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In order to investigate the failure processes of Recycled Aggregate Concrete (RAC), cracking behavior of
modeled RAC specimens under compressive loading was investigated using Digital Image Correlation
(DIC). Strain and displacement contour maps were produced to analyze the cracks’ initiation and propa-
gation during loading. The testing results indicate that the discrepancy between the elastic moduli of
coarse aggregates and mortar matrix significantly influences the mechanical properties and crack pat-
terns of the modeled materials. It is found that the failure process is related to the relative strength of
coarse aggregate and mortar matrix. For modeled RAC, the first bond cracks appear around both the
old and new interfacial transition zones (ITZ), and then propagate into the old and new mortar matrix
by connecting each other. The observation implies that the initiations and propagations of microcracks
are different between RAC and Natural Aggregate Concrete (NAC). The findings in this investigation are
useful to improve the mechanical properties of RAC by optimizing the mix proportion.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The coarse aggregates in concrete are often modeled as inclu-
sions in a matrix of mortar [1]. The mismatch between the elastic
moduli of the coarse aggregates and the mortar matrix causes
stress concentration when concrete is loaded. The modes of crack
opening especially around the coarse aggregates and the angles
at which mortar cracks originate and propagate are essential to
understanding the failure process of cement-based materials. In
the past, many attempts have been made to explain the complex
behaviors of concrete with the help of various models [2,3]. Among
different modeling approaches, using modeled concrete was found
to be effective to study the cracking process in concrete. Modeled
concrete is a concrete model, which uses aggregates in particular
shape and sizes to assist studying the complex behavior of concrete
under loading, e.g. crack initiation and propagation. Model con-
crete specimens that contain different number of embedded lime-
stone aggregates (1, 5, and 13 aggregates) were examined by Choi
and Shah [4] to establish the relationship between the fundamen-
tal fracture processes and the aggregate spacing. Corr et al. [5] used
single aggregate and two-aggregate modeled concrete to study the
bond property of interfacial transition zones between aggregates
and cement paste.
ll rights reserved.

: +86 21 65986345.
The depletion of supply of qualified aggregates together with
environmental, economic, and energy considerations encourage
the usage of Recycled Coarse Aggregate (RCA) in new concrete con-
structions [6–9] to make Recycled Aggregate Concrete (RAC). It has
been demonstrated that the earthquake debris can be recycled as
aggregates which was considered as part of the strategy for recon-
struction in earthquake-hit areas [10,11]. The majority of RCA
applications for pavements and airfields have been primarily car-
ried out all over the world [12,13]. It is widely accepted [14,15]
that the Interfacial Transition Zone (ITZ), both between the original
aggregate and adhered mortar, and between the recycled aggre-
gates and new mortar, complicate the analysis of cracking and fail-
ure of RAC.

The presented work mainly focuses on evaluating the failure
processes of modeled RAC under uniaxial compression. Three types
of coarse aggregates were used in this study: natural granite (in the
form of cylindrical cores taken from stone) and two types of recy-
cled aggregates also in cylindrical shape. In addition to the three
forms of modeled concrete, cement mortar specimens (without
coarse aggregates) were also studied to analyze the influence of
material uniformity on fracture. A two-dimensional Digital Image
Correlation (DIC) technique was applied to obtain the whole-field
deformation characteristics and maps of crack’s propagations on
the specimen surfaces in real time [5,16,17]. This investigation will
provide insights into the failure processes of both recycled aggre-
gate concrete and Natural Aggregate Concrete (NAC).
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Fig. 1. Types of coarse aggregate.

Table 1
Properties of coarse aggregates.

Type Diameter
(mm)

Height
(mm)

Compressive strength
(MPa)

Elastic modulus
(GPa)

NCA 28 30 247.8 83
CCA 38 30 51.4 41

The listed results were obtained based on the average of three specimens.

Table 2
Mixture proportion of new and old mortar.

Type Unite mass (kg/m3) Water to cement ratio

Water Cement Sand

Old hardened mortar 160 320 565 0.45
New hardened mortar 190 420 640 0.45

Table 3
Mechanical properties of old and new cement mortar.

