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,e interfacial transition zone (ITZ) is a weak region of recycled concrete. To further study the influence of the ITZ on the damage
performance of recycled concrete, a formula for calculating the ITZ thickness is derived, and the ITZ thickness is calculated for
various recycled concrete mixtures with a recycled aggregate content of 30%. ,e concrete model test method and finite element
analysis software were used to numerically simulate common concrete and recycled concrete with ITZ thicknesses of 0.05mm,
1mm, 2mm, 3mm, and 4mm.,e results show that the thickness of the ITZ has an obvious influence on the cracking strength of
recycled concrete and that the cracking strength of recycled concrete decreases with increasing ITZ thickness. ,e cracks in
recycled concrete initiate from the ITZ, and the damage degree increases with increasing ITZ thickness. Compared with that of
common concrete, the cracking strength of recycled concrete with an ITZ thickness of no more than 2mm (i.e., the replacement
rate of the recycled aggregates is no more than 30%) is not significantly reduced.

1. Introduction

Similar to ordinary concrete, recycled concrete is a kind of
heterogeneous composite material, containing solid, liquid,
and three-phase gas materials, made of recycled aggregates
mixed with a certain proportion of natural aggregates, ce-
ment, water, and a certain proportion of additives for curing
and hardening. However, unlike natural aggregates, recycled
aggregates, which contain a large number of microcracks
from mechanically damaged concrete, have old mortar at-
tached to their surfaces. ,is is one of the main factors
leading to the high porosity, strong water absorption, and
relatively low density of recycled aggregates. At the
microlevel, recycled concrete components include natural
aggregates, an interfacial transition zone (ITZ) between the
old mortar and natural aggregates, an ITZ between the new
mortar and old mortar on the surface of the native aggre-
gates and at the cross section between the transition layer
(hereinafter referred to as the old interface layer) and old
mortar, an ITZ between the new mortar and natural ag-
gregates (hereinafter referred to as the new ITZ), and the

new mortar matrix. In this paper, the old interface layer, the
old mortar, and the new ITZ (i.e., the transition between the
surface of the natural coarse aggregates and the new mortar
matrix), collectively known as the regeneration region, is the
primary ITZ between the coarse aggregates. ,e new mortar
is called the common ITZ, as shown in Figure 1.

,e ordinary concrete ITZ refers to the transition area
between the aggregate and mortar matrix. Xie [1] studied the
ITZ of concrete in 1983, and he divided the ITZ from the
aggregates to the mortar into the following four micro-
structural models: the permeation and diffusion layer,
contact layer, enrichment layer, and weak effect layer.
According to Berger’s sidewall effect [2], the water-cement
ratio of the water film layer near the aggregate surface is
higher than that of the cement slurry, and ettringite and
other crystalline compounds with large crystals easily form
around the aggregates, resulting in a loose structure and high
porosity of the ITZ. ,e loose structure and high porosity
reduce the bonding strength and permeability resistance of
the interfacial zone, so the ITZ is referred to as the weak link
in concrete. Professor Wu [3] studied the microstructure of
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the ITZ of concrete and found that the contents of calcium
hydroxide and ettringite are obvious and that larger crystals,
growth orientation, a high water-cement ratio, and a large
porosity are observed. In addition, the weak region in
concrete is the fundamental problem associated with
composite materials; therefore, the macromechanical
properties of the composite material were studied.

,e recycled concrete ITZ contains the regeneration
region of the ITZ and the common ITZ. ,e regeneration
region of the ITZ combines the old interface layer and two
mortar layers, such that the two old interface layers and the
mortar layer produce a complex ITZ structure with a loose
degree, and the porosity is much higher than that of the
common ITZ, as shown in Figure 2. Etxeberria et al. [4]
studied the ITZ structure of recycled concrete and found
that the bond strength of the common ITZ was higher than
that of the new interface layer and that the old interface layer
was the weakest interface among the three. Dhir et al. [5]
found that there was a large number of CH crystals in the
new interface transition layer of the recycled concrete ITZ
and that the crystal arrangement was obvious, which was
also the weakest point in the recycled concrete. Tam et al. [6]
carried out a model test containing 9 cylindrical recycled
aggregate samples, and the model test methods were similar
to those of Buyukozturk et al. [7] and Liu et al. [8]. ,e
porosity of the old interface layer was higher than that of the
old mortar and that of the new mortar was higher than that
of the old mortar. Cracks appeared and developed mainly
along the new surface layer of the recycled concrete with a
large water-cement ratio (0.67), while cracks appeared and
developed mainly along the old ITZ of the recycled concrete
with a small water-cement ratio (0.40).

