aggregate concrete and corroded

rebar decreases with increasing corrosion rate of reinforcing bars. Ajdukiewicz [93]

demonstrated through a pull-out test that pull-out failure of RAC parts occurs when

the corrosion rate of steel bars is small; when the corrosion rate of steel bars is

significant, the bond failure mode changes to concrete splitting damage. The research

of Choitl et al. [94, 95] shows that with the increase of the corrosion rate in RAC, the

bond strength between concrete and reinforcing bar increases first and then decreases.

When the corrosion rate of the steel bar is small, the increase in friction caused by the

expansion of the corrosion product causes the lateral restraint of the concrete to the

steel bar to increase accordingly. This has led to an increase in the bond strength

between reinforcing steel and concrete. The higher the corrosion rate of steel rebar is,

the lower the lateral restraint effect of the concrete protective layer on the steel bar is.

[96 - 100]. Therefore, the corresponding bond strength is reduced. So far, there have

been few reports of corrosion, rust cracking, and corrosion model of RAC attacked by

chloride ions. Corresponding results have been reported and similar research work is

needed.
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At present, there are few types of research on the corrosion process of RAC

component. Most attention was paid to the effect of admixtures on the process of

corrosion and cracking of RAC structure. The mechanism of rust cracking of RAC

was not studied regarding the difference of microstructure between RAC and NAC.

The research on the durability of RAC shows that there are considerable differences

between NAC and NA in terms of pore structure and interface performance between

aggregate and mortar. These differences will lead to different characteristics of the

corrosion cracking process of recycled concrete compared with ordinary concrete.

These differences will lead to the different characteristics of the rusting and cracking

process of RAC compared with the NAC. For example, the more porous structure of

recycled concrete will lead to a stronger capacity of rust, and the performance of ITZ

will affect the development of rust expansion cracks in RAC. Thus, it is necessary to

consider the pore structure and interfacial properties of RAC when studying the

rust-cracking mechanism and process of RAC.

In this paper, macro and micro properties of RAC at different days were

experimentally studied. The nanoindentation testing technique was used to

quantitatively test the performance of different types of ITZs in RAC. In addition, the

performance of different ITZs had also explicitly been analyzed and compared, and

the reasons had been discussed. Through the contrast analysis of microcosmic

mechanical properties and geometry of ITZs in RAC and NAC, the essential reason

for the macro properties of RAC was explored. Based on the performance of the

interface, the reasons for the deterioration of the RAC macro properties inferior to the

ordinary aggregate concrete were explained. Not only that, some suggestions on

curing and using recycled concrete had also been put forward.

The corrosion of reinforced RAC components in the chloride environment had
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been accelerated by the improved electricity method. After the testing, the

thickness of different rust layers around the steel/concrete was distinguished and

measured. Based on the test results, the causes and process of corrosion of RAC were

also discussed. According to the comparison between the testing and the improved

theoretical result, the factors affecting the corrosive process of RAC were analyzed

and discussed.

To predict the critical thickness of rust layer at surface cracking of RAC cover,

classical elastic mechanics was used to analyze the macroscopic structure of RAC

components. Through the basic assumptions and force analysis, the elastic model was

verified combined with durability test results. The defects of the model were found

and the RAC was analyzed separately. Based on the analysis of the concrete

microstructure and the mesoscopic inclusion theory, the concrete was assumed to be a

four-phase composite material consisting of aggregate, mortar, ITZ, and initial defects.

The model of predicting the elastic modulus of RAC was established by two two-step

equivalent method. In the first step equivalent, the defects in ITZ and the mortar were

considered at the same time to realize the defect position distribution; In the second

step equivalence, the effect of aggregate gradation and interaggregate interaction on

the elastic modulus of RAC was considered by the multiphase inclusion equation.

Through the combination of elastic mechanics and meso-mechanics and the final

model verification, the performance of the RAC from the microscopic to the

macroscopic surface is feasible.
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4 Experimental procedures and methods

4.1 Mechanical testing of RAC

4.1.1 Preparation of materials

(1) Recycled aggregate concrete

The coarse aggregates in RAC are all from Aloisvokurkainc in Prague. From the

appearance, the RCA is mainly composed of the original crushed stone and the

adhesive hardened cement mortar. Its edges and corners are distinct, and the shape is

an irregular polyhedron. Before using recycled aggregates, it is necessary to remove

the large particles and bitumen impurities by manual screening. Then wash the clay

and dust with water and make the surface clean. The final graduation is 5-31.5 mm.

The treated regenerated aggregate is shown in Fig.2.

Fig.2 RCA
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The main performance parameters are determined according to the relative

detection method of "Pebble and Gravel in Building" (GB/T14685-2001), and the

results are shown in Table1.

Table1 Performance parameters of RCA

Kind

Apparent

density

(Kg/m3)

Maximum

size (mm)

Water

absorption

(%)

Moisture

content

(%)

Crushing

index (%)

Adhered

mortar

rate(%)

RA 2632 31.5 2.31 0.53 16.9 32.11

Water absorption is an essential physical indicator of RCA. When designing the

mix ratio, the amount of water is often adjusted according to the water absorption of

the RCA. When testing the water absorption of coarse aggregates by the method

specified in GB/T14685.2011, the coarse aggregates with water-absorbing saturated

surface should be oven-dried to a dry state. Therefore, the water absorption rate

measured by this method can be considered as the water absorption rate of the coarse

aggregate in the dry state. However, in practical applications, coarse aggregates are

often applied in a dry state. Therefore, the author of this paper believes that the

method of adjusting the water consumption of concrete with the water absorption rate

in the dry state is not scientific. The author of this article defines a new indicator for

the water absorption of coarse aggregates - natural water absorption, nw , which is

used to indicate the water absorption of the coarse aggregate in the air-dry state. The

specific test method is as follows:

Before pouring the concrete, take 3 coarse aggregate samples with 5 kg in air-dry

state respectively. Make a note of its mass 0m . These three samples were soaked in
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sufficient fresh water for 24 hours. The water level should be higher than the sample.

Removing the coarse aggregate after 24 hours. Wipe the coarse aggregate with a wet

rag to a saturated (Fig.3), dry state. Then test its quality, denoted as 1m . The natural

water absorption nw of the coarse aggregate in the air-dry state could be calculated

by the following equation:

%100
0

01 



m
mmwn (1)

The natural water absorption values of the 3 coarse aggregate samples were

taken as the natural water absorption value of the coarse aggregate in the air-dry state.

Fig.3 Natural water absorption

After testing, the RCA used in this study has a natural water absorption rate of

2.31% for 24 hours and a regular water absorption rate of 1.3% for NCA for 24 hours.

The natural water absorption of RCA is significantly higher than that of NCA. This is
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mainly due to the fact that a large amount of old mortar adheres to the surface of RCA.

The old mortar itself is porous and easy to absorb water, resulting in the overall high

water absorption of RCA.

(2) Natural coarse aggregate

The natural coarse aggregate (NCA) is limestone gravel with a continuous

grading and a gradation of 5 - 31.5 mm. The main performance indicators are shown

in Table 2.

Table 2 Performance parameters of natural coarse aggregate

Species

Apparent

density

(Kg/m3)

Maximum

size (mm)

Water

absorption

(%)

Moisture

content (%)

Adhered

mortar

rate(%)

NA 2658 32.1 1.30 0.48 12.90

(3) Fine aggregate

The fine natural aggregate is natural river sand with a gradation of medium sand

in the I zone. Its primary performance indicators are shown in Table 3.

Table 3 Performance parameters of fine natural aggregate

Kind
Apparent density

(Kg/m3)

Maximum

size (mm)

Fineness

modulus

Water

absorption

(%)

River sand 2687 4.65 2.73 1.24
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(4) Cement and water

The test cement uses P.O42.5R portland cement. The main quality parameters are

shown in Table 4. The concrete mixing and maintenance water are drinking tap water.

Moreover, the test result meets the technical requirements specified in the "Concrete

Water Standard" JGJ63-2006.

Table 4 Physical and mechanical properties of cement

Kind
Fineness

(%)
Stability

Setting time

(min)

Flexural strength

(MPa)

Compressive

strength (MPa)

Initial

setting

Finial

setting
3d 28D 3d 28D

P.O 42.5R 0.9 Qualified 165 238 5.7 9.1 30.3 55.1

4.1.2 Mix proportions

To study the effect of RCA substitution rate on micro and macroscopic material

properties of RAC. In the design of mix ratio, 5 kinds of RCA substitution rate were

designed: 0%, 14%, 28%, 42% and 56%. The water absorption rate of RCA is higher

than that of RCA. In order to ensure good workability of RAC, the unit water

consumption of RAC is artificially increased in the design of mixture ratio. In this

study, the natural water absorption rate of RCA in the dry state of natural gas was nw

in the determination of the increased consumption. As mentioned above, the RCA in

this study is 1% larger than that of NCA ( nw ). The water consumption of RAC in unit

volume is more than that of NAC in the design of mix ratio: the quality of RCA is
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x1.0%. The mixture ratio design of 5 groups of RAC with different substitution rate in

this study is shown in table 2.1. The design strength of concrete is 40MPa. In table 5,

RAC0% is NAC, and RAC28% is RAC with a substitution rate of 28%.

Table 5 Mixture properties of concrete in this study

Type of

RAC

Component (Kg/m3) 28D Compressive

strength (MPa)

56D Compressive

strength (MPa)Cement Water Sand NCA RCA

RAC0% 430 183 730 1118 0 40.4 52.5

RAC14% 430 183+3.5 730 961 157 38.9 49.7

RAC28% 430 183+5.1 730 805 313 35.6 48.8

RAC42% 430 183+6.7 730 648 470 29.8 38.2

RAC56% 460 183+9.3 730 492 626 26.2 35.1

Normal Mixing Approach (NMA), a very traditional mixing method of concrete,

is first charged with one half required coarse aggregate, sand and cement, then with

the remaining coarse aggregate, and finally desired water is added quickly before

operating the pan. On the contrary, TSMA divides the mixing procedure into two parts

by proportionally combining the required water into two parts and adding them at

different times. Fig.4 shows the NMA and TSMA mixing approach. Through the

research of [6], we have learned that 20% RACs of the 28-year-old concrete can get

21.19% enhancement of strength.
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(a)NMA (b)TSMA

Fig.4 Mixing approach

The concrete mixer, shown in Fig. 5, is used for concrete production, and the

feeding sequence is two stage mixing method. The order is: (a) Firstly, put the sand,

recycled aggregate/natural aggregate into the mixer, dry mix 1 minute; (b) Half of the

water was added to the mixer together and stirred for 1 minute; (c) Add cement and

stir for 30 seconds; (4) Add the remaining half of the water to dry for 120 seconds.