Type Compressive strength
(MPa)

Elastic modulus (GPa)

Old hardened mortar 75.3 33.7
New hardened mortar 74.4 33.3

The listed results were obtained based on the average of three specimens.
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2. Experimental program

2.1. Specimen preparation

This study considers concrete as a composite material where
the inclusions (coarse aggregates) are embedded in a continuous
matrix (cement mortar), both phases interact through the ITZ.
The series of modeled concretes were composed of a mortar ma-
trix, in which nine circular discs of coarse aggregates were embed-
ded in a square array [3]. As for the nature of the heterogeneity of a
modeled concrete composite, the coarse aggregate can be consid-
ered as an inclusion within a continuous mortar matrix.

The present different basic modeled specimens were prepared
to obtain as nearly as possible a state of plane stress. Different
modeled specimens with three types of cylindrical coarse aggre-
gates were used in this study: natural coarse aggregate (NCA),
recycled coarse aggregates (RCA) and cored coarse aggregate
(CCA) as shown in Fig. 1. The NCA with a diameter of 38 mm was
obtained by drilling granite stones. The RCA with a diameter of
38 mm was obtained by drilling a thin plate with old mortar
(180 days age) which was adhered to NCA. The CCA with a diame-
ter of 38 mm was cored out from old conventional concrete plate.
All of the three kinds of cylindrical coarse aggregates with the
same height (30 mm) were used for different modeled concrete,
respectively. The mortar compositions used for all the three mod-
eled concrete were kept the same.

Table 1 lists the related properties of the NCA and CCA including
sizes, compressive strength and elastic moduli. From Table 1, a sig-
nificant difference in mechanical properties between NCA and CCA
was found from laboratory testing results. The compressive
strength of NCA is about five times higher than that of CCA and
the NCA’s elastic moduli are also approximately twice as much
as those of CCA. The elastic moduli of NCA and CCA were measured
according to GB/T50081-2002 [18]. For the RCA, the thickness of
the adhering old mortar around the cylindrical granite is approxi-
mately 5 mm. The mix proportion and mechanical properties of old
hardened mortar that used to prepare RCA as well as new hard-
ened mortar used for all the three modeled concrete are presented
in Tables 2 and 3, respectively. Both mortars have a water-to-ce-
ment ratio of 0.45. The compressive strengths of new and old ce-
ment mortar were the average of three testing results on cubes
of 70.7 mm � 70.7 mm � 70.7 mm according to JGJ/T70-2009
[19]. From Table 3, it can be seen that both the strength and the
moduli of new mortar were similar with those of the old mortar.
The old mortar was used for prepared RCA, while the new mortar
was used for casting all the specimens.

The three different modeled cement-based materials with a
same dimension of 150 mm � 150 mm � 30 mm contained differ-
ent cylindrical coarse aggregates and cement mortar are shown
in Fig. 2, including modeled natural aggregate concrete (MNAC),
modeled recycled aggregate concrete (MRAC), modeled cored
aggregate concrete (MCAC) and cement mortar (CM). The MNAC
was used to simulate conventional concrete, and the MRAC and
MCAC were used to simulate recycled aggregate concrete, whereas
the CM was used for comparisons.

When casting the modeled concrete, the aggregates were first
placed vertically in steel molds, and the new mortar was then filled
in around them with the aid of a vibration table. After being kept in
the laboratory for 24 h, the mold was removed and the specimens
were kept underwater for 90 days until testing. For each kind of
molded cement-based materials, there are three duplicates pre-
pared in this study.
2.2. Testing procedure

The current experimental system consists of three parts: a dig-
itally controlled servo-hydraulic loading system, a computer vision
DIC system and DIC analysis software, as displayed in Fig. 3. The
compressive loading was performed in an INSTRON-5592 SATEC
servo-hydraulic testing machine with a capacity of 6000 kN. The
loading was applied with a displacement control and the loading
rate was controlled at 0.02 mm/min to obtain the post-peak behav-
ior of modeled specimens. Two Teflon sheets of 0.2 mm thick were



(a) Modeled natural aggregate
        concrete (MNAC) 

(b) Modeled recycled aggregate 
            concrete (MRAC) 
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Fig. 2. Types of prepared modeled cement-based materials.

(a) Schematic of DIC measurement (b) Setup at the testing site

Fig. 3. Setup for loading test and DIC measurement.
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inserted between the specimen and the machine loading plates to
reduce the frictional shear constraints [20,21]. Within the pre-peak
loading range, the vertical strains of the specimen were measured
by the strain gauges [22–24]. The vertical deformation of the spec-
imen between loading platens was measured by self-mounted dis-
placement transducer of the testing machine. Up to the peak load,



Table 4
Mechanical characteristics of four different modeled cement-based materials.