,e ITZ (especially the recycled ITZ) is the area where
cracks occur and develop and is the weakest region in
recycled concrete. Many studies of the structure and
cracking mechanism of the ITZ of recycled concrete have
been carried out at home and abroad, but there are few
reports on the quantitative analysis of the ITZ and the in-
fluence of its thickness on the performance of recycled
concrete, so further research is needed. In this paper, the
thickness and volume of the ITZ of recycled concrete are
quantitatively analysed, and the variation in the thickness of
the ITZ is numerically analysed for recycled concrete, which
provides a reference for research on recycled concrete.

2. Quantitative Analysis of the ITZ of
Recycled Concrete

,e ITZ of recycled concrete includes the recycled ITZ and
common ITZ. ,e common ITZ is the same as the ITZ in
common concrete, which can be determined by referring to
the research results for the common concrete ITZ [9].
,erefore, it is necessary to quantitatively analyse the
recycled ITZ.

2.1. Quantitative Analysis of the ITZ �ickness. ,e regen-
eration ITZ from the natural aggregate surface inside the
recycled aggregates to the edge of the new mortar includes
the old interface layer, the old mortar, and the surface layer
of the new materials. Recycled aggregates are mechanically
obtained from waste concrete, and a large amount of old
mortar is attached to the surface of the recycled aggregates
produced from waste concrete. ,e old mortar layer is
externally attached to the recycled aggregates and consists of
the old interface layer and the old mortar layer. To quan-
titatively analyse the thickness of the recycled ITZ, the
thickness of the old mortar externally attached to the
recycled aggregates should be calculated first. ,e thickness
of the recycled ITZ can be calculated based on the thickness
of the old mortar and the surface layer of the new materials.
,e old mortar directly affects the water absorption rate of
the recycled aggregates. ,erefore, the old mortar adhesion
rate is simplified in the literature [10] to be a single factor
function of the water absorption rate, as shown in the
following equation:

wwater � F woldcem( , (1)

where wwater is the water absorption of the recycled ag-
gregates and woldcem is the adhesion rate of the old mortar of
the recycled aggregates.

Considering that the mechanical damage of the recycled
aggregates results in a relatively high measured water ab-
sorption rate, the correction coefficient λ (generally 1.2∼1.3)
is introduced, and equation (1) is amended as

wwater �
F woldcem( 

λ
. (2)

,e experimental results in the literature [11] show that
there is a good linear correlation between the adhesion rate
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Figure 1: Microstructure and scanning electron microscope (SEM)
image of recycled concrete [1].
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Figure 2: Schematic diagram of the interface transition zone of the
recycled aggregates.
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of the recycled aggregate mortar and the water absorption
rate, apparent density, and crushing index as well as the
randomness and uncertainty of the value λ in equation (2).
,e expression of equation (2) can be directly used to obtain
the linear expression in

wwater � a · woldcem + b. (3)

According to relevant studies, when the maximum
particle size of the recycled aggregates is 16mm, a � 0.177
and b � 0.36 [12]; when the maximum particle size of the
recycled aggregates is 32mm, a � 0.0825 and b � 1.2828
[13].

According to equation (3), the mortar adhesion rate can
be expressed by

woldcem �
wwater − b

a
. (4)

,e difference in the linear expansion coefficient of
different materials at different temperatures can also be used
to conduct calcination tests to separate the old mortar from
the surface of the aggregates and determine the content of
old mortar. Bruno et al. [14] studied the linear expansion
rate of cement mortar, limestone, pebbles, and green schist
at different temperatures, and the linear expansion rate of
different materials varied with temperature. When the
temperature was low (≤120°C), the difference in the linear
expansion rate between different components was small, and
the maximum expansion rate was only 0.04%; however,
when the temperature rose to 800°C, the linear expansion
rate of green schist reached more than twice that of cement
mortar in C40, and the linear expansion rate of commonly
used pebbles was also nearly twice that of cement mortar in
C40, with obvious differences. After high-temperature cal-
cination, the aggregates were put into a high-speed ball mill
for ball grinding. ,e mutual collision of the ball grinding
beads could effectively separate the mortar and aggregates,
and an accurate mortar content could be obtained. ,e
mortar content is given by

woldcem �
ΔG
GRag

× 100% �
GRag − Gag

GRag
× 100%, (5)

where GRag is the weight of the recycled aggregate sample
after drying, Gag is the weight of the recycled aggregate
sample after high-temperature calcination, and ΔG � GRag −

