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Abstract: Elastic modulus is one of the most important mechanical properties of concrete (including
recycled aggregate concrete), and it has a notable guiding significance for engineering. There is a
lack of micromechanical research on the elastic modulus of recycled aggregate concrete. This paper
adopts four models based on micromechanics, including the Voigt model, Reuss model, Eshelby
method, and Mori–Tanaka method, to predict the elastic modulus of recycled aggregate concrete. The
optimal model is determined by comparing the results of the four models with the experimental data.
On this basis, some previous prediction methods for the elastic modulus of concrete are employed
to be compared with the most satisfactory models in this paper. Several experimental data from
the open literature are also utilized to better illustrate the reliability of the prediction models. It is
concluded that the Mori–Tanaka method unfailingly produces more accurate predictions compared
to other models. It gives the best overall approximation for various data and has extensive effects in
predicting the elastic modulus of RAC. This work may be helpful in promoting the development of
micromechanics research in recycled aggregate concrete.

Keywords: recycled aggregate concrete (RAC); elastic modulus; recycled coarse aggregate
(RCA); micromechanics

1. Introduction

With the large-scale reconstruction of old villages and infrastructure construction, a
large amount of construction waste has been generated along with various construction
activities. For instance, according to the “Annual Report on China’s Comprehensive Uti-
lization of Resource (2014)”, 500 million tons of construction waste was produced in 2009,
which has significantly doubled in 2013. According to construction waste yield estimates,
in 2018, the annual yield of construction waste reached approximately 1875.79 million
tons [1]. If construction waste reduction management and resource utilization cannot be
implemented in time, the output of construction waste will continue to rise in the future.
In addition, China's large-scale construction activities have brought about the shortage of
sand and gravel resources as raw materials for construction materials and the problem
of skyrocketing prices. Therefore, the resource utilization of construction waste is an
imperative and general trend.

Using waste concrete in construction waste as raw materials to make recycled ag-
gregates and reapplying them in construction activities are some of the most important
measures for the resource utilization of construction waste. Recycled coarse aggregate
(RCA) for concrete refers to particles with a particle size greater than 4.75 mm that are
processed from construction waste or concrete, mortar, stones, bricks, etc., used in the
preparation of concrete [2]. Compared with natural coarse aggregate (NCA), RCA has
the disadvantages of low density, high water absorption, high crushing value, and worse
durability [3–5]. The quality of coarse aggregates has an evident impact on the performance
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of finished concrete. Therefore, many scholars have conducted a large number of studies
to improve the properties of RCA, such as the removal of attached mortar, carbonization
reinforcement (C-RAC), lime carbonation reinforcement (LC-RAC), and biomineralization
reinforcement, etc. [6–9]. In addition, the research on recycled aggregate concrete (RAC)
made of RCA mainly focuses on its mechanical properties, deformation properties, pore
structure characteristic, and durability [10–15]. Kazmi et al. [16] propose an innovative con-
crete casting approach to achieve the strength of RAC including RCA and chipped rubber
(CR) similar to NAC. Results show that the compressive strength and elastic modulus of
compressed RAC and treated RAC incorporating 10–20% of CR in replacement of coarse
aggregates are quite close to NAC without CR. Moreover, the cost comparison and cement
strength contribution index calculated also show the industrial application potential of the
new casting approach. Moreover, research has been carried out on structural components
such as RAC beams and columns [17–20]. However, the above researches are mainly based
on experimental research and numerical simulation, and the theoretical research on the
mechanical properties of RAC is rare.

Elastic modulus is a dominant mechanical parameter of concrete (included RAC).
From a macroscopic point of view, the elastic modulus is a measure of the ability of an
object to resist elastic deformation. From a microscopic point of view, it is a reflection of the
bonding strength between atoms, ions, or molecules. The research on the elastic modulus
of RAC is mainly based on experimental measurement [21–23], besides some studies using
computer methods to predict elastic modulus. Golafshani et al. [24] utilized four types
of soft computing methods, namely, artificial neural network (ANN), fuzzy TSK, support
vector regression (SVR), and radial basis function neural network (RBFNN) to predict the
28 day elastic modulus of RAC (ERAC). The results showed that the proposed models
based on the SVR and ANN techniques were more precise. Han et al. [25] presented an
ensemble machine learning (ML) model for the prediction of elastic modulus of RAC, and
the prediction performance of the ensemble ML model was compared with five commonly
used ML models. The result showed the ensemble ML model produced more accurate
predictions compared to standalone models.