Fig.5 Concrete mixer
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Amount of concrete with 5 kinds of replacement rate of fresh stirring was

respectively taken. The slump of fresh concrete was tested according to the

requirements of the standard of the test method for mechanical properties of NAC

(GB/T 50081-2002). The slump of RAC-0%, RAC-14%, RAC-28%, RAC-48% and

RAC-56% three groups of fresh concrete are 58mm, 60mm, 59mm, 70mm and 63mm.

RAC with a regeneration rate of 48% is the biggest slump, followed by RAC with a

substitution rate of 56%, the slump of NAC is the lowest.

The slump indicates that RAC is better fluidity than NAC. In the design of

mixing ratio, considering the adverse effect of large water absorption rate of RCA on

a slump, this study artificially increases the amount of reclaimed aggregate concrete.

Theoretically speaking, if all the increased water consumption is absorbed by RCA,

the free moisture content of 5 groups of concrete in this study will be equal. Moreover,

the slump of 5 groups of concrete should be equivalent.

However, in the present study, the natural water absorption rate of the reclaimed

coarse aggregate was measured at 3.5 minutes, which was about 0.9%, which was

significantly lower than its 24 h water absorption (2.31%). In concrete mixing, the

mixing duration is about 3.5 minutes. Therefore, during the mixing period, only part

of the additional water used in the RAC will be absorbed by the RCA during the

agitation process (approximately 0.9% x RCA mass). The other part of the water was

left unabsorbed in the cement mortar. As a result, the amount of free water in the RAC

is greater than that of the ordinary concrete, and the flowability of the corresponding

fresh RAC will be better.

In addition, since water was added last in this study, it is possible for water to be

initially absorbed by the cement to form a cement slurry because of the best

hydrophilicity of the cement. Clearly, the RCA absorbs water from the cement slurry

at a slower rate than the pure water environment tested for water absorption.

Therefore, even after the concrete is stirred, the water absorption of the recycled



Li Wei. Mechanical behaviors of recycled aggregate concrete reinforced by steel rebars

Dissertation thesis. VŠB-Technical University of Ostrava, 2018.

41

coarse aggregate may not even reach 0.9% of its water absorption rate in the pure

water environment for 3 min. Moreover, leave the more free water. Based on the

above analysis, the amount of water added to the RAC is not absorbed during the

stirring process. Residues in the new cement mortar increase the free water content of

fresh RAC, which in turn makes the slump of the RAC greater than that of NAC.

The slump of concrete with a 56% replacement ratio of RAC was slightly lower

than that of concrete with a substitution rate of 14%. This may be due to the large

amount of RCA in concrete with 56% substitution rate. The RCA itself has the

characteristics of sharp edges and rough surface. The influence of this factor on slump

loss exceeds the effect of increased water consumption on slump increase, making

RAC-56% liquidity worse than RAC-14%. The effect of increased water consumption

on the microscopic and macroscopic properties of RAC will be discussed in depth.

After the test specimen is poured, it is maintained in water for 28/56 days to ensure

sufficient water supply.

4.1.3 Experimental method

In this study, the modulus of each phase material (aggregate, mortar, ITZ) of 5

sets of concrete was tested by Hysitron 950 nanoindentation. The results of dot matrix

indentation test in different interfacial transition regions are also presented. The

thickness information of 5 types of ITZ at different days was statistically analyzed.

Compared with the conventional nanoindentation tester, the Hysitron 950

nanoindentation tester used in this study has a high-resolution optical microscope,

which can achieve more accurate optical positioning in the nanoindentation test area.

The working parts of the Hysitron 950 nanoindentation tester, the indenter, and the

optical display mirror, are shown in Fig.6. According to the mechanical properties of

cement-based materials, in the study of the nanoindentation test for three kinds of

concrete phases, the pressure head used is triangular cone diamond Berkovich
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pressure head, and the loading direction is vertical when it is pressed into the

cement-based material.

The Hysitron 950 nanoindentation tester used in this study was equipped with a

high-resolution optical microscope compared to the regular nanoindentation tester. As

a result, a more accurate optical positioning of the nanoindentation test area can be

achieved. The working parts of the Hysitron 950 Nano Indentation Tester - the

indenter and the optical zoom lens are shown in Fig.6. According to the mechanical

properties of cement-based materials, in this study, 5 indentations of each phase of the

concrete were subjected to a nanoindentation test. The indenter used was a triangular

conical diamond Berkovich indenter, and its loading direction was vertical when

pressed into the cement-based material.

Fig.6 Hysitron 950 nanoindentation

4.1.4 Preparation of specimens

In this study, the indentation test method was used to test the modulus of each

type of ITZ and new/old mortar in the 5 groups of concrete. The nanoindentation test
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requires a higher surface flatness of the sample. Smaller sample size is more

accessible to perform surface processing to obtain a nanoindentation test sample that

satisfies the requirements. Therefore, the concrete test block needs to be finely cut

first. First, a large-scale cutter was used to cut a 150 mm concrete cube into thin

sheets having a thickness and width of about 10 mm. Then, on a precision cutting

machine, medium-speed cutting was used to cut the thin concrete slab to a thickness

of about 5 mm. The sectional area was approximately 10 × 10 mm pieces. As the

concrete was being cut, water was used as a coolant and a lubricant to stop the

hydration of the concrete at a specific test age. The cut concrete specimens were

immediately immersed in absolute ethanol. The cut-out concrete specimens were very

thin, and the anhydrous ethanol can quickly penetrate into the concrete pieces to

displace most of the free water in the concrete specimens and stop hydration. In order

to make the hydration more thorough, it was soaked in absolute ethanol for 12 hours.

Then, removing the small concrete sample, placing it in an oven and heat it at 45 ℃

until the mass of the small sample did not change.

The surface roughness of the cut concrete sample cannot reach the standard of

nanoindentation test. Therefore, the surface of the concrete sample must be carefully

grounded and polished. Grinding and polishing have three primary purposes: (a) to

obtain the surface of a concrete sample that is as smooth as possible; (b) to make the

test results repeatable; (c) to minimize the fluctuation of the test results. Because

concrete is a relatively brittle material, its internal structure is easily damaged during

grinding and polishing. Therefore, before the polishing and polishing, the surface

coating of the concrete must be treated with epoxy. This not only facilitates the

operability of the grinding and polishing but also because the epoxy resin infiltrates

into the pores of the surface concrete to support the concrete structure. Surface

treatment with epoxy resin and subsequent grinding and polishing steps are as

follows:

(a) The concrete specimens coated with epoxy resin were ground, and the
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automatic grinding machine is used for grinding (Fig.7). A series of sandpaper with

different granularity--280 (51.8 lm), 800 (22.1 lm), 1200 (14.5 lm) and 1500 (12.2 lm)

were fixed on the grinding disc of the grinder by the metal card edge and was grinded

at low speed. In each level of sandpaper, the concrete test block grinded for 5-8

minutes. In the process of grinding, water as a coolant played a role in cooling and

lubrication.

(b) The sandpaper was replaced with different discs, and the concrete was

graded and polished progressively. The polished wafers with the roughness of 6 μm, 3

μm and l μm were polished at low speed. The polishing time of each polishing stage

was over 20 min.

(c) The polished concrete microscopic specimen was ultrasonically bathed in

ultrasonic equipment for 10 minutes. Grinding and polishing slurry particles

remaining on the surface of the sample during grinding and polishing were removed.

Then, the concrete sample was placed in an oven and dried at 50 ℃ for 12 hours.

After removing the sample, it was stored in a closed container for use in

nanoindentation testing.

The concrete sample finally obtained for the nanoindentation test is shown in

Fig.8.
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Fig.7 Polishing and grinding for concrete

Fig.8 Concrete samples prepared for nanoindentation tests.

4.1.5 Nanoindentation test

The nanoindentation test in this study used a single loading and unloading. When

the indenter touched the specimen surface, the load increased from 0 to 500 μN per

second to a maximum load value of 1000 μN. After holding for 5 seconds, the
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pressure pin was gradually raised to reduce the load from 1000 at 0 μN.

There is only one kind of ITZ in NAC, namely ITZl between natural coarse

aggregate and new mortar. The RAC also contains ITZl, which is located between the

natural coarse aggregate and the new mortar, or between the old natural coarse

aggregate and the new mortar where the old mortar peeled off. Also, there is an old

interface (ITZ2) between the old natural aggregates and the old mortar in RAC.

Besides, a new interface (ITZ3) is also formed between the old mortar and the new

mortar.

In order to obtain the information of the size and modulus of the ITZs, the width

of the indentation area should be guaranteed. To ensure that the size and modulus

information of the test can be obtained. In this case, it can cover not only the ITZs but

also adjacent two phases. In the 3 types of ITZs studied in this study, the area and size

of the indentation regions are l50×l00 μm when conducting nanoindentation tests. The

nanoindentation lattice in the indentation region is also the same. The indentation dot

matrix on the indentation area of l50×l00 μm is 30×10 dot matrix. The distance

between the transverse points in the indentation lattice is 5 μm, and the distance

between the vertical points is 10 μm. The transverse and vertical distance between

two adjacent points is larger than the size of the indentation point itself, which can

avoid the interaction between indentation points and the indentation results, as shown

in Fig.9.

In RAC, the old cement mortar attached to the old natural aggregate may be the

weak part of the concrete in addition to the type and quantity of ITZs. In this study, in

order to obtain the microscopic mechanical properties of the attached old mortar and

compare with the micromechanical properties of the new mortar, 5-8 indentation

points with 30×30 μm was randomly selected on the old mortar and the new mortar in

the 5 groups of RAC. Indentation tests were performed on each indentation area

according to the dot matrix of 4×4 μm, as shown in Fig.9. In this study, the
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nanoindentation modulus of RAC in new and old natural coarse aggregate was tested

and compared with mortar performance. The shape, area and lattice design of the

nanoindentation region on the new and old natural coarse aggregate were consistent

with those on the new and old mortar.