Gag is the mortar content in the reclaimed aggregates.
In addition, the volume of recycled aggregate mortar

content can be expressed by

Voldcem �
ΔG

ρcement
�

GRagwoldcem

ρcement
× 100%. (6)

According to equations (4) and (6), the relationship
between the mortar content volume and water absorption
can be expressed by

Voldcem �
GRag wwater − b( 

ρcement · a
× 100%. (7)

,e volume of recycled aggregates after residue is re-
moved from the process of sieving is as follows:
Vag � VRag − Vs. Relevant studies [15, 16] show that the
volume percentage of the aggregates in concrete is basically
the same as the area percentage of the aggregates in a certain
section.,erefore, the area ratio between the old mortar and
primary aggregates at a certain interface of the reclaimed
aggregates can be calculated to obtain the thickness of the
mortar attached to the reclaimed aggregates. ,erefore, the
area ratio fA between the old mortar and the natural ag-
gregates in the recycled aggregates can be expressed by

fA �
Vcement

Vag
�

ρagwoldcem

ρcement 1 − woldcem( 
. (8)

,e thickness δoldITZ of the old mortar attached to the
outside of the recycled aggregates with particle size d is
obtained in

δoldITZ �
D − D ·

���������
1/ 1 + fA( 



2
. (9)

,e thickness of the mortar attached to the outside of the
recycled aggregates as well as the thickness of the old in-
terface layer and the old mortar is obtained. ,erefore, the
thickness δRCITZ of the regenerated ITZ is equal to the sum of
the thickness δoldITZ of the attached old mortar (including the
old mortar and the old interface layer) and the thickness δnewITZ
of the surface layer of the new materials (which is also equal
to that of the ordinary ITZ). δRCITZ can be expressed by

δRCITZ � δoldITZ + δnewITZ . (10)

2.2. Analysis of the �ickness of the ITZ. According to [16],
the mortar contents of reclaimed concrete prepared with
recycled coarse aggregates (labelled C20∼C50) are shown in
Table 1.

According to the first-order mixture of the recycled
coarse aggregate particles with sizes of 5∼25mm, the
thickness of the ITZ corresponding to different particle sizes
of recycled coarse aggregates is shown in Table 2 and
Figure 3.

Table 2 and Figure 3 show that the strength of abandoned
concrete has a significant influence on the mortar adhesion
thickness on the surface of recycled aggregates, and the
average mortar adhesion thickness on the surface increases
with the increase in the particle size of the recycled
aggregates.

In the literature [3], academician Wu pointed out that
the thickness of the ITZ of ordinary concrete is generally
30∼40 μm, and Prokopski and Halbiniak [9] found that the
final thickness of the ITZ is not more than 100 μm based on
the quantitative calculation of the thickness of the ITZ of
ordinary concrete. When the approximate thickness of the
common ITZ is taken as 70 μm, the thickness of the
regenerated ITZ corresponding to different aggregate par-
ticle sizes is shown in Table 3.
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3. Influenceof the ITZThicknesson theDamage
Performance of Recycled Concrete

Model tests or numerical analyses based on model tests are
commonly used to simplify the analysis of the mechanical
properties of concrete. In 1966, Shah and Winter [17]
proposed the concrete model test method for the first time