Whether it is natural aggregate concrete (NAC) or RAC, they can all be regarded as
composite materials. The composite material itself has strong structural characteristics. It
is a multibody (matrix, reinforced or toughened phase, equal interface) material. Therefore,
its performance and damage rule not only depend on the properties of its component ma-
terials but also its microstructure characteristics. To reveal the influence of the microscopic
characteristics and component materials of RAC on their elastic modulus, micromechanics
is very useful. The elastic modulus of concrete is known to be a function of the elastic
modulus of the components. At present, some scholars use micromechanics models to
predict the elastic modulus of NAC. Counto [26] proposed a new model by discussing
some micromechanics models currently available for the prediction of elastic modulus
of concrete. This new model gave a satisfactory elastic modulus prediction for a wide
variety of aggregates and concrete mixes. The same model can explain the isolated effect
of the elastic modulus of the aggregate on both the creep and creep recovery of concrete.
Chang et al. [27] divided carbonated concrete into three zones, including the full carbon-
ation zone, partial carbonation zone, and noncarbonation zone. A three-layer inclusion
model of composite materials was adopted to calculate the effective elastic modulus. The
results of the compressive strength and elastic modulus increased with an increase in the
degree of carbonation but conversely for ductility. It also proved using the three-layer
inclusion model of composite materials theory could accurately predict the elastic modulus
of carbonated concrete specimens. Few studies use micromechanical models to predict the
elastic modulus of RAC aside from these studies.

This paper adopts four models in micromechanics, including the Voigt model, Reuss
model, Eshelby method, and Mori–Tanaka method. In addition, they are employed to
obtain four prediction models of the elastic modulus of RAC. The compressive strength and
elastic modulus experiments of RAC are conducted to verify the accuracy and robustness
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of the micromechanics-based prediction models. On this basis, some prediction methods
for the elastic modulus of concrete proposed in the previous literature are employed
to be compared with the most satisfactory models in this paper. Several experimental
data from the open literature are also utilized with the experiment data of this paper
to better illustrate the reliability of the prediction models. This work may provide a
certain theoretical basis for predicting the elastic modulus of RAC and may promote the
development of micromechanics in RAC research.

2. Theoretical Models

Four models in micromechanics, including the Voigt model, Reuss model, Eshelby
method, and Mori–Tanaka method, are employed in this paper. Figure 1 shows the
schematic of the prediction models for the elastic modulus of the RAC.
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2.1. Voigt Model and Reuss Model

The Voigt model and Reuss model are the two simplest and classic models for esti-
mating the elastic modulus of composite materials [28,29]. When the composite material
is composed of two matrix materials, similar to the series and parallel in the circuit, the
two matrix materials in the Voigt model are parallel structures that are based on the equal
strain assumption. While in the Reuss model, the two matrix materials are the tandem
structures that are in the view of the equal stress assumption. Both models ignore the
lateral deformation. As shown in Figure 1a,b, the following section considers the situation
where RAC is in uniaxial compression.

For the Voigt model, the elastic modulus of RAC (ERAC) is given by

ERAC =
2

∑
r=0

CrEr (1)

where the subscript r represents mortar, NCA, and RCA. Cr is the volume fraction of the
material, and Er is the elastic modulus of the material.

For the Reuss model, the elastic modulus is given by

ERAC = (
2

∑
r=0

Cr
1
Er

)

−1

(2)
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It is worth mentioning that the stiffness of a material is usually measured by the elastic
modulus E. In the macroscopic elastic range, the stiffness is the force required to cause
a unit displacement. Its reciprocal 1/E is called compliance, which is the displacement
caused by unit force.

