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A B S T R A C T   

Asphalt-aggregate interface’s adhesion properties commonly affect the damage initiation and evolution within 
asphalt concrete materials, related to pavement durability and quality. The scope of this research was to 
investigate the influence of Recycled Concrete Aggregate (RCA) features on asphalt mortar-aggregate interface 
adhesion. Firstly, a three-dimensional reconstruction model of RCA was carried out using X-ray CT tomography 
and digital image processing. In this regard, five feature indicators, namely cement mortar content, sphericity, 
flat and elongated ratio, angularity, and surface texture, were proposed. Based on a bilinear cohesive zone model, 
the interface damage behavior of asphalt mortar-RCA was investigated by using a uniaxial compression simu-
lation. Finally, a GA-BP artificial neural network was conducted to predict and quantify the effect of each feature 
indicator of RCA on interface adhesion. The results showed that when RCA had lower cement mortar content, 
higher sphericity value, and smoother surface, the asphalt mortar-RCA system was less prone to interface 
adhesion failure. The 5-14-1 GA-BP artificial neural network proposed in this study showed very good perfor-
mance in predicting the interfacial dissipation damage energy with a mean-squared error value of 3.52 × 10− 4 

for testing dataset. The cement mortar content parameter exhibited a remarkable influence on the interface 
adhesion property, and its global contribution to the interfacial dissipation damage energy (0.3486) was more 
than twice that of the surface texture parameter (0.1316). In future studies, the performance characteristics of 
cement mortar can be further investigated, thereby proposing RCA’s performance optimization technology.   

1. Introduction 

In recent decades, a series of environmental pollution problems 
caused by construction and demolition waste (C&DW) have attracted 
the attention of many countries [1,2]. On this noticeable issue, using 
waste concrete as recycled aggregate instead of natural aggregate to 
produce road material is considered as the most reasonable solution, 
which has become a hotspot research topic in the field of road engi-
neering [3–5]. At present, the research on asphalt mixture containing 
recycled concrete aggregate (RCA) mainly focuses on three directions, 
including physicochemical properties of RCA, performance improve-
ment approach of RCA, and performance evaluation of RCA asphalt 
mixture [6,7]. For example, Juan et al. [8] pointed out that RCA showed 

a linear growth in Los Angeles abrasion loss with the increase of cement 
mortar content remaining on RCA. The stripping aggregate phase pri-
marily contained cement mortar powder. Lee et al. [9] evaluated the 
mechanical properties of the interface between cement mortar and 
original natural aggregate. Results indicated that the weak interaction at 
the interfacial transition zone and microcracks in cement mortar 
significantly degraded the mechanical strength of RCA. Thomas et al. 
[10] addressed that the crushing method of waste cement concrete 
resulted in high potential of fracture surface and angularity for RCA. 
Tam et al. [11] compared the improvement levels of RCA strength with 
various inorganic acid types, concentrations, and soaking times. 
Pasandín et al. [12] utilized boiling water and rolling bottle tests to 
reveal the influence of asphalt grade, mineral filler type, and RCA 
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pretreatment method on the affinity between asphalt and RCA, and the 
relevant improvement approach was suggested. Nejad et al. [13] 
analyzed the fatigue characteristics of RCA asphalt mixture through 
using an indirect tensile fatigue test. The results expressed that the 
asphalt mixture with 100 % RCA fine aggregate still showed excellent 
fatigue resistance. 

Many research results show that asphalt mixture’s internal damage 
initiation and evolution mainly begins at the asphalt-aggregate interface 
[14,15]. And the Interface Transition Zone (ITZ) between asphalt and 
aggregate plays a significant role in determining the comprehensive 
performance of asphalt mixture [16,17]. Mo et al. proposed a new set-up 
consisting of Dynamic Mechanical Analyzer and Dynamic Shear 
Rheometer to measure the development of asphalt-stone adhesion 
damage, and their corresponding finite element modelling tests were 
performed to obtain the better proper interpretation. The results indi-
cated that stone morphology had an important influence on the per-
formance of ITZ [37]. Lu et al. used the nano-mechanics method to build 
the asphalt-aggregate interface modelling and explore the molecular 
origin of interfacial deformation and failure processes under tensile or 
confined shear loading [38]. Wang et al. proposed an atomistic simu-
lation of moisture-induced damage behavior at asphalt-aggregate 
interface based on the molecular dynamic method. The results illus-
trated that increasing temperature and moisture content on the interface 
reduced its adhesion strength, and asphalt binder’s chemical composi-
tions showed a dramatic influence on the adhesion quality of asphalt- 
aggregate interface [39]. Kuang et al. reported that limestone showed 
a more complicated surface texture compared to granite, resulting in a 
better adhesion property between asphalt and limestone particles [40]. 
Horgnies et al. performed Environmental Scanning Electronic Micro-
scope and Energy Dispersive X-ray (EDX) spectrometry to analyze the 
chemical composition of asphalt-aggregate interface, and built the 
relationship between interfacial composition and adhesion property 
[41]. 