and carried out a uniaxial compression test on a model
containing 1 aggregate. ,e ITZ was the first area to ex-
perience damage. In 1971, Buyukozturk et al. [7] conducted
uniaxial compression tests on a model containing 9 ag-
gregates, and in 1972, Liu et al. [8] conducted uniaxial and
biaxial compression tests on a model containing 9 aggregates
and found that concrete cracks first appeared in the ITZ. In
2001, Lawler et al. [18] used digital image processing
technology (DIC) to study concrete models containing 1, 5,
and 13 aggregates. From the perspective of compression
failure characteristics, the damage is also initiated in the ITZ.
In 2020, Harish et al. [19] researched the tensile constitutive
relation of recycled concrete aggregate performance and the
influence of nine recycled concrete aggregates in uniaxial
tensile modelling. ,e results showed that the damage in the
recycled concrete began in the ITZ, that the tensile peak
stress increased with the increase in recycled aggregates
outside the thickness of the attached old mortar, and that the
damage decreased in the elastic model. ,e above model
tests show that the ITZ is the first to be damaged in either
ordinary concrete or recycled concrete. However, the in-
fluence of the thickness of the ITZ on the mechanical
properties of recycled concrete has not been completely
clarified. In this paper, 9 recycled aggregates were used to
carry out numerical simulation model tests of recycled
concrete to study the influence of the ITZ on the mechanical
properties of recycled concrete with different thicknesses.

3.1. Model Design and Material Property Determination.
,e numerical model of the recycled concrete has dimen-
sions of 150mm× 150mm× 30mm, and the diameter of the
recycled aggregates is 38mm with a spacing of 9mm. ,e
thicknesses of the ITZ (including the old ITZ, old mortar,
and new ITZ) are 0.05mm, 1mm, 2mm, 3mm, and 4mm,
corresponding to models of ordinary concrete (NCA) and
four kinds of recycled concrete (RC10, RC20, RC30, and
RC40), as shown in Figure 4(a). ,e strength of the natural
aggregates in the reclaimed aggregates is much larger than
the strength of the ITZ and mortar. According to [20], the
natural aggregates in the reclaimed aggregates are taken as
the elastic material in the numerical simulation. ,e density
is set to 2600 kg/m3, the elastic modulus is 70GPa, and μ is
set to 0.16. ,e density of the new mortar is set to 2200 kg/
m3, the elastic modulus is 23GPa, and μ is set to 0.2. In the
selection of the material properties of the ITZ, Lutz et al. [21]
considered that the elastic modulus of the ITZ at 28 days was
30–50% of the mortar, so the elastic modulus of the ITZ was
set to 12GPa, and μ was 0.2.

ABAQUS finite element analysis software is used for
numerical analysis of the model. ,e numerical model is
established by sweeping segmentation. ,e model mesh
element is C3D8R, an 8-node linear hexahedral reduction
integral element (Figure 4(b)). ,e new mortar and the ITZ
adopt the plastic damage model of concrete without cracks,
and the damage state of the model is judged by the com-
pression damage. ,e new mortar in the model adopts the
constitutive relation of the mortar stress-strain curve as in
[22] (as shown in Figure 5). As presented in [21], the stress in

Table 1: Mortar contents of reclaimed concrete with coarse
aggregates.

Strength grade of abandoned concrete Mortar content (%)
C20 44.8
C30 40.4
C40 33.4
C50 26.4

Table 2: Average thickness of the adhesive mortar of the recycled
coarse aggregates with different particle sizes and abandoned
concrete strength (mm).

Strength grade of abandoned
concrete

Particle size (mm)
5 7.5 12 17.5 20

C20 0.42 0.63 1.01 1.47 1.68
C30 0.39 0.58 0.93 1.36 1.56
C40 0.33 0.5 0.81 1.17 1.34
C50 0.27 0.41 0.676 0.96 1.10

Table 3: Interfacial transition zone thickness corresponding to
different particle sizes and abandoned concrete strengths in
recycled concrete (mm).

Strength grade of
abandoned concrete

Particle size (mm)
5 7.5 12 17.5 20

Recycled ITZ

C20 0.49 0.70 1.08 1.54 1.75
C30 0.46 0.65 1.00 1.43 1.63
C40 0.40 0.57 0.88 1.24 1.41
C50 0.34 0.48 0.75 1.03 1.17

Normal ITZ 0.07 0.07 0.07 0.07 0.07
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Figure 3: Average thickness of the mortar attached to the surface of
the reclaimed aggregates with different particle sizes.
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the ITZ is selected according to 50% of the new mortar, and
the strain is taken as 100% of the strain in the new mortar.
Stress control loading is adopted for the recycled concrete
model, and surface loads are simultaneously applied at both
ends.,e initial load is 5MPa, the maximum load is 40MPa,
the loading time is 10 s, the maximum incremental steps are
set to 5,000 steps, and the calculation stops if the increment
exceeds 10 s or 5,000 steps.