According to the previous works, it can be seen that the results of the Voigt model
and Reuss model correspond to the upper and lower bound of the true elastic modulus,
respectively [28,29].

2.2. Eshelby Method

In 1957, Eshelby [30,31] published an article on the issue of elastic fields containing
ellipsoidal inclusions in infinite bodies. The author gives a general solution of the elastic
field inside and outside the ellipsoid for ellipsoid particles with intrinsic strain.

As shown in Figure 1c, this paper only considers spherical inclusions to calculate
its elastic modulus for composite materials such as RAC. Therefore, it assumes that all
particles are spherical and randomly dispersed throughout the matrix. Further, it assumes
that both the particle and the matrix are made of isotropic elastic materials. For RCA, the
matrix is mortar, and the spherical particles are contained in the matrix including NCA
and RCA.

The bulk modulus KRAC and shear modulus GRAC of RAC can be expressed as [28].

KRAC = K0 +
2

∑
r=1

Cr(Kr − K0)(3K0 + 4G0)

3Kr + 4G0
(3)

GRAC = G0 +
2

∑
r=1

5CrG0(Gr − G0)(3K0 + 4G0)

3K0(3G0 + 2Gr) + 4G0(2G0 + 3Gr)
(4)

where Kr and Gr are, respectively, bulk modulus and shear modulus of the component material.
It is worth mentioning that this method is limited to low (dilute) concentrations

of inhomogeneities because the distribution of the inhomogeneities is neglected. More
importantly, the interaction between the inhomogeneities is not taken into consideration.
That is why this method is also named the dilute concentration method [32].

2.3. Mori–Tanaka Method

In 1973, Mori and Tanaka [33] studied the work of the hardening of the dispersion
hardening materials. At the time, the back stress method to solve the average stress inside
the material was proposed, namely the Mori–Tanaka method. Because this method operates
easily, it also takes into account the composite materials to a certain extent. The interaction
between the inclusion phases has been widely used in recent years and has become one of
the effective means to homogenize the properties of composite materials. Figure 1c is also
the schematic diagram of its inclusion model. The bulk modulus KRAC and shear modulus
GRAC of RAC can be expressed as

KRAC = K0 +
2

∑
r=1

Cr(Kr − K0)(3K0 + 4G0)

3Kr + 4G0 + 3(1 − Cr)(Kr − K0)
(5)

GRAC = G0 +
2

∑
r=1

5CrG0(Gr − G0)(3K0 + 4G0)

5G0(3K0 + 4G0) + 6(1 − Cr)(Gr − G0)(K0 + 2G0)
(6)

Although the Mori–Tanaka method is also based on the assumption of spherical
inclusions, the Mori–Tanaka method is suitable for composite materials with the inclusions
of any volume fraction. In other words, it has a wider range of applications than the
Eshelby method.

In addition, the use the relationship between elastic modulus, bulk modulus, and
shear modulus

ERAC =
9KRACGRAC

GRAC + 3KRAC
(7)
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to obtain the elastic modulus of RAC on different prediction methods, where ERAC is the
elastic modulus of RAC, KRAC is bulk modulus, and GRAC is shear modulus, respectively.

3. Experiments
3.1. Materials

Experimental materials include the ordinary Portland cement (OPC, cement mark is
42.5R), natural river sand (medium sand in China National Standard GB/T 14684-2011 [34]),
NCA whose diameters range from 5–20 mm with continuous grading, as well as RCA
which is 5–20 mm continuous grading by crushing and processing waste concrete from
the demolition of a building in Taian City, Shandong Province. Figure 2 presents the NCA
and RCA, which are used in the experiment. Table 1 shows the main physical properties of
NCA and RCA.
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Figure 2. (a) Natural aggregate concrete (NCA) and (b) recycled coarse aggregate (RCA) were used
in the experiment.

Table 1. Main physical properties of natural aggregate concrete (NCA) and recycled coarse aggre-
gate (RCA).