 

Fig.9 Indent matrices on different phases

It can be seen from SEM that there is a thin strip with the white structure

between the old mortar and the new mortar, as shown in Fig.10. The Striped

carbonization product can be called a "denser zone". This area, according to analysis,

may be caused by the carbonization of the old mortar surface, that is, the long-term
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contact between the surface of the old mortar and the carbon dioxide in the air. The

unhydrated Ca(OH)2 reacts with the CO2 to produce a more compact CaCO3. The

reaction equation is shown in the equation. The "dense zone" is not part of the ITZ3.

OHCaCOCOCa(OH) 2322 

Fig.10 “Denser zone” between the new and the old mortars in RAC

According to the test data obtained from nanoindentation test, the modulus of

each indentation point in the indentation region can be obtained by using equation (2).

2
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where, the elastic modulus iE and the Poisson's ratio iv of the indenter were 1140

GPa and 0.07 respectively; the Poisson's ratio of the test material, mv , could be taken
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as 0.2 according to experience; the reduced the modulus, rE , was obtained by

nanoindentation test.

After measuring the modulus of the points in the indentation lattice, the

Contour-colour fill function in the Origin software can be used to obtain the modulus

distribution in the different indentation regions. According to the mutation of modulus

in the modulus distribution, the left and right boundary of ITZ in the indentation area

can be obtained. Moreover, then the thickness information of the ITZs in the

indentation area can be obtained. Due to the high cost of nanoindentation testing time,

only the samples of 28 days and 56 days of the representative age were selected for

nanoindentation test. 3 to 5 samples were selected for each ITZs of each group of

concrete at each age. The average value was taken as the thickness of ITZs in the

concrete. The approximate probability distribution curve of the modulus data can be

obtained by the statistical analysis of the indentation test results of 3 to 5 samples at

each type of ITZs at each age and group. Then we can determine which distribution

pattern of the modulus generally satisfies. Based on this, the confidence intervals for

each type of interface transition region under a higher confidence level (set to 90% in

this study) are deduced. This is used as the representative value of ITZs.

4.1.6 Compressive strength of RAC

According to the requirements of the standard GB/T 50081 - 2002, the WE 100

universal testing machine was used to test the cube compressive strength of RAC in

this study for 28 days and 56 days. Three150×150×150 mm cube blocks were tested

for compressive strength of each group of RAC at different days, as shown in Fig.11.
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Fig.11 Recycled concrete cube with size 150×150×150 mm

4.2 Durability in RAC

4.2.1 Preparation of the specimen

In this study, 20mm diameter screw-thread steel rebar was used in each

NAC/RAC specimen. As shown in Fig.12, all the bottom diameter and height are 100

mm and 200 mm respectively. The rebar exposed 25 mm at both ends of the specimen

and sealed with protective paint and epoxy resin. The rebar is used in the original state

without derusting treatment. Five types of concrete with different percentages of RCA

replacement, as shown in Table 1, are used in this experiment.

Fig.12 Layout details of specimens
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4.2.2 Accelerated corrosion process

In order to ensure that the test is completed within the expected time, the dry-wet

cycling method is used to accelerate the corrosion of the specimen in this study. The

device is shown in Fig.13. The steel bar in the concrete specimen was connected with

the positive pole of the DC power supply through the conductor, and a sponge with

NaCl solution is wrapped outside the concrete test piece. The outer side of the sponge

was wound with a layer of steel wire, and the steel wire was connected with the

cathode of the DC power supply. During the power supply, the current density of the

steel surface is controlled within 300 μm/cm2 by controlling the current of the DC

power.

In order to prevent the corrosion rate of the steel bar from being excessively fast,

the entire accelerated corrosion process adopts a dry-wet cycle method. This method

takes 3 days as a cycle. After the test was carried out for 1 days, the specimen was

removed from the sponge and dried in the indoor environment for 2 days. The

accelerated corrosion process, which combines dry and wet cycle with the

electrochemical method, not only ensures the uniform corrosion of the reinforced

concrete in the concrete, but also avoids the excessive corrosion of the steel bar and

the exudation of the corrosion products with the solution. This corrosion process of

reinforcing steel in concrete is closer to the actual engineering situation.

During the test, in order to ensure that the sponge can be adequately wetted, a

small amount of NaCl solution was unavoidable at the bottom of the container. In

order to prevent rust from exuding with the solution, the 30mm length of the

reinforcing bar was painted, as shown in Fig.14.

In addition, in the process of electrified acceleration, the steel bar at the end of

the specimen was more prone to severe corrosion. To avoid this situation, epoxy resin

was used for waterproofing of two ends of concrete specimens and exposed

reinforcement. The actual specimen is shown in Fig.15.
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During the energizing period, the development of cracks in the test block was

observed every day. The power was stopped after reaching the desired degree of

cracking. For each group of concrete test specimens, 5 specimens with different

degree of rust and cracking were selected. For the selected specimens, the next step

sample preparation and the observation of rust cracking process were carried out.

Fig.13 Wetting and drying cycles combined with a constant current

Fig.14 Painting on the end of rebar
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Fig.15 The actual specimen

4.2.3 Testing setup

In the process of sample preparation, a cutting machine was needed to slice the

specimen. In order to avoid the producing of new cracks in concrete blocks, especially

in the process of cutting and sample preparation. Low viscosity epoxy resin was used

to seep into the cracks from the side of the test block. In the process of cutting, it is

found that for the test block with more severe cracking was complicated. The

protection of the rust swelling crack by only low viscosity epoxy resin was not

enough to ensure the integrity of the specimen in the cutting process. Moreover, the

specimen was easy to be damaged further during the grinding process. Therefore, we

should adjust the preparation work before cutting. As shown in Fig.16, the epoxy resin

from the low grade was dripped into the cracks on the side of the specimen and

protected from rust and expansion cracks firstly. For specimens with rust and

expansion cracks in multiple directions, it was necessary to wait for one direction of

epoxy resin to solidify before another fracture protection was carried out. All the

embroidered cracks were permeated with low viscosity epoxy resin, and then a low

viscosity epoxy resin with 0.5 cm-1 cm thickness was wrapped around the whole test

block to ensure the integrity of the section in the cutting process.
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The precision cutting machine was used to start cutting from one end of the test

block. The slice thickness was about 10 mm, and cutting down gradually, as in Fig.16.

Fig.16 Schematic diagram of preparation of samples for SEM observations

In order to prevent excessive corrosion of steel bar at the bottom of the specimen,

the 50 mm length of the end of the steel bar was painted with anticorrosive paint.

Therefore, in the experiment, two slices from the bottom of each specimen were not

observed. For the slices obtained by cutting, the precision grinding and polishing

machine was used, so as to obtain clear specimens with a smooth surface and

interface layer through a microscope. The final specimen is shown in Fig.17.

Fig.17 Final specimen
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4.2.4 Testing methods

In order to study the development of rust expansion cracks in RAC, it is

necessary to observe each slice produced in 4.2.3. At the same time, the rust layer

thickness at the steel/concrete interface and the crack width at the surface of the

specimen should be measured. In the observation of the digital microscope, it is

impossible to distinguish the different rust layer, so it needs to be scanned by the SEM.

The thickness of the rust layer measured by the digital microscope was then

subtracted from the thickness of the whole rust layer to give a correct rust thickness.

(a) Measurement of rust layer thickness and cracks

In the case of DC power, the steel bars in the concrete specimen were uniformly

rusted. Therefore, 12 points of uniform distribution were selected at the reinforced

concrete interface. Then, the thickness of the rust layer at each point was measured

and averaged to obtain the rust thickness of the sample. A central point was defined in

the center of rebar. The measured point was scored every 30o to obtain 12 uniformly

distributed rays from the center point. Marking with a pencil at the steel/concrete

interface, and measuring the thickness of the rust layer with SEM. For the specimen

where the crack propagated to the surface of the protective layer, the crack width on

the surface of the protective layer was measured.

(b) Measurement of surface oxide scale on steel bars

For the prepared SEM scanning specimens, the steel/concrete interface was

observed in a backscattered electron (BSE) mode using a scanning electron

microscope. EDX spectroscopic analysis was used to analyze the interface area and

analyze the composition. Through the content of iron and oxygen to determine the

presence scales of rust layer. The thickness of the rust layer was measured by the

measurement function in SEM software.
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5.1 Effect of age on compressive strength of RAC

In this test, the elastic modulus and Poisson's ratio of the press steel pad were

different from that of test block. The contact between the steel pad and the test piece

was not coated with a lubricant, so there was "constraint effect". The lateral

deformation of the middle part of the test block under the vertical load was the largest.

Before the test block was destroyed, vertical cracks appeared in the middle position of

the specimen. Moreover, cracks continuously grew along the upper and lower sides of

the slope and turned to the corner of the test block at the loading plane. As the load

continues to increase, cracks would gradually develop from the surface to the inside

of the test block. The concrete in the center expands outward, and the concrete begins

to peel off. When the final specimen was destroyed, the shape of the specimen was an

"X" four pyramid. This was similar to the final failure mode of ordinary concrete [30].

Fig.18 is the failure mode of recycled concrete block.

It was also found that most of the damage of the concrete specimens was caused

by the connection between cement stone and aggregate interface. This indicates that

the strength of the interface is lower than that of aggregate, and is destroyed first after

being subjected to external forces.
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Fig.18 Failure morphology of cubic specimens

Fig.19 shows the compressive strength of RAC with different replacement rate at

different days (28D, 56D). It is evident that the concrete with RCA has higher

compressive strength than that of control concrete. Under the same mixture ratio, all

56 days compressive strength of RAC are 20% greater than that of 28 days.

Compressive strength of control mixture RAC0% is 40.4/52.5 MPa at 28/56 days.

From these results comparison, it was found that 28 days compressive strength

decreased by 3.0%, 11.9%, 26.2% and 35.1% for mixtures RAC14%, RAC28%,

RAC42% and RAC56%, respectively than control mix RAC0%. At 56 days, decrease

in strength was 5.3%, 7.0%, 27.2% and 33.1% for RAC14%, RAC28%, RAC42% and

RAC56% mixes, when compared with RAC0% (40.4 MPa) respectively. Similar

results were reported by comparative studies of compressive strength for all days in

[22,24,25], which the compressive strength decreases with the increase of RAC

content in the mixture. Through the analysis of test results in this investigation and

summarizes the conclusion from [1-29], the reason why the compressive strength of

RAC is inversely proportional to the replacement rate of RCA can be summarized as

follows:
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(a) There are a large number of ITZs in RAC, which have the relatively lower

strength compared to aggregates. Moreover, the introduction of RCA could increase

the number of ITZs, thus reducing the compressive strength of the whole RAC;

(b) The relatively high porosity of RCA causes the internal stress concentration

of specimen to be more easily occur under external loads, thus making RAC more

susceptible to be destroyed;

(c) RAC need extra water in pouring, those not fully absorbed water will dilute

the mixture ratio.