Type Elastic modulus (GPa) Peak stress (MPa) Peak strain (le)

MNAC 30.26 44.53 2307
MRAC 28.62 38.14 2378
MCAC 25.98 36.04 2486
CM 21.78 49.70 3913

Each type of modeled cement-based materials has three specimens.
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the surface strain measurement was regarded as the global strain
measurement. After the peak load, the deformation of interlayer
and loading system were left out of consideration in the global
deformation measured by the self-mounted crosshead displace-
ment extensometers. So the global vertical strain was obtained
by strain gauges in the pre-peak range and self-mounted trans-
ducer within the post-peak range [25].

The whole front surface of each specimen was captured with a
camera of the digital image correlation system during testing. The
image size was 160 mm � 160 mm, thus covering the complete
specimen size of 150 mm � 150 mm. The imaging system based
on DIC was composed of a monochrome 8.5 mm CCD camera with
a resolution of 2560 � 2160 pixels (256 gray levels) and a PCVI-
SION plus image grabber [26]. The measurement resolution of
the current DIC system was approximately 74 lm. The image anal-
ysis software (Optical Fringe Pattern Analysis) was then used to
calculate the displacements and strain distribution over the speci-
men surface. As the modeled concretes under uniaxial compression
can be considered as a state of plane stress, the 2D-digital image
correlation was capable of examining the two-dimensional crack-
ing propagation on the specimen surface [27].

3. Experimental results

3.1. Stress–strain curves

The difference between the elastic moduli of aggregates and
that of hardened mortar influences the bond stresses between
the two materials and the shape of the stress–strain curve
[28,29]. The mean stress–strain curves for each modeled speci-
mens and cement mortar are compared and shown in Fig. 4. The
letters from a to e in Fig. 4 denote five loading stages, i.e., 15%,
45%, 75% and 100% of peak load in the pre-peak range, and 85%
of peak load in the post-peak range. Moreover, the numbers from
1 to 4 indicate each corresponding materials as listed in Fig. 4,
i.e., 1 indicates MNAC and 4 indicates CM. It can been seen clearly
that the stress–strain curves of the modeled specimens do not
match each other, which indicate a strong influence of coarse
aggregates that used. Table 4 shows the elastic moduli, peak stress
and peak strain for the three modeled concrete together with CM.
It is found that the peak stress of MNAC was 17% and 24% higher
than that of MRAC and MCAC, respectively. However, the peak
strain of MNAC was lower than that of MRAC and MCAC. The
reduction in the compressive strength of MRAC compared to MNAC
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Fig. 4. Loading stages numbered on stress–strain curves of different modeled
specimens.
was due to the existence of adhered mortar and the old interfacial
transition zone which were considered as a weak part in recycled
aggregate concrete [30,31]. The elastic moduli of coarse aggregate
have a significant influence on the elastic moduli of concrete. Be-
cause the elastic modulus of CCA was 50% lower than that of
NCA, the compressive strength and elastic moduli of MCAC are de-
creased 14% and 5% compared to those of MNAC, respectively. In
CM, the composite of mortar matrix was relative uniform, resulting
in a highest peak stress and strain among the four materials.

The axial deformation of modeled specimens was recorded
using DIC method. The strain of the front surface of the modeled
specimens was measured with the DIC system by stacking images
obtained at different stages of loading. To calculate the axial strain,
three couples of points were chosen in the front specimen surface
with a height of 100 mm, which were located on the left, middle
and right part, respectively. The average axial strains were calcu-
lated from the three couples of points. The stress–strain curves
measured by strain gages and DIC method show a good agreement
as displayed and compared in Fig. 5. The slight difference between
strain gages and DIC measurements can be attributed to the accu-
racy of the DIC and surface conditions of specimen. The relation-
ships between the lateral and axial strains of different modeled
concretes obtained by DIC technique is summarized and depicted
in Fig. 6. The axial strain at the beginning was introduced due to
the vertical deformation of the specimen, while the lateral strain
was introduced due to the lateral dilation of the specimen. The
CM which did not contain coarse aggregates exhibited the almost
uniform deformation before the peak load. On the other hand,
the lateral deformations in the MNAC, MRAC and MCAC which
stemmed from the growth of microcracks and failure of interfacial
bonds showing continuous increase through the whole pre-peak
range. Hence, the failure processes in these modeled specimens
started from a very early loading stage and developed gradually
with the increase of loading. During the pre-peak loading stage,
the lateral deformation of MRAC and MNAC were more obvious
than that of MNAC. It indicates that there are more microcracks ex-
isted in the MRAC and MCAC than MNAC within the pre-peak load-
ing range.
3.2. Failure process