Property NCA RCA
Requirement/Category

GB/T 14685-2011 GB/T 25177-2010

Apparent density (kg/m3) 2660 2590 ≥2600 Class I
Water absorption (%) 0.7 4.8 Class I Class II
Crushing index (%) 9.8 17.6 Class I Class II

Elongated or flat particle (%) 5.0 9.0 Class I <10

It can be seen that compared with NCA, the surface of RCA has attached mortar and
contains some other ingredients, such as red bricks. The main properties were measured
in accordance with China National Standard GB/T 14685-2011 [35] for NCA and GB/T
25177-2010 [2] for RCA. Considering the production process of RCA, excessive crushing
may result in the development of microcracking and porosity within the attached mortar
and deterioration of its physical properties. Thence, RCA tends to exhibit lower apparent
density, higher water absorption, crushing index, and elongated or flat particle relative to
those of NCA. Nevertheless, the physical properties of the NCA and RCA samples are all
within the respective limits provided in GB/T 14685-2011 [34] and GB/T 25177-2010 [2].

3.2. Concrete Mixture Proportions

Zhang et al. [36] pointed out that additional water demand is required by the usual
design due to the high water absorption of RCA and the water demand is calculated based
on the 10 minutes water absorption of RCA also being added. This part of the water is
called additional water. The specimens used in the experiment were designed according
to C30 concrete. In this experiment, the water–cement ratio was 0.38, and the sand ratio
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was 30%. The recycled aggregate concrete (RAC) mixture proportions design is shown
in Table 2. RAC is categorized into ten types according to their RCA replacement ratios,
and the number in the name represents the value of the replacement ratio of RCA. No
admixtures were added in this experiment by considering that concrete admixtures affect
the strength of RAC and other indexes to a certain extent.

Table 2. Recycled aggregate concrete mixture proportions.

Type Cement
(kg)

Sand
(kg)

NCA
(kg)

RCA
(kg)

Water
(kg)

Additional
Water (kg)

NAC 461 512 1252 0 175 0
RAC-10 461 512 1127 125 175 5
RAC-20 461 512 902 250 175 10
RAC-30 461 512 876 376 175 14
RAC-40 461 512 751 501 175 19
RAC-50 461 512 626 626 175 24
RAC-60 461 512 501 751 175 29
RAC-70 461 512 376 876 175 34
RAC-80 461 512 250 1002 175 38
RAC-90 461 512 125 1127 175 43
RAC-100 461 512 0 1252 175 48

3.3. Experimental Method

The size of the specimen for measuring the elastic modulus was 100 mm × 100 mm ×
300 mm and for measuring compressive strengths was 100 mm × 100 mm × 100 mm [37].
Nine specimens were made for each type of RCA replacement ratio, of which three measure
compressive strength, three measure axial compressive strength, and three measure elastic
modulus. After the specimens were formed, they were put in a room with a temperature of
20 ◦C ± 5 ◦C and relative humidity of 50% or more for one day, and then the mold was
removed. The specimens were put into a standard curing room with a temperature of
20 ◦C ± 2 ◦C and relative humidity of 95% or more for 28 days after removing the mold.

The specific steps of the compressive strength test and elastic modulus test refer to
China national standards GB/T 50081-2019 [37]. When measuring the elastic modulus,
load to the initial load value F0 with reference stress of 0.5 MPa, the constant load for the
60 s was kept, and the deformation values of each measuring point in the next 30 s were
recorded. Immediately, the load value Fa/3 of the axial compressive strength was loaded
continuously and uniformly, the dead load for the 60 s was kept, and the deformation
values of each measuring point in the next 30 s was recorded.

4. Results and Discussions
4.1. Experimental Results

Statistical analysis was conducted by calculating the standard deviation (SD) and
coefficient of variation (C.V) of the experimental results. The experimental results and
statistical analysis are shown in Table 3.