Fig.19 Compressive strength of RAC with different replacement rates

As shown in Fig.19, when the replacement ratio of RCA is less than 28%, it can

be seen that the RAC's 28 days compressive strength does not change much compared

to the control concrete. This is consistent with the conclusion obtained by [22], but the

amount of RCA is higher in this experiment. Therefore, it can be inferred that a small

amount of RCA (less than 30%) incorporated in a recycled concrete structure has little

file:///C:/Program%20Files/WindowsApps/NeteaseYoudao.18692F27B7C6F_0.0.1.0_x86__7x355j7kq8bfj/VFS/release/7.0.1.0222/resultui/dict/result.html?keyword=stress
file:///C:/Program%20Files/WindowsApps/NeteaseYoudao.18692F27B7C6F_0.0.1.0_x86__7x355j7kq8bfj/VFS/release/7.0.1.0222/resultui/dict/result.html?keyword=concentration
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effect on its overall performance.

5.2 Microscopic properties of RAC at different days

5.2.1 Thickness of ITZs

As shown in Fig. 20, the Origin software was used to process the modulus of

each point in the indentation lattice corresponding to the different ITZs in this study.

Therefore, the modulus distribution cloud map on the transition area of the test

interface was obtained. As shown in Fig. 20, the different colors represent different

ranges of modulus values. It can be seen that the modulus of the ITZs is generally

lower than the material phases on both sides. From Fig. 20(a), it can clearly be seen

that a band with a more pronounced modulus appears in the indentation region at

abscissa of 60-80 μm. This ribbon is the "denser zone" observed under the high

magnification optical microscope of the nanoindentation equipment in [20,23,32,36].

In the modulus distribution cloud diagram of the indentation area, the left and right

boundaries of the interface transition area can be judged based on the color change. In

addition, the approximate thickness of the ITZs can be judged.

(a) ITZ1
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(b) ITZ2

(c) ITZ3

Fig.20 Modulus distribution map of the indentation area in ITZs
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(1) The thickness of ITZl

The width of ITZ1 (ITZ between the new/old natural aggregates and the new

mortar) is shown in Fig. 21.

As can be seen from Fig. 21, the thickness of ITZ1 for all concrete mixes

increased with the percentage of RCA. For example, comparing RAC0% and

RAC56% concretes, the thickness of ITZ1 in RAC56% is slightly larger than RAC0%

at the 28 days age (the width difference is 19μm). However, the thickness of ITZ1

gradually decreases as the growth of age [49, 52]. The RAC0% ITZ1 is reduced by

1μm while the RAC-56% ITZ1 is reduced by 3 μm from 28 days to 56days. The

decrease thickness of ITZ2 for RAC0%, RAC14%, RAC28%, RAC42% and

RAC56% from 28days to 56 days are 2.5%, 0%, 14.3%, 6.3% and 5.3% respectively.

Fig.21 Thickness of ITZ1 from different groups

The reason for the above test result is worth further analysis and discussion.

According to the high water absorption ratio of the RCA in its natural state, the mix

ratio was designed to increase the amount of water per unit volume of RAC. Due to
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the short stirring time (less than 3 minutes), the added water was most likely not

entirely absorbed by the RCA. There was still a part of the water left in the cement

mortar, which made the free water content in the new cement mortar and ITZ1 at the

early age. More blister pores were formed around the RCA, and the corresponding

ITZ1 was more porous and broader. As the age increasing, the RCA would absorb the

moisture in the surrounding mortar so that the moisture in the new mortar could

continue to be reduced. On the other hand, ITZ1 itself could continue to become

stronger and stronger with the improvement of hydration reaction. These two factors

had comprehensively affected the development of ITZl thickness [20, 27]. In this case,

the ITZl thickness of the 56 days RAC was reduced accordingly. However, it should

be noted that although the RAC0% and RAC56% obtained by the nanoindentation test

have little difference in the ITZ1 thickness at 28 days and 56 days, this geometrical

parameter does not mean that the mechanical properties of them are also equivalent. A

comparison of the mechanical properties of ITZ1 in the two concretes will be

discussed in the following sections.

Besides, the role of a significant amount of dust generated in the production of

RCA cannot be ignored. The adverse effects of dust on recycled concrete can also be

found in [34, 35]. Although some reclaimed mortar is not attached to the surface of

some recycled aggregates, it is unavoidable that a large amount of dust adheres.

Although no adhered mortar on the surface of RCA, there will inevitably be a lot of

dust adhesion. These dusts will impair the restraining effect of the old natural coarse

aggregates on the new mortar, making ITZ1 thicker and weaker.

(2) Thickness of ITZ2

ITZ2mainly refers to the interface transition zone between old aggregate and old

mortar. The ITZ2 indentation test does include RAC0% since no adhered mortar

exciting in. Effect of age on ITZ2 of RAC 14%, RAC 28%, RAC 42%, and RAC 56%

is shown in Fig. 22.
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Fig.22 Thickness of ITZ2 from different groups

As shown in Fig.22, the thickness of the ITZ2 between the old mortar and the old

natural aggregate in RAC14% and RAC56% does not fluctuate substantially.

Although there are differences in the thickness of ITZ2 between 28 days and 56 days

of RAC28% and RAC42%, the difference is not significant and does not exceed 7 μm.

It is evident that with the increasing of days, the thickness of ITZ2 is almost

unchanged with the average thickness 41.5 μm. Comparing the results of Fig. 21, it

can be seen that although both ITZ2 and ITZ1 are interfacial transition zones between

mortar and natural coarse aggregates, the time-varying properties of them are not the

same. The thickness of ITZl decreases with age, while the thickness of ITZ2 decreases

not. This result shows that the performance of the ITZ2 is time stable. There are

similar reports in [20, 30], but this is the first time to summarize two different

properties. The corresponding causes of the results can be analyzed.

Different from the newly formed ITZl, the internal unhydrated cement in ITZ2

may have been mainly consumed in the long service history. Therefore, the hydration

of cement in ITZ2 is not evident after reconstituting coarse aggregate into RAC. The

corresponding performance is not significantly improved, and its thickness does not
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decrease with age. Obviously, the performance of ITZ2 is not related to the

replacement rate of RCA. This explains the reason why the thickness of ITZ2 in RAC

is basically the same.

(3) Thickness of ITZ3

ITZ3 represents the interface between the new and old mortar in RAC, so

RAC0% is not analyzed because of the no existing old mortar. For RAC 14%, RAC

28%, RAC 42% and RAC 56%, the thickness comparison of ITZ3 at 28 days and 56

days is shown in Fig.23.

Fig.23 Thickness of ITZ3 from different groups

Fig.23 shows that the higher the replacement ratio of RCA, the more thickness of

the internal ITZ3. The reason may be due to the fact that the RAC proportionately

increases the amount of water used according to the amount of RCA when designing

the ratio. The higher the replacement ratio of RCA, the more the increased water

consumption per unit volume of concrete. Similar results were reported by [26].
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However, as mentioned before, due to the short stirring time the increased water used

in the RAC was still not partially absorbed. This situation makes more water left in

cement paste compared to NAC. Even in the early age maintenance, RCA could

continue to absorb the water in the surrounding mortar. However, the RAC with 56%

RCA may still have more increased water consumption not completely absorbed due

to the more substantial remaining water consumption. As a result, the water content in

new mortar increased and the effective water-cement ratio raised. Therefore, the

thickness of ITZ3 increased and the performance was affected. Compared with ITZ1 in

Fig.21, the thickness of ITZ3 in RAC is significantly higher. The probable reason is

that much dust is attached to the surface of the old coarse aggregate, and the ITZ3

makes the thickness of the mortar wider and the performance worse[34, 35].

5.2.2 Micromechanical properties

(1) Micromechanical properties of ITZl

In section 5.2.1, we have obtained the cloud distributions of the modulus

indentations of 5 types of RAC in different ITZs and days. In order to obtain

representative values with high reliability for each of the interface modulus, the

values of all the modulus in the cloud map corresponding from left to right boundaries

of ITZs were summed. Then the frequencies of these modulus values   falling in

each numerical range were counted. The modulus value interval is divided into

intervals of 20 GPa from 0 GPa. The frequencies of various types of interface

modulus data in 5 groups at different days sequences fall within each numerical range.

Given the large sample size of the modulus data, the frequency at which the modulus

value falls within each numerical range can be approximated as the probability of its

distribution. Therefore, the probability distribution curves of the modulus values of

ITZs in the 5 groups of RAC at 28/56 days are shown in Fig.24.

file:///C:/Program%20Files/WindowsApps/NeteaseYoudao.18692F27B7C6F_0.0.1.0_x86__7x355j7kq8bfj/VFS/release/7.0.1.0222/resultui/dict/result.html?keyword=modulus
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(a) 28 D

(b) 56D

Fig.24 Probability distribution of the modulus of ITZl at different days
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The data in Fig.24 shows that the compared modulus of ITZ1 in RAC (0% - 56%)

at 28/56 days. In the 28 days of ITZ1, it is obvious that the lower elastic modulus is

mainly exists in the higher volume fraction of RCA. The peak elastic moduli of

RAC42% and RAC56% at 20 GPa were 0.45, while the peak elastic moduli of

RAC0%, RAC14%, and RAC28% were 40 GPa correspond the probability 42%, 50%,

and 53%. However, the peak probability coefficients of 42% and 56% at 20 GPa were

decreased respectively at 56 days, the probability of elastic modulus increased at 40

GPa and above. Besides, the probability coefficient of peak elastic modulus of

RAC0%, RAC14% and RAC28% increased, but the value was not apparent.