The accuracy of displacement and strain measurements ob-
tained from DIC technique depends on the quality of speckle pat-
tern, surrounding vibrations, lighting, out-of-plane displacements
and specimen height used for strain computations, etc. [32]. The
displacement contour maps obtained from the DIC system can
show detailed crack patterns of modeled concretes. On the other
hand, the small strain concentrations distribution can provide
information about the microcracks initiation and development
[33].

The description of lateral strain and displacement distribution
of modeled concretes obtained from DIC method at different stages
of loading were shown in Figs. 7–14. The strain contour maps were
obtained from DIC measurement system at four loading stages
(15%, 45%, 75% and 100% of peak load in pre-peak range, as shown
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in Fig. 4). The displacement contour maps were obtained at other
four loading stages (50%, 75%, 100% of peak load in the pre-peak
range, and 85% of peak load in the post-peak range, as shown in
Fig. 4).
3.2.1. Modeled natural aggregate concrete
Fig. 7 presents the lateral strain distribution contour maps of

MNAC at different loading stages. It is found that a substantial
amount of observable microcracks was examined at about 75% of
the peak load in the interfacial transition zones of MNAC. Micro-
cracks formed around the NCA while some cracks formed exten-
sively in the mortar matrix. With the increase of loading,
microcracks and mortar matrix cracks started to connect with each
other, forming the global fracture in the post-peak loading stage.

Fig. 8 shows the lateral displacement distribution contour maps
of MNAC at four different loading stages. In the final crack pattern,
most cracks lined up vertically with the loading direction. In the
mortar region of MNAC, vertical splitting crack patterns were obvi-
ously detected on the specimen surface.

3.2.2. Modeled recycled aggregate concrete
Fig. 9 shows typical lateral strain distribution contour maps of

MRAC at four loading stages. According to the final failure of MRAC,
it appeared that the observable microcracks appeared at both the
old and new ITZ regions. A substantial amount of microcracks exist
around both the new and old ITZs within the pre-peak loading
stage for MRAC. With the loading increase, the microcracks tended
to evolve into major global cracks. Each group of cracks started
connecting with others, forming a global failure band around the
peak load. For MRAC, most of the cracks developed around aggre-
gates, and then traversed the old mortar and propagates into new
mortar matrix.

Fig. 10 shows typical lateral displacement distribution contour
maps of MRAC at four different loading stages. The bond cracks
around the new and old ITZs developed across old cement mortar,
and propagated into new cement mortar vertically with the
increasing load.

3.2.3. Modeled cored aggregate concrete
Fig. 11 presents typical lateral strain distribution contour maps

of MCAC at four different loading stages. It was observed that



(a) a1 (15% of peak load) (b) b1 (45% of peak load) (c) c1 (75% of peak load) (d) d1 (100% of peak load)

Fig. 7. Contour maps of lateral strain field for MNAC.

(a) b1 (45% of peak load) (b) c1 (75% of peak load) (c) d1 (100% of peak load) (d) e1 (85% of peak load)

Fig. 8. Contour maps of lateral displacement field for MNAC.

(a) a2 (15% of peak load) (b) b2 (45% of peak load) (c) c2 (75% of peak load) (d) d2 (100% of peak load)

Fig. 9. Contour maps of lateral strain field for MRAC.

(a) b2 (45% of peak load) (b) c2 (75% of peak load) (c) d2 (100% of peak load) (d) e2 (85% of peak load)

Fig. 10. Contour maps of lateral displacement field for MRAC.
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microcracks firstly appeared both in the ITZs and mortar regions.
With the load increased, vertical cracks originated predominantly
from the interfacial cracks and propagated vertically in the mortar
matrix. Some of them near the top and bottom part of the speci-
men traverse through cored aggregates. It indicates that the
strength of MCAC can be influenced by the strength of the CCA.

