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1 Introduction

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

consumption of land and keep the sustainability of the resource. Compared with the

traditional concrete materials, generally, the unstable and lower quality of RCAmakes

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.

The existing cases and improved method 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. 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.

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 Dissertation objectives

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.

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

and measured. 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.

Classical elastic mechanics was used to analyze the macroscopic structure of

RAC components. The elastic model was verified combined with durability test

results. The defects of the model were found and the RAC was analyzed separately.

The RAC was assumed to be a four-phase composite material consisting of aggregate,

mortar, ITZ, and initial defects.
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3 Experimental procedures and methods

3.1 Mechanical testing of RAC

3.1.1 Preparation of materials

(1) Recycled aggregate concrete

The coarse aggregates in RAC are all from Aloisvokurkainc in Prague. The final

graduation is 5-31.5 mm, as 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

(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.



LiWei. Mechanical behaviors of recycled aggregate concrete reinforced by steel rebars

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

6

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

(4) Cement and water

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

shown in Table 4.

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

3.1.2 Mix proportions

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%.
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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

3.1.3 Compressive strength and nanoindentation testing

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.

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

pressure pin was gradually raised to reduce the load from 1000 at 0 μN.

3.2 Durability in RAC

3.2.1 Preparation of the specimen

As shown in Fig.1, all the bottom diameter and height are 100 mm and 200 mm

respectively. The rebar is used in the original state without derusting treatment.
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Fig.1 Layout details of specimens

3.2.2 Accelerated corrosion process

The dry-wet cycling method is used to accelerate the corrosion of the specimen

in this study. The device is shown in Fig.2. 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.

Fig.2 Wetting and drying cycles combined with a constant current

3.2.3 Testing setup

In the process of sample preparation, a cutting machine was needed to slice the

specimen. The precision cutting machine was used to start cutting from one end of the
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test block. The slice thickness was about 10 mm, and cutting down gradually, as in

Fig.3.

Fig.3 Schematic diagram of preparation of samples for SEM observations
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4 Results and discussion

4.1 Effect of age on compressive strength of RAC

Fig.4 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.

Fig.4 Compressive strength of RAC with different replacement rates

As shown in Fig.4, 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. The amount of RCA is higher in this experiment. Therefore, it
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can be inferred that a small amount of RCA (less than 30%) incorporated in a

recycled concrete structure has little effect on its overall performance.

4.2 Microscopic properties of RAC at different days

4.2.1 Thickness of ITZs

(1) The thickness of ITZl

The width of ITZ1 (ITZ between the new/old natural aggregates and the new

mortar) is shown in Fig. 5. As can be seen from Fig. 5, 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. 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.5 Thickness of ITZ1 from different groups
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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

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. 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.

(2) Thickness of ITZ2

Effect of age on ITZ2 of RAC 14%, RAC 28%, RAC 42%, and RAC 56% is

shown in Fig. 6.
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Fig.6 Thickness of ITZ2 from different groups

As shown in Fig.6, 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. 5, 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.This is the first

time to summarize two different properties. The corresponding causes of the results

can be analyzed.

(3) Thickness of ITZ3

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.7.
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Fig.7 Thickness of ITZ3 from different groups

Fig.7 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. 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.5, 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.
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4.2.2 Micromechanical properties

(1) Micromechanical properties of ITZl

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.8.

(a) 28 D

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
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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(b) 56D

Fig.8 Probability distribution of the modulus of ITZl at different days

The data in Fig.8 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 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
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internal ITZ1 continue to hydrate and grew faster with days. Thereby, the pores in

RAC were filled faster. The filling of the pores makes the structure of ITZ1 denser to

the same level as ITZ1 in RAC0%. It had a slight adverse effect on the performance of

ITZl at an early age. The primary 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 concrete at an early age to ensure the rapid improvement of ITZ1

performance. Although this conclusion has been raised in other studies, they didn’t

emphasize the importance of early maintenance in RAC.

(2) Micromechanical properties of ITZ2

The variation of ITZ2 modulus probability distribution over time is obtained, as

shown in Fig.9.

Fig.9 Probability distribution of the modulus of ITZ2 at different days
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The two curves in Fig.9 are not much different, indicating that the modulus of

ITZ2 does not substantially develop over time. 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 unhydrated cement particles

is little left. Therefore, the performance of ITZ2 tends to be stable.

In addition, comparing Fig.8 and Fig.9, 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. However, some studies 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

The probability distribution of elastic modulus in ITZ3 at different days is shown

in Fig. 10.
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(a) 28 D

(b) 56D

Fig.10 Probability distribution of the modulus of ITZ3 at different days

As shown in Fig.10, it can be seen that the elastic modulus increased with days.

Similar to the preference of ITZ1, the peaks probability of elastic modulus in RAC42%
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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.

However, the latest research 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.

4.3 Rust distribution at the steel/concrete interface

Fig. 11 (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.

EDX spectroscopy analysis method is used to analyze the specific path of the

interface area, the analysis of the path shown in Fig. 11(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. 11(b). The horizontal axis represents the scanning path,

distance from scanning point to starting point, and the vertical axis represents the
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element counts per second (CPS).

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.

(a) Electronic scanning image at interface
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(b) Energy Spectrum Analysis (EDS) results at interface

Fig. 11 The rust distribution at the interface of steel/concrete

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.

Millscale is a layer of oxide formed on the surface of a steel bar due to high

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. 12. 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.
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1
2

3

Fig. 12 The distribution diagram of the millscale

It can be seen from Fig. 12 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. 12 case 1; (b) Rust expansion

crack and millsacle exist simultaneously, as shown in Fig. 12 case 2; (c) There is no

crack in the place where oxide scale is missing, as shown in Fig. 12 case 3.

For the first case, there is millscale and expansion crack on the surface of the

steel bar. The study pointed out that the lack of scale is related to the presence of

cracks. After the rust expansion crack develops 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. 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. 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
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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, 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

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
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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 above section, 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. From the results of

5.3, it is found that the thickness of rust layer obviously decreases with increasing

proportion of RCA. In addition, the corrosion products filled in the voids of RAC also

affects the cracking time. 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. Therefore, the durability

model of RAC needs a progressive analysis, so as to guide the engineering

application.
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5 Analysis of cracking model in RAC

5.1 Modeling for the corrosion-induced cracking process in RAC

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 (1)

where r is the displacement of rust layer affected by the surrounding concrete.

The theoretical value of the rust thickness can be calculated by equation (1).

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
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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.

5.2 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.

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.

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. 13. 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
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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.

Fig. 13 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.14): 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.14 Equivalent process of inhomogeneous concrete

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. The effective elastic

modulus and effective Poisson's ratio of RAC can be obtained.
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5.3 Model verification based on microstructure

Predicted values of elastic modulus for RAC with different replacement rates can

be obtained in Table 8. 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%.

It shows that the four-phase model of the elastic modulus of RAC established has

good accuracy. It is effective to use this model to predict the elastic modulus of RAC.
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Table 8 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

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 (1).

New predictions of corrosion cracking for RAC were obtained. It can be seen from

Table 9 that the maximum calculation deviation is no more than 8%, and the new

method greatly improves the computational accuracy.

Table 9 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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The validity and applicability of the theoretical model in this chapter are

validated by Table 9, 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.
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6 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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