The reason for the test result must be further analyzed and discussed combing

with the studies [20, 25 - 30] and actual situation. With the increase of days, the RCA

continuously absorbed the free moisture in the new mortar, which results in a slight

decreased in the water-cement ratio of the new mortar. On the other hand, because

RAC (14% - 56%) provided more water than RAC0%, cement and its hydration

produced in its internal ITZ1 continue to hydrate and grew faster with days. Thereby,

the pores in RAC were filled faster [22, 29]. The filling of the pores makes the

structure of ITZ1 denser to the same level as ITZ1 in RAC0%. Combined with the

results of the ITZl thickness test in section 5.2.1, increasing the water consumption

would consider the high water absorption of the RCA. It had a slight adverse effect on

the performance of ITZl at an early age. The main performance was that the interface

thickness was large, and the interface modulus was slightly lower. However, as the

age increases, this unfavorable effect would gradually decrease with the continuous

absorption of RCA and the strengthening of the ITZ1 itself. The ITZ1 performance in

RAC was comparable to that of NAC. This result also showed that the performance of

ITZ1 increases significantly at the early age. Therefore, it is essential to pay attention

to the good maintenance of RAC at an early age to ensure the rapid improvement of

ITZ1 performance. Although this conclusion has been raised in other studies[12,14,18],

they didn’t emphasize the importance of early maintenance in RAC.
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(2) Micromechanical properties of ITZ2

Base on the previous conclusion we have reached in section 5.2.1, ITZ2

performance is independent of the replacement rate of RCA. To explore whether the

performance of ITZ2 in RCA concrete changes with time. In this study, taking

RAC42% as an example for statistical analysis, the variation of ITZ2 modulus

probability distribution over time is obtained, as shown in Fig.25.

Fig.25 Probability distribution of the modulus of ITZ2 at different days

The two curves in Fig.25 are not much different, indicating that the modulus of

ITZ2 does not substantially develop over time. This result is consistent with the results

of the ITZ2 thickness test in section 5.2.1 and studies [20, 30]. The reason for the

stable performance of ITZ2 in RAC is that the RCA is often derived from building

structures that have been in service for decades. In the longer service period, the

cement in the old cement mortar has been completely hydrated, and the content of
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unhydrated cement particles is little left. Therefore, the performance of ITZ2 tends to

be stable.

In addition, comparing Fig.24 and Fig.25, it was observed that the elastic

modulus of IIZ2 is worse than that of ITZ1 under the same mixture ratio and days. The

main performance is that ITZ2 peak probability of elastic modulus is 40 GPa contrast

ITZ1 corresponding to 20 GPa in 28 days. It shows that there are more content of

pores and microcracks in ITZ1, and its performance is slightly worse than ITZ2. This

may be mainly due to the fact that the hydration reaction of ITZ1 is not complete,

which affects the overall performance of ITZ1 [14, 30,34]. However, some studies [22,

27] have yielded completely opposite experimental results. They found that early ITZ2

performance was lower than ITZ1. This was mainly due to the fact that during the

continued service of the mother concrete structure, the ITZ2 in RCA was damaged by

the load and harmful environmental factors (such as freeze-thaw, chloride salt erosion,

etc.). Although it can be seen that the stable performance of ITZ2 is not affected by the

replacement rate of RCA, other environmental factors should still be considered.

(3) Micromechanical properties of ITZ3

According to the results of nanoindentation test, the probability distribution of

elastic modulus in ITZ3 at different days is shown in Fig. 25.
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(a) 28 D

(b) 56D

Fig.25 Probability distribution of the modulus of ITZ3 at different days

As shown in Fig.25, it can be seen that the elastic modulus increased with days.
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Similar to the preference of ITZ1, the peaks probability of elastic modulus in RAC42%

and RAC56% were distributed at 20 in 28 days. However, all ITZ3 peak elastic

moduli become 40 GPa over time. As the hydration of cement continues, unhydrated

cement particles continue to be consumed thereby increasing the strength of ITZ3.

Such conclusions can also be found in [13, 20].

However, the latest research [20, 36] shows that the old mortar forms a water

film around the old mortar due to its water absorption in the early age. This results in

a relatively high effective water-cement in the ITZ3 formed around the old mortar, and

the performance of ITZ3 is adversely affected. In the later period, especially after the

28-day maintenance ended, the old mortar that had absorbed more water in the early

stage began to function as a “water reservoir” to provide sufficient water for the

surrounding cement hydration. As a result, the cement in ITZ3 is more fully hydrated.

Therefore, the mechanical properties of ITZ3 improve faster after 28 days, and its

performance is slightly better than that of ITZ1. This also explains why the 56 days

elastic modulus probability of ITZ3 in this section is higher than that of ITZ1 in Fig.

23.

In addation, this article has other different perspectives. In cement-based

materials, one of the mechanisms of formation of ITZs is stress concentration.

However, the performance difference between the new and old mortars is apparently

smaller than the difference between mortar and aggregates. Therefore, the effect of

stress concentration is relatively small, and the performance of ITZ3 formed is also

slightly better. This is one of the possible reasons that ITZ3 has a slightly better

performance than ITZ1 after long days.

(4) Micromechanical properties of new and old Mortars

Obviously, the mechanical properties of the old mortar in RAC are independent

of the replacement rate of RCA. To verify whether the mechanical properties of the

old mortar in RAC evolved with days, the RAC 42% was used as an example to plot
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the probability distribution curves of elastic moduli for 28 days and 56 days, as shown

in Fig. 26.

From Fig.26 it can be seen that the two modulus probability distribution curves

do not differ much from each other. This shows that for RAC 42% concrete, the

mechanical properties of the old mortar from 28 days to 56 days have not been

significantly improved. This is consistent with the reason why the growth of ITZ2

performance analyzed in section 5.2.1 has not developed with age [20].

Fig.26 Probability distribution of the modulus of old mortar(OM) in RAC42%

Different from old mortar, there are many unhydrated cement particles inside the

new mortar due to the short time formation. It can be predicted that the mechanical

properties of the new mortar will develop as the age increases. In addition,

considering the introduction of RCA increases the amount of water used for RAC, so

the difference in the replacement ratio of RCAs may lead to a different water use. It

can also affect the mechanical properties of new mortar in RAC. The probability
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distribution curve of the modulus for the new mortar at 28/56 days for the 5 groups

RAC is shown in Fig.27.

Comparing Fig. 27 with their corresponding values, it can be seen that the new

mortar modulus in the 5 groups of concrete increases with age. For example, when

RAC 28% is 28 days old, the probability of elastic modulus 20-40 GPa is 46.8%, and

this value is 51.3% in 56 days. The reason is similar to the ITZ1 or ITZ3, which is no

longer discussed in detail here.

(a) 28D
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(b) 56D

Fig.27 Probability distribution of the modulus of new mortar(NM) in RAC 42%

(5) Micromechanical properties of natural/recycled coarse aggregates

In this study, the nanoindentation test method was also used to test the modulus

of the natural/recycled coarse aggregates. The modulus probability distribution of

natural/recycled coarse aggregates is shown in Fig.28.

Fig.28 Probability distribution of the modulus of natural/recycled aggregate in

RAC42%
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As shown in Fig. 28, compared with the natural coarse aggregate, the modulus of

the recycled aggregate covered by the adhered mortar is more likely to fall in the

smaller numerical range. However, the probability of falling in the larger numerical

range is smaller. For example, for natural coarse aggregate, the probability of its

modulus falling within 60 GPa is about 32.8%, while the probability of the recycled

coarse aggregate modulus falling within this interval is 27.9%. Therefore, it can be

judged that the mechanical properties of the recycled coarse aggregate encapsulated in

the RCA are slightly inferior to the natural coarse aggregate. Long-term service is a

possible cause of deterioration of recycled coarse aggregates [23, 30]. It can be seen

that although the mechanical properties of the recycled coarse aggregate in the RAC

are slightly worse than the natural coarse aggregate, the difference between the two is

not significant and can be regarded as equivalent for engineering applications.

5.3 Rust distribution

5.3.1 Rust distribution at the steel/concrete interface

Fig. 29 (a) is the typical morphology of the corroded specimen at the

steel/concrete interface under SEM. It can be seen from the figure that the rust layer is

made up of two parts. The layer color near the steel is darker, near the concrete is

lighter, and the boundary between the two layers is obvious. Delamination also exists

in concrete. For example, the concrete color near the rust layer is lighter, while the

concrete in the outer side is darker.

In order to further study the material composition and formation reasons of the

layers at the steel/concrete interface. EDX spectroscopy analysis method is used to

analyze the specific path of the interface area, the analysis of the path shown in Fig.

29(a) below. Since the main concern in the study is the distribution of rust products,

the contents of Fe and O in the energy spectrum analysis results were analyzed. The

obtained energy spectrum analysis result is shown in Fig. 29(b). The horizontal axis
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represents the scanning path, distance from scanning point to starting point, and the

vertical axis represents the element counts per second (CPS).

From the correspondence between the SEM figure shown in Fig. 29(a) and the

spectrum scan curve in Fig. 28(b), it can be seen that the contents of Fe and O in each

layer have obvious differences. The content of Fe in the outer concrete is almost zero.

However, in the concrete adjacent to the rust layer, the region corresponding to the

scan path of 100 - 150 μm, there is a small amount of Fe distribution. This is because

a small amount of rust product is filled into the pores of the concrete during the steel

corrosion process, which called the “corrosion-filled paste”. In the rust layer, the

content of Fe and O in the light-colored oxide layer and the dark-colored oxide layer

also has a significant difference. In the light-colored oxide layer near the concrete side,

the proportion of Fe and O is relatively higher. According to previous studies [61,

63,64], it can be distinguished that the light-colored oxide layer is the millscale on the

surface of the steel bar in the original state.

(a) Electronic scanning image at interface
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(b) Energy Spectrum Analysis (EDS) results at interface

Fig. 29 The rust distribution at the interface of steel/concrete

The steel/concrete interface observed in this paper, and its vicinity is consistent

with the “The area of steel/concrete interface includes steel, rust layer, corrosion-filled

paste and concrete. " described in [64]. In this observation, it is also clearly seen that

the rust layer is divided into two layers: the outer layer is millscale, and the inner

layer is the real corrosion product of the steel bar. The mechanism of the distribution

of rust layer on steel/concrete interface is analysed below.