Figure 3 shows the average compressive strength tested at 28 days for various replace-
ment ratios of RCA. As seen in the figure, the strength decreases linearly with the increasing
replacement ratios of RCA. This phenomenon may be attributed to the deterioration of RCA
properties. Due to the large amount of original damage (internal micro-cracks) produced
during the crushing and processing of RCA, its physical properties are lower than that of
NCA. In addition, the adhered mortar on RCA may play a significant role in weakening the
performance of RAC, particularly for strength and permeability when the water–cement
ratio is the same. This may also be the reason why the strength of RAC decreased.
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Table 3. Experimental results and statistical analysis.

Type Slump
(mm)

Compressive Strength Elastic Modulus
Mean
(MPa)

SD
(MPa)

C.V
(%)

Mean
(GPa)

SD
(GPa)

C.V
(%)

NAC 49 33.63 0.74 2.19 33.96 0.80 2.35
RAC-10 46 33.27 1.23 3.71 33.03 1.22 3.70
RAC-20 44 32.87 1.25 3.80 32.53 1.32 4.07
RAC-30 42 32.17 0.80 2.49 31.01 0.41 1.33
RAC-40 47 31.27 0.85 2.72 28.91 0.66 2.27
RAC-50 50 30.73 1.39 4.51 28.22 1.30 4.59
RAC-60 51 29.83 0.38 1.27 29.16 0.77 2.65
RAC-70 53 28.57 1.31 4.57 27.37 0.41 1.48
RAC-80 53 28.33 0.42 1.47 25.70 0.61 2.37
RAC-90 55 27.93 0.60 2.16 24.99 0.39 1.57
RAC-100 56 27.60 0.36 1.31 24.44 1.02 4.17
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As shown in Figure 4, the elastic modulus of RCA is lower than that of NCA because
of the porous nature of RCA. Generally speaking, the elastic modulus of RAC tends to
decrease linearly with the increase in the replacement ratio of RCA. However, the elastic
modulus does not fit the overall trend well due to a slight increase when the replacement
ratio of RCA reaches 60%. The reason for this phenomenon may be that the relationship
between RCA, NCA, and mortar is not a simple inclusion under this replacement ratio
of RCA but may involve more complex reasons, such as surface effects. It may also be
abnormal data caused by experimental measurement errors in addition to the possible
explanations mentioned above. Therefore, follow-up studies need to be conducted to
explore the reasons for this phenomenon.

Based on the above work, the results of compressive strength and elastic modulus
obtained from the experiment are fitted in Figure 5.

It is worth noting that there is an empirical relationship

E = 1252.96σ− 123,21.17 R2 = 0.9101 (8)

between the compressive strength (σ) and the elastic modulus (E).
This empirical relationship provides the theoretical basis for predicting the elastic

modulus of RAC through its compressive strength. Since the mixture proportions and
water–cement ratio of this experiment are constant, the influence of parameters such as the
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mixture design and water–cement ratio on this empirical relationship is currently unknown.
Whether it has universal applicability requires further research and verification.
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4.2. Comparison of Theoretical and Experimental Results

To verify the theoretical model, the elastic modulus of RAC acquired by the four
models is compared with those obtained by the experiments. In the experiment, the NCA is
made of basalt after crushing and processing. Thus, the approximate values of mechanical
properties of RCA, NCA, and mortar used in the calculation are listed in Table 4 according
to the data from the literature [38–40]. Among them, the value of the elastic modulus of
RCA is carefully selected according to the elastic modulus of NAC. Bulk modulus and
shear modulus are calculated by using the elastic modulus and Poisson's ratio of NCA
and RCA.
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Table 4. The mechanical properties of RCA, NCA, and mortar [38–40].

Type Elastic Modulus
(GPa)

Poisson’s
Ratio

Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Density
(g/cm3)

NCA 60.00 0.25 40.00 24.00 2.7
RCA 33.96 0.20 18.87 14.15 2.6

Mortar 22.00 0.15 10.48 9.57 —
Concrete (NAC

and RAC) — — — — 2.4

According to the parameters provided in Table 4 and the prediction models of the
elastic modulus of the RAC obtained in Section 2, the relationship between the variation
curves of the different prediction models and the experimental results is shown in Figure 6.

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 14 
 

curves of the different prediction models and the experimental results is shown in Figure 
6. 