Despite numerous researches having addressed the property char-
acteristics of RCA and corresponding asphalt mixture, some efforts have 
attempted to evaluate the mechanical behavior and microstructure 
features of ITZ in RCA asphalt mixture. Hu et al. compared the ITZ of 
asphalt-nature aggregate and asphalt-RCA through scanning electron 
microscopy and X-ray computed tomography images, and evaluated the 
fracture resistance and interface mechanical behavior of RCA asphalt 
mixture by using semi-circle bending test [42]. Huang et al. conducted 
nanoindentation test, backscattered electron image-analysis, and energy 
dispersive spectroscopy to investigate the thickness, microstructure, and 
mechanical characteristics of ITZ in RCA asphalt mixture. The results 
indicated that the region in ITZ closer to cement mortar and brick 
showed a lower elastic modulus and hardness. They presented that the 
interface adhesion properties and the relationship of ITZ’s micro- 
mechanical and RCA asphalt mixture’s macro-mechanical behavior 
could be further evaluated [17]. 

Based on previous research results, this study focuses on the ITZ 
adhesion behavior of asphalt mixture containing different RCA particles, 
because the aggregate features (e.g., shape, angularity) also play a 
critical role in influencing the interface adhesion quality, especially for 
the RCA. The primary objectives of this study are concerned with three 
areas: (1) to analyze the adhesion damage initiation and evolution at 
asphalt mortar-RCA interface through numerical simulation test; (2) to 
predict the adhesion failure characteristics of different asphalt mortar- 
RCA interfaces using an artificial neural network model; (3) to quan-
tify the contribution of each RCA feature parameter to interface adhe-
sion quality. 

2. Quantification of RCA features 

2.1. 3D reconstruction model of RCAs 

In this study, the RCA source was provided by the aggregate plant 

through crushing the construction and demolition waste, and its phys-
ical properties are listed in Table 1. RCA particles ranged in size from 
2.36 mm to 26.5 mm. 

As a non-destructive imaging technology, X-ray Computed Tomog-
raphy (X-ray CT) scanning has been widely used by many civil engineers 
to evaluate the internal structural characteristics of civil engineering 
materials [18,19]. A total of 125 RCA particles placed in a cube 
container were scanned using X-ray CT with a scanning interval of 0.1 
mm. Then, the CT images of RCA were subjected to grayscale trans-
formation, median filtering, and binarization by Digital Image Process-
ing (DIP) analysis to obtain their morphology parameters. The saved CT 
images were Red Green Blue (RGB) images with 24 bits size of each 
pixel, and they were converted to relevant Gray Scale images (8 bits per 
pixel size) by using weighted average method. The gray values changing 
from 0 to 255 represented the brightness of the image ranging from fully 
black to fully white. Within the RCA particle, cement mortar remaining, 
original aggregate and air voids showed different gray levels in accor-
dance with their material density. Median filtering technique was uti-
lized to reduce the isolated noise in RCA gray images, which helped to 
improve the image segmentation quality. The maximum classes square 
error method (Otsu) was carried out to determine an ideal threshold 
value for binarization, and the RCA gray image could be divided into 
two parts, namely areas of interest (AOI) and background. As a result, 
the AOIs consisting of cement mortar remaining, original aggregate and 
air voids phases were extracted and identified. And the bonding status 
between original aggregate particles of RCA was further eliminated 
through distance-map and watershed segmentation method. After image 
processing, the extracted RCA microstructure information was finally 
imported into Avizo software. And the 3D models of different RCAs were 
reconstructed, as shown in Fig. 1. 