5.3.2 Analysis of formation mechanism of interface rust layer distribution

In the wet-dry cycle accelerated corrosion test, the chloride ions will pass

through the pores of the concrete into the interior of the concrete and reach the steel

surface. Chloride ions have depolarization effect on the steel bar to produce Fe2+ on

the surface, which reacts with Cl- to form FeCl2. FeCl2 is a soluble material that can

be transported at the steel/concrete interface as an intermediate. The Fe(OH)2 is

precipitated immediately after the encounter of OH and then further oxidized by a

series of reactions to produce corrosion products [62,69,70]. In this reaction, Cl- is

released to promote the corrosion of steel bars further. In the presence of chloride ions,
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the reaction near the steel/concrete interface is as follows:

Anode:  2- Fe2e-Fe

FeCl2ClFe -2 

Cathode:   4OH4eO2HO 22

Total reaction:   4Cl2Fe(OH)O2HO4Cl2Fe 222

It has been found that the millscale on the surface of the steel bar has a porous

structure, so that the ions in the concrete can pass through the millscale and reach the

steel surface [72, 74]. Similarly, ions generated on the surface of the steel bar can also

migrate through the millscale into the concrete. Therefore, based on the above

reaction principle, the following can be presumed about the generation mechanism of

the rust layer distribution on the steel/concrete interface as shown in Fig. 29(a).

In the electrochemical reaction, the anode (rebar surface) produces Fe2+ and

reacts with Cl- form soluble FeCl2. The cathode (pore liquid in concrete) reacts to

produce OH-. On the one hand (case 1), OH- generated in the concrete may migrate

towards the rebar and reach the surface of the rebar through the millscale. In this

reaction, the rust products are generated between the millscale and the steel bar. On

the other hand (case 2), the amount of OH- reaching the surface of the steel bar is

small, and the excess soluble material FeCl2 diffuses into the concrete surrounding the

rebar. The precipitation (Fe(OH)2) generated after encountering OH- and further

oxidizes to from rust. This part of the corrosion products are filled into the concrete

pores, which is the CP. Fig. 30 shows the migration process of ions and other

substances in the above steel corrosion reaction. Case 1 forms a rust layer between the

rebar and the millscale. Case 2 produces the rust products to fill the concrete
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surrounding the rebar. Finally, at the steel/concrete interface, the distribution of steel

corrosion products as shown in Fig. 29 (a) is formed.

Fig. 30 material migration process in the corrosion reaction

In addition, the main components of the scale are FeO, Fe3O4, and Fe2O3 [76, 80,

83]. Compared with the Fe in the steel bar, it is obvious that the oxide state of Fe in

millscale is relatively stable and not easy to be further oxidized. Through the

experimental results obtained, we can get some new conclusions: due to the lack of

oxygen inside the RAC before cracking, millscale is retained because the oxidation of

the steel starts first; when the rust expansion crack occurs, enough oxygen and

moisture can directly reach the surface of the steel bar to cause further oxidation of

the steel.

5.3.3 Distribution of millscale

Millscale is a layer of oxide formed on the surface of a steel bar due to high
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temperature in the process of manufacture. This part is mainly focused on the

distribution of millscale on the surface of corroded steel bars in RAC, and its loss

reasons. The location coordinates of each observation point and the presence of the

millscale were recorded on the RAC42% specimen along the steel bar by SEM. The

distribution diagram of the millscale is shown in Fig. 31. The distribution of cracks

and the location of the cracks are also indicated. The portion of the surface of the steel

bar still containing scale is represented by a thick black line depicting the outline of

rebar.

1
2

3

Fig. 31 The distribution diagram of the millscale

It can be seen from Fig. 31 that there are three cases of the existence of millsacle

and the distribution of cracks：(a) Somewhere on the surface of the rebar there is a rust

expansion crack and lack of millscale，as shown in Fig. 31 case 1; (b) Rust expansion

crack and millsacle exist simultaneously, as shown in Fig. 31 case 2; (c) There is no

crack in the place where oxide scale is missing, as shown in Fig. 31 case 3.

For the first case, there is millscale and expansion crack on the surface of the

steel bar. Similar results were reported by Yu [64]. The study pointed out that the lack

of scale is related to the presence of cracks. After the rust expansion crack develops
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on the surface of the protective layer, sufficient oxygen will cause deterioration of

millscale.

For the second case, there is a rust expansion crack somewhere on the surface of

the steel bar with the existing of millsacle, which is not mentioned in related research

in the past [63 - 66]. This may be due to the fact that cracks have not developed to the

surface of the protective layer, and moisture and oxygen are not easily reached by the

cracks on the surface of the steel bar. Therefore, the millscale remains unchanged.

For the third case, which millscale is missing with no rust expansion cracks. This

is also not mentioned in previous related research [63 - 66]. The surface of the steel

bar has defects such as rust and scratches before it is put into the concrete, which

results in the lack of millscale the surface of the steel bar. Therefore, after the

corrosion of the rebar and the cracking of the concrete protective layer, there will be a

phenomenon that the missing millscale exist with the expansion crack.

It can be seen from the above that the lack of millsacle on the surface of the steel

bar is not related to the degree of corrosion of the steel bar, but is related to the initial

defect of the steel bar surface and the location of the crack. On the one hand, before

the steel bars are placed in the concrete, defects such as rust spots on the surface of

the steel bars may cause the initial lack of millscale. On the other hand, after

corrosion-induced cracking happens, moisture and oxygen will pass through cracks

with short paths to rebar surface, resulting in further oxidation of millscale. This

results in the lack of millscale at the cracks.

In general experimental studies [68-75], the corrosion rate of steel bars is usually

measured by weightlessness method or optical microscopy. In the weightlessness

method, the corrosion rate of the steel bar is calculated based on the initial weight of

the steel bar and the remaining weight after corrosion of the steel bar. When the rust

on the surface of the steel bar is removed, the millscale is also removed, resulting in a

large calculation result. However, in the optical microscope, it is impossible to
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distinguish between millscale and rust layer. Therefore, the measurement result will

also be too significant. In order to obtain the correct result, the actual thickness of the

rust layer can be obtained by subtracting the thickness of the millscale from the

measured thickness.

According to the research results of this study, it can be found that the lack of

millscale due to the initial defects of the steel bars only exists locally on the surface of

the steel bars. Therefore, in the measurement of the thickness of the rust layer, it can

be assumed that there is a uniform thickness of millscale on the surface of the steel bar.

The average millscale thickness for each sample in this study is shown in Table6. It

can be seen that the average thickness of the millscale with different degrees corrosion

is not much different. The average thickness of millscale in the 5 samples is 25.6 μm.

However, it should be noted that the thickness of the millscale on the surface of the

steel bar may differ depending on the type of steel rebar. For the general study, the

thickness of the scale is recommended to be 30 μm without measuring the scale

thickness.

Table 6 Average thickness of millscale

Specimen RAC-0% RAC-14% RAC-28% RAC-42% RAC-56%

Average

thickness(μm)
23.5 26.8 25.4 27.2 25.1

From the section 5.2, it can be seen that there are many ITZs in RAC. Therefore,

the mechanical properties of RAC are inferior to NAC. When the RAC was applied to

the actual structural component, its poor material performance will affect the

mechanical and durability performance of the structure [8 - 14]. From the results of

5.3, it is found that the thickness of rust layer obviously decreases with increasing
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proportion of RCA. In addition, the corrosion products filled in the voids of RAC also

affects the cracking time [72]. RAC is now widely used in various fields, even some

engineering application have tried to use RAC in the structure. However, there are

still few studies on predicting the durability life of RAC [77 - 87]. Therefore, the

durability model of RAC needs a progressive analysis, so as to guide the engineering

application.
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6.1 Modeling for the corrosion-induced cracking process in RAC

6.1.1 Model analysis for steel corrosion in concrete

The concrete cracking models are limited to stress expansion caused by

increased corrosion products, which are usually assumed to be uniformly distributed

around the steel rebar surface. Uniform corrosion products produce uniform

expansion stress on the surrounding RAC. During the time between steel

depassivation and concrete cover cracking began, the process of development

involves three stages as shown in Fig. 32. These three stages can be described as

follows:

(a) Free expansion stage

At this stage, steel rebar generates corrosion products gradually after

depassivation. These rust products are slowly filled into the porous area of the

interface between steel and concrete, which is mainly composed of pores and small

voids of cement stone. Any stress for the surrounding concrete will not be created

before the pores are filled by corrosion products.

(b) Stress initiation stage

After the corrosion products fill up the porous zone around the steel/concrete

interface, tensile stress will be generated by further produced corrosion products.

Moreover, the more corrosion products, the higher the tensile stress that the concrete

cover receives.

(c) Concrete cover cracking stage

In the protective concrete, when the number of corrosion products reaches the
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critical level of induced cracking, the internal stress will exceed the tensile

strength of concrete and the concrete cover layer will crack. At this stage, the

corrosion products will also be gradually filled in the cracks.

(a) Corrosion initiated (b) Free expansion; Stage1

(c) Stress initiated; Stage 2 (d) Concrete cover cracking; Stage 4

Fig. 32 schematic corrosion cracking process

According to the whole process analysis of the reinforced concrete cover crack

caused by the steel corrosion, the amount of corrosion products at the onset of

cracking is composed of three parts. The first is the radial loss of steel filled the

porous zone around the steel/concrete interface; the second is the radial loss of steel

produced at stage 2; the third is the radial loss of steel, in which will fill up the cracks

space in concrete cover. Therefore, the total amount of radial loss can be calculated

when cracking of the concrete cover occurs.
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Mathematically, it can be expressed as follows:

321   (3)

It should be noted that the 1 and 2 occur simultaneously, and the model is artificially

separate them for the convenience analysis.

(1) Estimation of 1

The corroded touchiness of the steel in free expansion stage mainly depends on

the capillary volume around the steel/concrete interface. To calculate the radial loss of

steel in free expansion stage, it is necessary to estimate the thickness of the porous

zone. Then the volume of rust in the filled pores will be calculated. As shown in Fig.

33, the thickness of porous zone can be expressed as:

pvp
pvpp

p dP
d
ddP

d
V












 (4)

where pV is the porous volume around steel/concrete interface, vpP is the volume

fraction of the capillary pores for cement stone, d is the original diameter of steel

rebar, pd is the average aperture size of the capillary pores.

Through the geometric transformation, the radial loss of steel 1 in the first stage can

be expressed as

1
2 2

2
1 




n
R

RR pp 
 (5)

where R is the rebar radius, n is the volume rate between corrosion products and

original steel, which varies from 2 to 4.