Fig. 12 shows typical lateral displacement distribution contour
maps of MCAC at different loading stages. Both vertical crack bands
combined with shear cracks bands were observed for MCAC. The
cracks in MCAC showed more distributed angles, but 80% of those
cracks angles were less than 30�.

3.2.4. Cement mortar
Fig. 13 presents the lateral strain distribution contour maps of

CM at four different loading stages. It was examined that the CM
revealed almost uniform response up to the peak load. The lateral



(a) b4 (45% of peak load) (b) c4 (75% of peak load) (c) d4 (100% of peak load) (d) e4 (85% of peak load)

Fig. 14. Contour maps of lateral displacement field for CM.

(a) a3(15% of peak load) (b) b3(45% of peak load) (c) c3(75% of peak load) (d) d3(100% of peak load)

Fig. 11. Contour maps of lateral strain field for MCAC.

(a) b3 (45% of peak load) (b) c3 (75% of peak load) (c) d3 (100% of peak load) (d) e3 (85% of peak load)

Fig. 12. Contour maps of lateral displacement field for MCAC.

(a) a4 (15% of peak load) (b) b4 (45% of peak load) (c) c4 (75% of peak load) (d) d4 (100% of peak load)

Fig. 13. Contour maps of lateral strain field for CM.
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strain was uniformly distributed in CM up to 75% of peak load.
With the increase of loading, the cracks did not uniformly develop
on the specimen surface, which locally concentrated and grew
vertically.

Fig. 14 shows typical lateral displacement distribution contour
maps of CM at four different loading stages. It was observed that
a single crack initiated before the peak load and propagated in
the loading direction at post-peak range. The main crack propa-
gated almost over the whole height of the specimen.
4. Analysis and discussions

4.1. Mechanical properties

The research proves again that the discrepancy between the
elastic moduli of coarse aggregate and mortar matrix has a signif-
icant contribution to the cracking modes of the specimen when
subjected to loading. In this study, the elastic modulus of NCA
was much higher than that of mortar matrix in MNAC. Therefore,
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the elastic mismatch of aggregate and mortar in MNAC caused
highly non-uniform deformation at the ITZs in MNAC. In both
MRAC and MCAC, the elastic moduli of coarse aggregates were rel-
atively closer to that of mortar, resulting in less non-uniform defor-
mation at the interfaces. For the CM, the deformation was much
more uniform compared to all the other specimens.

The peak strain from the compression showed a minimum va-
lue in the MNAC. Among MRAC, MCAC and CM, relatively higher
values of peak strain was obtained in CM due to the elastic consis-
tency of the constituents. It indicates that with the same mix pro-
portion, the mechanical properties of recycled aggregate concrete
appear relatively lower than those of natural aggregate concrete.
However, because the mismatch between the elastic moduli of
coarse aggregate and mortar matrix in recycled aggregate concrete
(RAC) is less obvious than that in natural aggregate concrete (NAC),
the peak strain of RAC is higher than that of NAC.

4.2. Cracking modes

The microcrack developments in the modeled cement-based
materials are illustrated in Fig. 15 and 16. As shown in Fig. 16,
the primary failure mode in CM was found to be mode I. For the
MNAC and MRAC and MCAC, both mode I and mode II were ob-
served in the mortar matrix, and mixed modes were also found
around the ITZs. In modeled concrete, the cracks in the mortar ma-
trix can be characterized by either the mode I or the mode II, while
the cracks around the ITZs could be characterized by the mixed
mode.

The main crack in CM angled less than 10� from the loading
direction. The cracks in MNAC, MRAC and MCAC show more dis-
Fig. 15. Schematic diagram of

Fig. 16. Cracking modes in mode
tributed angles, but most cracks angled less than 30� (except
around the coarse aggregate). The crack propagation angles
strongly depended on the materials composition or the types of
coarse aggregate. In CM, a single crack initiated at the peak load
and propagated in the loading direction. The cracks in MNAC,
MRAC and MCAC, which were observed prior to the peak load,
were much more complicated. Both vertical cracks and inclined
cracks were observed. For MNAC, the microcracks were found at
the ITZ and grew vertically in mortar matrix region. In MRAC
microcracks were observed around both the new and old ITZs,
and propagated across the old mortar matrix and new mortar ma-
trix connecting with each other. For MCAC, cracks were likely to
develop around the ITZs, but sometimes propagated through the
cored coarse aggregates. The experimental observations indicate
that microcracks initiated around both old and new ITZ in MRAC,
while for MNAC microcracks just appeared around the ITZ between
NCA and cement mortar. It can be concluded that there are more
weak regions existing in RAC than those in NAC.