2.2. Indicator selection for RCA features 

In the RCA asphalt mixture system, the properties of cement mortar 
remaining and original aggregate of RCA both have impacts on the 
adhesion quality of the asphalt-aggregate interface [20]. Therefore, we 
proposed four parameters to quantify RCAs’ features in this study. Avizo 
software was adopted to extract the morphology data of reconstructed 
3D RCA particles, thereby, the values of RCA feature parameters were 
calculated. 

2.2.1. Cement mortar content 
The mechanical behavior of cement mortar adsorbed on aggregate 

surface is different from that of natural aggregate. Using Cement Mortar 
Content (CMC) in RCA as an indicator to evaluate the effect of cement 
mortar on asphalt mortar-RCA interface adhesion, as shown in Eq. (1). 

CMC =
VC

VRA
× 100% (1) 

where VC and VRA are the volumes of cement mortar attached to the 
reconstructed 3D RCA particles and the total volume of aggregate, 
respectively, mm3. 

2.2.2. Shape 
The shape characteristics represent the contour of aggregate 

boundary, and 3D Sphericity (S3D) is a common indicator to quantify the 

Table 1 
Physical properties of RCA and natural aggregate.  

Physical properties RCA Natural aggregate 

Bulk density, g/cm3  2.66  2.75 
Water absorption, %  5.04  0.65 
Crush value, %  24.18  15.98 
Abrasion value, %  25.25  8.99 
Flakiness  12.40  8.50  
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degree of similarity between the shape of aggregate particles and a 
sphere, with values ranging from 0 to 1. The S3D value closer to 1 in-
dicates that aggregate looks more like a spherical particle. The S3D value 
of a cube-shaped aggregate is approximately 0.81. The S3D parameter of 
aggregate can be calculated by Eq. (2). 

S3D =
π

A3D

(√

3
6V3D

π

)2

(2) 

where A3D = surface area of aggregate particles, mm2; V3D = volume 
of aggregate particles, mm3. 

The Flat and Elongated (FE) ratio refers to the ratio of the maximum 
axial length of coarse aggregate particle to its minimum axial length. 
Asphalt concrete contains aggregate with high FE ratios, which easily 
leads to the increase of air void and the potential of native defects in 
internal structure [21]. The following equation can be used to calculate 
the FE3D ratio of RCA particles. 

FE3D =
Lmax

wmin
(3) 

where, wmin represents the minimum Feret diameter of aggregate 
particles, mm; Lmax describes the maximum Feret diameter of aggregate 
particles in the direction orthogonal to wmin, mm. 

2.2.3. Angularity 
Existing research shows [22] that using the aggregates with high 

sphericity, low FE ratio, and outstanding angularity is beneficial to 
prepare high-performance asphalt concrete (e.g., excellent mechanical 
strength and deformation resistance). Therefore, the 3D Angularity 
Index (AI3D) calculated by Eq. (4) was also determined as a parameter of 
RCA features. 

AI3D =
A3D

Aellipsoid
(4) 

where, A3D = surface area of RCA particle, mm2; Aellipsoid = surface 
area of equivalent ellipsoid of RCA, mm2. 

2.2.4. Surface texture 
The aggregate with complicated surface texture plays a significant 

role in improving the skid resistance and mechanical strength of asphalt 
pavement. Based on mathematical morphology, the 3D Surface Texture 
(ST3D) of RCA particle was calculated by using opening operations, as 
shown in Eq. (5) [23]. 

ST3D =
V3D − Vopen

V3D
× 100\% (5) 

where, V3D and Vopen are the volumes of RCA particles before and 
after opening operations, respectively, in voxel. 

3. Numerical simulation based on cohesive zone model 

3.1. Cohesive zone model 

A large number of researches have confirmed that the Cohesive Zone 
Model (CZM) based on a bilinear traction-separation law can precisely 
analyze the fracture behavior in asphalt mixture and the interface be-
tween asphalt mortar and coarse aggregate [24–26]. The constitutive 
law of bilinear CZM is used to build the relationship between surface 
traction and crack opening displacement, as shown in Fig. 2. In the 
bilinear law, three material parameters are required, namely, cohesive 
strength (To), separation (Δ), and cohesive fracture energy (Gf). The Gf 
calculated by Eq. (6) represents the area of the traction-separation 
curve. 