Not only are the volume of pores in concrete mainly related to the water-cement

ratio, but also with the degree of compaction and curing conditions. The volume
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fraction of capillary pores is usually 0-40% of cement stone, and the average size of

the pores is 1–50 μm. Therefore, according to the equation (3), the fluctuation range

of p is about 1–20 μm, which varies with a different concrete degree, different

construction and curing conditions.

(2) Estimation of 2

After the rust fills up the porous zone around steel/concrete interface, the rust

produced by further corrosion will create expensive pressure radially for the

surrounding concrete. This mechanical behavior by the corrosion expansion force is

simplified to be a thick-walled concrete cylinder under internal pressure. As shown in

Fig.34, its inner diameter and outer diameter areaandb , respectively.

Fig.33 Schematic diagram of estimation for 1 Fig.34 Stress distribution of specimen

The stress in the concrete cover is less than the concrete tensile strength before

the concrete cover cracking. Under the internal pressure, the principal compressive

stress is generated radially, and the main tensile stress is produced along the

circumferential direction of the concrete cover. According to the elastic mechanics,
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the stress and displacement in the concrete tube are as follows:
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where r ,  and  r are redial, circular and shear stresses respectively;

ru and u are the radial and circular deformation respectively; v is the Poisson’s ratio.

In addition, A and C are given by:
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For the concrete cover, its force condition satisfies as follows:
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(8)

where q is the pressure caused by the corrosion products at the steel/concrete

interface; R and C are the steel radius and concrete cover thickness. Substituting

equation (8) into equation (7) and equation (6) yields the stress distribution of the

concrete cover before cracking.

When the circumferential tensile stress in concrete reaches the tensile strength of

concrete, the initial cracks will be generated in the concrete at the surface. The stress

distribution in concrete and the expansion stress around the interface can still be

obtained by elastic mechanics at this moment. Fig.35 shows the interaction between
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reinforcement, corrosion product layer and surrounding concrete.

Fig. 35 Expansive pressure on surrounding concrete due to corrosion products

Where c is the concrete cover thickness; d is the diameter of rebar; 1d is the

diameter of rebar with free-expansion corrosion products, d the residual diameter

of rebar after corrosion. The relationship between concrete deformation c and steel

deformation r can be expressed as

rc RR   1 (9)

By calculating the radial displacement at the interface between concrete and rust [56,

57], the pressure q at concrete/corrosion products interface could be express as
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where n is the volume expansion rate of rebar after corrosion, usually 2 - 4.

By substituting (10) into (6) and (7), the relationship between the stress distribution in



Li Wei. Mechanical behaviors of recycled aggregate concrete reinforced by steel rebars

Dissertation thesis. VŠB-Technical University of Ostrava, 2018.

91

concrete and each parameter can be obtained. The maximum hoop stress in concrete

at the initial cracking moment reaches its tensile strength.

In general, the expensive pressure at the cracking moment is related to the

diameter of steel rebar [49, 55,56], equation (10) can be further simplified using

elastic mechanics as [49]
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Then the corrosion rate * can be expressed as

1
12

*





n
x

(12)

Thereby, the total radial loss of steel bar can be written as

2

*

2

dd 

 (13)

where ** 1   dd , *
d is the residual diameter of the steel rebar at concrete

failure.

(3) Estimation of 3

With the cracks development in concrete, some of the corrosion products can be

gradually pushed into the cracks. This part of the rust volume cV can be converted

into the loss of radius 3 , which has the equation as

 12
2

 ni 



(14)
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where i is the width of the thi crack at the surface of the steel rebar,n is the rust

expansion rate. The filled crack length with rust is approximately half of the concrete

cover thickness. Then the volume of rust in the concrete cracks can be expressed as

cV ic  
2
1 (15)

Let rackc denote the average thickness at the steel/concrete interface converted from

the total volume of cV . The value of crack can be expressed as

22
)1(

2





R
cn

R
Vc

crack


 (16)

By geometric conversion, the radial loss of steel 3 can be expressed as

1
2 2

2
3 




n
RRR crackcrack  (17)

6.1.2 Model verification for concrete cracking model

In previous studies, the steel loss was usually calculated by dividing the

thickness of the rust layer by the rust volume expansion rate. However, the generation

of rust is the process by which the volume is compressed due to the restraint of the

concrete. It is apparently not reasonable to simply calculate the volumetric expansion

rate with free-expansion of rust. So, the thickness of the rust layer may be expressed

as

rr nT   321 (18)

where r is the displacement of rust layer affected by the surrounding concrete.

As shown in section 5.3, the thickness of rust layer could be measured by the

SEM. In addition, the theoretical value of the rust thickness can be calculated by
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equation (18). Table 7 shows the comparison between the estimated value and

experimental value for the thickness of rust layer.

Table 7 Comparison between the predicted value and experimental value

Type of RAC
Rust thickness  ( m )

Estimated value Experimental value

RAC-0% 52.12 65.73

RAC-14% 42.76 57.66

RAC-28% 35.83 48.79

RAC-42% 30.61 32.65

RAC-56% 24.32 28.21

The results from the comparison show that the model trend is consistent with the

actual measurement, but still lacking in accuracy. This may be because the material of

recycled concrete is not specifically considered in the model, leading to the smaller

estimated value. However, the comparison results can still prove the validity of the

model, and the improvement of accuracy requires other details.

6.2 Construction process of elastic modulus prediction model for

recycled concrete

When using the meso-mechanical theory to construct localization relations, the

multiphase inclusion problem is usually transformed into a single inclusion problem.
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Although the single inclusion problem is the basis for solving many meso-mechanical

models, a single meso-mechanical prediction model oversimplifies the microstructure

in RAC. Most of the factors considered in the model are inclusion geometry, volume

fraction and effective modulus of inclusion and matrix. These factors are difficult to

reveal the relationship between the complex mesostructure information and its

macroscopic properties in RAC. Therefore, on the basis of the existing

meso-mechanical prediction model, this paper proposes a model for predicting the

elastic modulus of RAC considering the distribution of pore locations, aggregate

gradation, and ITZs.

From the previous conclusion, we can know that the adhesive mortar and ITZs of

recycled concrete mainly affect the performance of RAC from volume fraction and

content. In order to simplify the calculation, the adhesion mortar can be classified as

the original mortar, and the ITZs can be summed up as a kind of ITZ. Therefore,

based on the meso-mechanical theory, RAC can be regarded as a multi-phase

heterogeneous composite material at the meso level. It mainly contains four-phase

meso-components, namely coarse aggregate, cement mortar, ITZ, and initial defects

(the voids are considered, which are divided into mortar pores and ITZ voids), As

shown in Fig. 33. In the process of constructing a theoretical prediction model for the

elastic modulus of RAC, the following assumptions were made in the paper:

(a) Coarse aggregates of different particle sizes are spherical particles, and the

same linear elastic material is used with mortar and ITZ.

(b) The voids only randomly and uniformly distributed in the cement mortar.

(c) Voids size from nanometer to millimeter level is a multi-scale concept with

different morphological. It is assumed that the voids in RAC are spherical and voids

size effect is not considered. The total volume of voids at different sizes was

quantified by porosity.
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Fig. 33 The theoretical micromechanical structure of RAC

A two-step equivalent method was used to establish a prediction model for the

meso-mechanical elastic modulus of RAC (as shown in Fig.34): The two-phase

inclusion model was established by using mortar and ITZ as the matrix and voids as

inclusions. Therefore, the equivalent homogeneous mortar and equivalent

homogeneous ITZ are obtained; A four-phase model for predicting the elastic

modulus of RAC was established by considering factors such as aggregate gradation

and ITZs. In addition, the generalized self-consistent model and the multiphase

inclusion equation derived based on the Mori-Tanaka method are also applied in the

model.
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Fig.34 Equivalent process of inhomogeneous concrete

6.2.1 Volume fraction

From a mesoscopic point of view, RAC is regarded as a composite material

composed of three phases consisting of aggregate, mortar, and ITZs (Voids contained

in mortar and ITZs). The volume fraction of this three-phase medium should satisfy:

1 mia fff (19)

where af is aggregate volume fraction which could be calculated by mix proportion

of RAC; mf is the volume fraction of mortar, and its value can be calculated

according to [101], as shown in equation (20); if is the volume fraction of ITZ,

which can be calculated by equation (19).
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where detailed parameter descriptions can refer to [101]

If the total porosity in RAC is pf and the porosity of ITZ is ipf , then the
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porosity of the mortar could be write as:

m
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(21)

Among them, the porosity of ITZ and mortar are both relative porosity.

6.2.2 Equivalent mortar and equivalent interface layer

Only the voids in the mortar and ITZ are considered in this model, and these

voids in the two-phase medium are connected. First of all, the equivalent of voids in

mortar is considered, with mortar phase as matrix and pore as inclusion, as shown in

Fig.35 (a). The Mori-Tanaka method [102] was applied to an equivalent

voids-containing mortar phase. The model equation were (22) and (23). In order to

simplify the calculation, the model assumes that the pore is an only gas phase and its

volume modulus and shear modulus are all zero.
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where mk and m are the volume modulus and shear modulus respectively;

MT
mk and MT

m are the volume modulus and shear modulus of equivalent mortar matrix

respectively.

(a)
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(b)

Fig.35 The homogenization procedures: (a)homogenization of the mortar and pores,

(b)homogenization of the interface and pores

Due to the higher porosity of the interface layer, the prediction accuracy of the

Mori-Tanaka method [102] is poor when the porosity is higher than 0.3 - 0.4.

However, the differential method (DSC) still has better accuracy at high porosity

[103]. So, the differential method [104] is applied to the equivalent voids-containing

ITZ, as shown in equation (24) - (26). A two-phase inclusion model is established

based on the ITZ and voids inclusion, as shown in Fig.35 (b).
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where ik , i and iv are the bulk modulus, shear modulus and Poisson's ratio of ITZ;

DSC
ik and DSC

i are the bulk modulus and shear modulus of equivalent ITZ.

6.2.3 Aggregate gradation model

In order to further consider the influence of the ITZ, the aggregate is simplified



Li Wei. Mechanical behaviors of recycled aggregate concrete reinforced by steel rebars

Dissertation thesis. VŠB-Technical University of Ostrava, 2018.

99

to a spherical shape according to a generalized self-consistent model [105]. The

equivalent inclusion is composed of the aggregate and the equivalent ITZ (Fig. 36).