It is obvious that the prediction model deduced by the Mori–Tanaka method is in 
good agreement with the experimental results for any replacement ratio of RCA, and the 
results are closer to the experimental results. What is more, it is surprising that the pre-
diction model derived from the Voigt model is also closer to the experimental data when 
the replacement ratio of RCA is small (less than 30%). When the replacement ratio of RCA 
is between 30% and 80%, the accuracy of the prediction model derived from the Reuss 
model is also relatively excellent. Considering that if the elastic modulus of RAC needs 
predicting in engineering, the Voigt model and Reuss model can be used through simpler 
and faster calculations because they can produce relatively accurate results based on the 
appropriate replacement ratio of RCA. This advantage is not available in the Mori–Tanaka 
method, which is the most accurate one among the four models. 

Statistical parameters associated with the prediction performances of models are 
enumerated in Table 5. All theoretical models produced predictions with reasonable ac-
curacy, with the Pearson correlation coefficient (R) of all models being greater than 0.95 
and the root mean squared error (RMSE) ranging from 1.59 to 4.60 GPa. Based on the 
values of the latter, it can be said that the micromechanics-based prediction models can 
predict the elastic modulus of RAC made of different RCA content, within approximately 
± 5 and ± 2 GPa of the actual value in the worst- and best-case scenarios, respectively. Such 
margins of error in predictions are reasonable considering that even in experimental 
measurements of the elastic modulus of RAC, the standard deviation could be as high as 
1–3 GPa. On the basis of other parameters including mean absolute error (MAE) and mean 
absolute percentage error (MAPE), the prediction performance of the Mori–Tanaka 
method is more precise than other prediction models. Based on the statistical analysis, it 
was shown that micromechanics-based prediction models can accurately and reasonably 
predict the elastic modulus of RAC as long as they are carefully deduced and analyzed. 

 
Figure 6. Comparisons of four prediction models and experimental results. The error bar in the 
figure represents the standard deviation of the experiment data. 

Table 5. Prediction performance of four models, measured on the basis of the experimental data. 
Five statistical parameters are shown. The best-performing model is heightened in bold. 

Model  R R2 MAE  
(GPa) 

MAPE 
(%) 

RMSE 
(GPa) 

Voigt model 0.9794 0.9593 2.8061 8.9222 2.8789 
Reuss model 0.9766 0.9537 3.8761 14.3613 4.5913 

Figure 6. Comparisons of four prediction models and experimental results. The error bar in the
figure represents the standard deviation of the experiment data.

It is obvious that the prediction model deduced by the Mori–Tanaka method is in good
agreement with the experimental results for any replacement ratio of RCA, and the results
are closer to the experimental results. What is more, it is surprising that the prediction
model derived from the Voigt model is also closer to the experimental data when the
replacement ratio of RCA is small (less than 30%). When the replacement ratio of RCA is
between 30% and 80%, the accuracy of the prediction model derived from the Reuss model
is also relatively excellent. Considering that if the elastic modulus of RAC needs predicting
in engineering, the Voigt model and Reuss model can be used through simpler and faster
calculations because they can produce relatively accurate results based on the appropriate
replacement ratio of RCA. This advantage is not available in the Mori–Tanaka method,
which is the most accurate one among the four models.

Statistical parameters associated with the prediction performances of models are enu-
merated in Table 5. All theoretical models produced predictions with reasonable accuracy,
with the Pearson correlation coefficient (R) of all models being greater than 0.95 and the
root mean squared error (RMSE) ranging from 1.59 to 4.60 GPa. Based on the values of
the latter, it can be said that the micromechanics-based prediction models can predict the
elastic modulus of RAC made of different RCA content, within approximately ±5 and
±2 GPa of the actual value in the worst- and best-case scenarios, respectively. Such margins
of error in predictions are reasonable considering that even in experimental measurements
of the elastic modulus of RAC, the standard deviation could be as high as 1–3 GPa. On
the basis of other parameters including mean absolute error (MAE) and mean absolute
percentage error (MAPE), the prediction performance of the Mori–Tanaka method is more
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precise than other prediction models. Based on the statistical analysis, it was shown that
micromechanics-based prediction models can accurately and reasonably predict the elastic
modulus of RAC as long as they are carefully deduced and analyzed.