3.2. Numerical Simulation Results of the Recycled Concrete
Model. ,e results of the 5 models are analysed, and the
thickness of the ITZ has an obvious influence on the damage
of the concrete model during loading. With the increase in
the thickness of the ITZ, the first damage location of the
concrete model in the loading process is in the ITZ, and the
damage area increases with the increase in the load. RC30 is
the regenerated concrete model; for example, when the load
reaches 4.022 s, the ITZ of the X-direction stress reaches

1.65MPa, and cracks initiate in the ITZ; after 10 s of loading,
the model of the ITZ and the tensile stress area of the new
mortar expand continuously, the damage area expands
continuously, and the mortar surrounding the ITZ exhibits a
large area of damage, as shown in Figures 6 and 7. ,e
concrete model with an ITZ thickness ranging from 0.05mm
to 4mm shows that cracking begins to appear in the ITZ
when loading becomes more severe with increasing thick-
ness, as shown in Figure 8.

By comparing the damage evolution process of 5 dif-
ferent concrete models, the concrete models with different
ITZ thicknesses start to crack at different times. ,e normal
concrete model begins to crack at 7.128 s, and the recycled
concrete model of RC10∼RC40 begins to crack from 6.525 s
to 5.375 s. In general, cracking initiates sooner in recycled
concrete than ordinary concrete; the damage evolution in
the ITZs with thicknesses of 1mm and 2mm is close to that
in the ITZs with thicknesses of 3mm and 4mm; and in the
ITZs with thicknesses of 3mm and 4mm, damage occurs
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Figure 4: Schematic diagram of the (a) recycled concrete model and (b) finite element mesh.
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Figure 5: Stress-strain curve of new mortar. (a) Uniaxial compression stress-strain curve. (b) Uniaxial tensile stress-strain curve.
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earlier in recycled concrete than ordinary concrete, as shown
in Figure 8.

When the thicknesses of the ITZs are 1mm, 2mm,
3mm and 4mm, the replacement rates of the recycled
aggregates in the recycled concrete based on the volume
ratio are approximately 20%, 30%, 50%, and 80%, re-
spectively. When the model concrete cracks, the loads are
33MPa, 31.6MPa, 30.9MPa, 27.75MPa, and 26.6MPa.

Compared with the test results in [23–25], the results and
the variation trend in the current study are consistent, as
shown in Figures 9 and 10. Figures 9 and 10 show that
compared with that of normal concrete, the cracking load
of the recycled concrete decreases with increasing ITZ
thickness, especially when the thickness of the ITZ is more
than 2mm.,e concrete cracking load of the model with a
recycled aggregate replacement rate greater than 30% is
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Figure 6: Stress in the X-direction of RC30 (unit: MPa). (a) 4 s. (b) 10 s.
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Figure 7: Damage evolution in the RC30 concrete model. (a) 4 s. (b) 5 s. (c) 6 s. (d) 7 s. (e) 8 s. (f ) 9 s. (g) 10 s.
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significantly reduced, and the decrease in the concrete
strength is not very obvious. When the thickness of the
ITZ is more than 2mm, the thickness of the ITZ has a
significant influence on the damage performance of
recycled concrete, and the cracking strength of concrete is
also significantly reduced.

4. Conclusion

,e following conclusions can be drawn based on the
quantitative analysis of the ITZ thickness of recycled con-
crete and the numerical simulation of the cracking evolution
of the concrete model: (1) the thickness of the old mortar
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Figure 8: Initial damage diagram in the ITZ for 5 types of recycled concrete models. (a) NCA. (b) RC10. (c) RC20. (d) RC30. (e) RC40.
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attached to the recycled aggregates and the recycled ITZ
thickness increase with the increase in the aggregate particle
size and decrease with the increase in the strength of the
abandoned concrete; (2) with the increase in the thickness of
the ITZ, the cracking strength of the recycled concrete model
decreases continuously, which is consistent with the vari-
ation law of the test results in the relevant literature; (3) the
numerical simulation results of different concrete models
show that the cracking of recycled concrete starts from the
ITZ and that the damage degree increases with the increase
in the thickness of the ITZ; and (4) when the thickness of the
ITZ is no more than 2mm (i.e., the replacement rate of
recycled aggregates is not more than 30%), the cracking
strength of recycled concrete is not significantly reduced
compared with that of ordinary concrete.
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