Assuming that there are N (r=1, 2,..., N) aggregates in RAC, the effective bulk

modulus of the r-th phase equivalent inclusion hom
rk is expressed as follows:

))(1(343
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(27)

where 3))/(( hRRc  , R is the diameter of aggregate, h is the thickness of ITZ, it is

assumed that the thickness of ITZ is not affected by the aggregate size and the

adjacent ITZ does not overlap; ak is the bulk modulus of aggregate.

Fig.36 Equivalent inclusion

For the effective shear modulus of the equivalent particles in phase r , the

generalized self-consistent model [105] gave an implicit expression:

0
hom2hom
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(28)

There are two equations in the equation (28), and its positive root is the solution of the

equation.



Li Wei. Mechanical behaviors of recycled aggregate concrete reinforced by steel rebars

Dissertation thesis. VŠB-Technical University of Ostrava, 2018.

100

Fig.37 Amuti-phase mode under consideration of the aggregate gradation

In RAC, aggregates with different sizes are surrounded by continuous mortar

matrix. These continuously graded aggregates are divided into N-grade particle size

range. For the r-th particle size interval, its particle size (r=1, 2, ..., N) is taken from

arithmetic average. The volume fraction of the rth-phase aggregate in RAC is

obtained. According to equation (28), the effective modulus hom
rk and hom

r (r=1,

2, …,N) of equivalent inclusion for phase r are obtained respectively. Thus in RAC,

the particle size of aggregate with continuous grading is simplified to a finite number

[106]. Then, a multi-phase inclusion equation for multi-phase inclusions of RAC was

established (Fig.37).
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where hom
rk , hom

r and rc are the bulk modulus, shear modulus, and volume fraction

of the r phase equivalent inclusion, respectively; The effective volume modulus and

shear modulus of RAC are k and  respectively.
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6.2.4 Effective elastic modulus and Poisson's ratio

After the above equivalence, the effective bulk modulus and effective shear

modulus of RAC considering the voids distribution and aggregate gradation can be

obtained. If the meso components of each phase are all homogeneous materials and

the voids are distributed evenly in RAC, RAC can be regarded as isotropic material.

For isotropic materials, there are only two elastic constants, bulk modulus, and shear

modulus. From equations (31) and (32), the effective elastic modulus and effective

Poisson's ratio of RAC can be obtained.






k
kE

3
9 (31)



26
23





k
kv (32)

6.3 Model verification based on microstructure

In section 6.1, the elastic modulus and Poisson’s ratio of RAC were predicted

mainly on the basis of meso-mechanics. The mechanical properties of concrete test

experiment still belong to the macro level. Therefore, it is difficult to separately

analyze the relationship between the mesoscopic parameters and the mechanical

properties of the aggregate, mortar, and ITZs in RAC. This section uses the prediction

model of the meso-mechanical parameters of RAC established in section 6.1 to

further analyze the effect of concrete mesoscopic parameters on its mechanical

properties.

6.3.1 Values of mesoscopic parameters

Combining this physical test, the elastic modulus of aggregate and mortar in

RAC with different replacement rates can be obtained. The continuously graded
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aggregate is divided into 7-grain sizes, and its average size of and the volume fraction

are calculated, as shown in Table 9. It is assumed that the increased voids in RC is in

the gas phase and does not take into account the moisture content in the voids.

Therefore, the elastic modulus of voids phase should be zero. The Poisson's ratio of

the meso-composition materials of the phases in RAC is basically unchanged.

Therefore, the Poisson's ratios of the aggregate, the mortar, and the interface layer are

0.15, 0.2, and 0.3 respectively. The thickness of the ITZs is generally between 0 and

100 m. Therefore, the interface layer thickness h is 50 μm. The detailed mesoscopic

parameters of the mesoscopic components of each phase are shown in Table 10.

Table 9 Aggregate gradation

Grading range

/mm
Average size/mm Volume fraction/%

0-2.36 1.18 0.09

2.36-4.75 3.56 0.05

4.75-9.5 7.13 10.613

9.5-16 12.75 30.383

16-19 17.50 17.484

19-26.5 22.75 24.027

26.5-31.5 29.00 17.353
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Table 10 Material data of concrete components

Mechanical
Index

Aggregate
Mortar (C40) ITZ (C40)

Voids
28D 56D 28D 56D

Elastic
Modulus

50 27.56 29.33 7.682 9.542 0

Poisson's

ratio
0.15 0.2 0.2 0.3 0.3 -

6.3.2 Verification of elastic modulus of RAC

Combining equations (19) - (32), predicted values of elastic modulus for RAC

with different replacement rates can be obtained, as shown in Table 11.

Table 11 Test and Predicted values of concrete elastic modulus

Replacement

rate

28D 56D

Measured

value

Predicted

value
Deviation

Measured

value

Predicted

value
Deviation

0% 32.85 32.51 1.0% 35.76 35.81 2.8%

14% 32.05 31.68 1.1% 33.24 32.16 3.2%

28% 30.57 32.51 6.3% 31.55 30.85 2.5%

42% 28.01 27.11 3.2% 28.79 26.98 6.3%

56% 26.84 26.50 1.3% 27.02 26.08 3.5
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Except for the voids in RAC, there is a certain amount of original initial defects.

Therefore, the predicted value of elastic modulus theory is generally slightly higher

than the experimental value, but the deviation is less than 7%. This shows that the

four-phase model of the elastic modulus of RAC established in section 6.2 has good

accuracy. It is effective to use this model to predict the elastic modulus of RAC.

6.3.3 Verification of corrosion-induced cracking process in RAC

In section 6.1, there is a significant deviation from the traditional elastic

mechanics to calculate the rust thickness in RAC. The main reason is that it is

impossible to accurately calculate the modulus of elasticity of RAC under different

replacement rates from macroscopic. Therefore, the elastic modulus of RAC is

brought into equation (18). New predictions of corrosion cracking for RAC were

obtained. It can be seen from Table 12 that the maximum calculation deviation is no

more than 8%, and the new method greatly improves the computational accuracy.

Therefore, the optimized model can be used to predict the macroscopic properties of

RAC.

Table 12 Result comparison after using the four-phase prediction model

Type of RAC
Rust thickness  (μm)

Deviation (%)

Estimated value Experimental value

RAC-0% 63.88 65.73 2.8%

RAC-14% 55.42 57.66 3.9%

RAC-28% 45.49 48.79 6.7%

RAC-42% 30.21 32.65 7.5%

RAC-56% 28.68 28.21 0.1%
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For the corrosion model of concrete, the main accepted theory is [46, 47]. The

elastic modulus of concrete is few studied [26 - 30], however, the influence of the

initial defects, pore water pressure, and aggregate size on its mechanical properties

has not been considered. The validity and applicability of the theoretical model in this

chapter are validated by Table 12, which lays a theoretical foundation for further

analyzing the influence of meso parameters and initial defects on the mechanical

properties of concrete. It also lays a foundation for predicting the durability life of

RAC and the application of RAC in structure.





Li Wei. Mechanical behaviors of recycled aggregate concrete reinforced by steel rebars

Dissertation thesis. VŠB-Technical University of Ostrava, 2018.

7 Conclusions

Several conclusions can be drawn based on the experimental study and

theoretical analysis of 5 groups RAC with different replacement rate. These

conclusions are summarized as follows:

(1) It is found that the macro properties of RAC materials, i.e., compressive

strength, increased with age, while decreased with increasing percentage of RCA.

(2) The micro-mechanical properties of ITZ1 and ITZ3 decreased with the

increasing of RCA rate in the early 28 days; the main reason may be that the

additional water added during the stirring process increases the fluidity of the concrete.

However, this difference is no longer significant after 56 days. Therefore, the

additional water added to the RAC has a negligible impact on its long-term

mechanical properties. Besides, the mechanical properties of ITZ2 have been proved

to be independent of the replacement rate and curing time.

(3) In the 56 days, the mechanical properties of ITZ3 are stronger than that of

ITZ1. The traditional explanation is that the "water reservoir effect" of the old mortar

enables the cement in ITZ3 to be better hydrated. However, this article believes that

because of the presence of less stress concentration in ITZ3 than in ITZ1, this is one of

the reasons for this result.

(4) The higher the replacement rate of RAC, the lower it strength;

correspondingly, the thickness of the rust layer caused cracking to concrete surface is

also smaller. However, when in the low replacement ratio cases, the rust thickness that

causes the concrete surface to crack is close. That is due to the increased ITZs and

defects in RAC can accelerate the development of cracks. The higher the replacement

rate of RAC, the more obvious this difference. In addition, the ability to retain rust

products in the pores of RAC is not sufficient to delay the surface cracking.
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(5) At steel/concrete interface, the corrosion products could be divided into two

layers by the different color. The first formed corrosion products filled the voids in the

concrete and developed an outer rust layer. After all voids are filled, the corrosion

products gradually gather to form the inner rust layer.

(6) Due to the lack of oxygen inside the RAC before cracking, millscale is

retained because the oxidation of the steel starts first. When the rust expansion crack

occurs, enough oxygen and moisture can directly reach the surface of the steel bar to

cause further oxidation of the steel.

(7) The lack of millscale on the surface of the steel bar is independent of the

degree of steel corrosion, but it is related to the initial defects and the location of

cracks. In order to obtain the correct result, the thickness of the rust layer needs to be

subtracted from the millscale. Moreover, its thickness is recommended to be 30 μm

without measuring according to the test results.

(8) The concrete cracking model based on elastic mechanics cannot accurately

predict the thickness of the rusty layer of RAC, which is mainly because the model

cannot consider the defects in RAC. The meso-mechanical model of RAC established

in this paper can predict its elastic modulus well, and improve the prediction accuracy

caused by corrosion in recycled concrete components. In the meso-mechanical model

of RAC, the Generalized self-consistent model, Mori-Tanaka method, differential

method, and multiphase inclusion equation were integrated for the first time to

establish a 4-phase elastic modulus model for RAC. Research on the performance of

RAC materials from microscopic to macroscopic has been proven to be feasible.

(9) In engineering application, the surface cracking of RAC will not be

significantly earlier than NAC in low replacement ratio. The crack propagation law of

RAC and NAC are similar. Therefore, a small addition (less than 30%) of RCA in

concrete will not have a significant adverse effect on the overall performance of the

component.
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