Table 5. Prediction performance of four models, measured on the basis of the experimental data.
Five statistical parameters are shown. The best-performing model is heightened in bold.

Model R R2 MAE
(GPa)

MAPE
(%)

RMSE
(GPa)

Voigt model 0.9794 0.9593 2.8061 8.9222 2.8789
Reuss model 0.9766 0.9537 3.8761 14.3613 4.5913

Eshelby method 0.9759 0.9523 1.8000 6.3184 2.2251
Mori–Tanaka method 0.9804 0.9613 1.3581 10.8007 1.5873

In order to better illustrate the reliability and adaptability, the Mori–Tanaka method is
compared with some methods for predicting the elastic modulus of concrete proposed in
the previous literature [26,41].

Note that the mixture designs only differ in the RCA content, and other parameters
such as cement content, W/C ratio, sand ratio, etc., were kept constant. Several experimen-
tal data from the open literature [3,23,42] are employed with the data in this paper.

The comparison results of the experimental data and the predicted value of different
theoretical models is shown in Figure 7. Noting the fitting curve and the coefficient of
determination (R2), it is obvious that the predicted elastic modulus of RAC by the Mori–
Tanaka method is closer to the experimental data, which is significantly better than the
other two prediction methods.
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Statistical parameters associated with the prediction performances of three models
are enumerated in Table 6. It is found that the Mori–Tanaka method gives the best overall
approximation for various data. The properties of experimental data from the available
literature such as the type of NCA raw stone, the strength of RCA, etc., are not known as
well as the experiment in this paper. Hence, its accuracy would be improved further after
adjusting based on the situation of the specific experiment. As for the other two theoretical
prediction models obtained from the previous literature, their accuracy and applicability
are significantly reduced when they are employed to predict the elastic modulus of RAC.
Therefore, they need to make appropriate corrections to improve its reliability when they
are applied in the case of RAC.
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Table 6. Prediction performance of three models, measured on the basis of the different experimental
data. Five statistical parameters are shown. The best-performing model is highlighted in bold.

Model R R2 MAE
(GPa)

MAPE
(%)

RMSE
(GPa)

Mori–Tanaka method 0.7678 0.5895 1.6538 5.8137 2.0354
Reference [26] 0.3037 0.0922 3.7848 11.9413 4.4411
Reference [41] 0.3035 0.0921 3.8012 11.831 4.4619

5. Conclusions

This paper adopts four models to predict the elastic modulus of RAC based on
micromechanics. The compressive strength and elastic modulus experiments of RAC are
conducted to verify the accuracy and robustness of the prediction models. Some methods
for predicting the elastic modulus of concrete proposed in the previous literature are
employed to be compared with the most satisfactory one in this paper. Several experimental
data from the open literature are also utilized with the experiment of this paper to better
illustrate the reliability of the prediction models. Based on the above research, it can be
concluded that:

1. Both compressive strength and the elastic modulus of RAC tend to decrease with
the increase in the replacement ratio of RCA. However, the elastic modulus does
not fit the overall trend well when the replacement ratio of RCA reaches 60%. In
addition, there is an empirical relationship between the compressive strength and the
elastic modulus. Further research needs to be conducted to verify the correctness and
applicability of this linear relationship.

2. Of the four prediction models, the Mori–Tanaka method is the most accurate and
reasonable. The accuracy of the Voigt model or the Reuss model fits relatively well
respectively when the replacement ratio is within a certain range. As far as engi-
neering is concerned, the Voigt model or the Reuss model can also be employed
because of their simple calculation to obtain a relatively accurate elastic modulus of
RAC conveniently.

3. The Mori–Tanaka method gives the best overall approximation for various data
compared to the prediction models obtained from the previous literature. Moreover,
it illustrates the extensive effects of the Mori–Tanaka method in predicting the elastic
modulus of RAC.
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