4.3. Failure modes

The detailed information on the failure modes of the four mod-
eled specimens was shown in Fig. 17, in which the widths of cracks
were measured by image analysis (Image Pro software). The crack
marked with A has a tendency to propagate parallel to the loading
direction in the mortar matrix. Most the type A cracks go around
the coarse aggregate, although sometimes they pass through
aggregate. Crack marked with B shows opening cracks in lateral
direction, which implies that only mode I cracking exists. On the
other hand, the crack marked with C reveals both lateral and ver-
different cracking modes.

led cement-based materials.



Failure pattern Crack-width in [mm] Failure pattern Crack-width in [mm]

(a) MNAC (b) MRAC 

Failure pattern Crack-width in [mm] Failure pattern Crack-width in [mm]

(c) MCAC (d) CM 

Fig. 17. Failure modes of modeled cement-based materials.
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tical openings, indicating a mixed mode cracking. For MNAC, the
type C cracks appeared around the ITZs regions, and type A and
type B cracks were found in the mortar matrix. Most Type C cracks
were observed around both new and old ITZs region. In MRAC, the
cracks were observed at both old and new ITZs. Globally, primarily
vertical cracks for MNAC and MRAC were similar to each other.
However, the crack propagation around coarse aggregate was
somewhat different because MRAC has two kinds of ITZs compared
to MNAC. In MCAC, type C cracks occurred and developed at the
interfaces between CCA and mortar matrix. Most type A and B
cracks propagated around the ITZ, but some of them passed
through CCA. In the CM, type A cracks were primarily examined
around the peak load along the loading direction. It was shown
that the crack initiation and propagation in recycled aggregate con-
crete is different from that of natural aggregate concrete, but the
global failure patterns for them are similar.

The MRAC can be used to simulate the failure processes of real
RAC. As the test results of MRAC shown, bond cracks first appeared
around the weak ITZs, and then propagated into the mortar re-
gions. Moreover, the microcracks’ locations, sizes, and shapes in
the ITZs were influenced by the relative strength of the old mortar
matrix and new mortar matrix. In this study, the strength of the old
mortar was close to that of new mortar. As a result, the observable
cracks appeared at both the old ITZ and new ITZ. Also, the cracks
development of MCAC depends on the relative strength of CAC
and new mortar. When the strength of CAC is weaker than that
of new mortar, the cracks probably go through the CAC in MCAC.
It implies that the failure mode of RAC is significantly influenced
by the relative strength of recycled coarse aggregate and new mor-
tar. So, it can be found that there are some similarities in the failure
processes between MRAC and real RAC.
5. Conclusion

Modeled cement-based materials were designed to investigate
the failure processes of natural aggregate concrete and recycled
aggregate concrete under uniaxial compression. The related con-
clusions are summarized as follows:

(1) Compared to MNAC, MRAC and MCAC presented lower elas-
tic moduli and compressive strength. On the other hand, the
peak strain of MRAC and MCAC were relatively higher than
that of MNAC probably due to the greater elastic compatibil-
ity between coarse aggregates and mortar matrix.

(2) The global cracks basically developed along the loading
direction for all the modeled cement-based materials. For
MNAC, the first crack appeared around the ITZ, and then
propagated into the mortar matrix. In MRAC, the initial
cracks occurred around both new and old ITZs, and propa-
gated across the old mortar region connecting with each
other. In MCAC, some of the cracks traversed through cored
coarse aggregates.

(3) The observations also indicate that the discrete crack model
(Mode I) can be used to describe the failure of CM, while the
multiple sliding crack models can describe the crack pat-
terns observed in MNAC, MRAC and MCAC. The global failure
patterns of MRAC were similar to that of MNAC. Mixed mode
behavior was obviously found around the ITZs in both MRAC
and MCAC.

(4) Understanding of the differences in the failure processes
between MRAC and MNAC can provide insights into the fail-
ure mechanism of recycled aggregate concrete. Such under-
standing can be used to improve the mechanical properties
of recycled aggregate concrete through optimization of the
mixture proportions.
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