Gf =

∫ Δc

0
T(Δ)dΔ =

1
2

ToΔc (6) 

Bilinear CZM damage criterion contains the damage initiation and 
evolution. The damage initiation criterion is defined as a critical con-
dition for the traction components to change from elastic phase to 
damage initiation phase [27]. In this study, the quadratic nominal stress 
criterion contained in ABAQUS software was designated as the damage 
initiation criterion in bilinear CZM, which is expressed by Eq. (7) and Eq. 
(8). Once the sum of the squares of all nominal stress (normal and 
tangential components shown in Fig. 2a and Fig. 2b) is equal to one, it 
indicates that the interface damage of asphalt-aggregate begins. 
{
〈Tn〉

To
n

}2

+

{
〈Ts〉

To
s

}2

= 1 (7)  

〈Tn〉 =

{
Tn,Tn⩾0; for⋅tension

0,Tn < 0; for⋅compression (8) 

where, Tn and Ts are nominal stresses in normal and tangential, 
respectively; the subscript o represents the maximum stress at the onset 
of damage initiation; Macaulay bracket operator < > indicates that the 
normal compressive stress has no effect on the damage initiation. 

During the damage evolution of asphalt-aggregate interface, the 

Fig. 1. 3D reconstruction models of RCAs.  
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cohesive stiffness degrades with crack opening displacement. A scalar 
stiffness degradation parameter (SDED) expressed in Eq. (9) was carried 
out to describe the damage evolution of asphalt mortar-RCA interface. 
The SDED value ranges between 0 and 1, where SDED = 0 illustrates 
non-damage on the interface, while SDED = 1 represents complete 
interface failure, and macro-cracks appear on the interface. In addition, 
the energy-based approach shows a better capacity to quantify the 
evolution stage of micro-crack initiation to macro-crack propagation. In 
this study, based on the fracture energy results of bilinear CZM, a 
Dissipation Damage Energy (DDE) indicator shown in Fig. 2(c) was also 
proposed to evaluate the damage evolution of asphalt-aggregate inter-
face with loading time. 

SDEG =
Δc(Δmax − Δo)

Δmax(Δc − Δo)
(9) 

where Δc is the effective separation at complete adhesion failure of 
interface; Δmax describes the maximum effective separation during 
loading; and Δo represents the effective separation at damage initiation 
state. 

3.2. Model parameters 

In order to successfully implement the numerical simulation test of 
asphalt mortar-RCA interface, it is necessary to obtain some material 
parameters through laboratory tests. At first, the cement mortar 
remaining and original aggregate contained in RCA were defined as 
linear elastic materials, and their Young’s modulus was measured by 

nanoindentation test [43–44]. The asphalt mortar containing 50 % RCA 
(by weight of total mortar) was specified as a linear viscoelastic mate-
rial, and its linear viscoelastic behavior at 60℃ was fitted by General-
ized Maxwell model. The relevant parameters of the model were 
converted into Prony series and input into ABAQUS software. Addi-
tionally, the CZM parameters, (e.g., interface adhesion strength, fracture 
energy and initiation stiffness) were obtained by the three-point bending 
beam test [33] and interlayer shear strength test [34]. The results are 
shown in Table 2. 

Fig. 2. Constitutive relationship of bilinear CZM; (a) normal; (b) tangential; (c) energy evolution.  

Table 2 
CZM parameters of asphalt mortar-RCA interface at 60℃.  

Interface 
type 

Young’s 
modulus/ 
GPa 

Initiation 
stiffness Ko/ 
GPa 

Adhesion 
strength To/ 
MPa 

Fracture 
energy Gf/ 
N⋅m− 1 

f 

Asphalt 
mortar- 
cement 
mortar 

— 8.0  1.2 40  0.5 

Asphalt 
mortar- 
original 
aggregate 

— 30  1.5 50  0.5 

Cement 
mortar 

20 —  — —  — 

Original 
aggregate 

65 —  — —  —  
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3.3. Uniaxial compression simulation 

Finite Element Method (FEM) has been adopted by many researchers 
for its excellent ability in characterizing the internal microstructure 
failure of materials. In this study, ABAQUS finite element software was 
carried out to simulate the uniaxial compression test and evaluate the 
damage evolution of the asphalt mortar-RCA interface [16]. First, the 
STL files of reconstructed 3D RCA particles and cement mortar 
remaining obtained from Avizo software were input to ABAQUS soft-
ware. The cement mortar adsorbed on the surface of RCA was subtracted 
from the RCA by using Boolean calculation to obtain the original 
aggregate part. The interface of the original aggregate and imported 
cement mortar parts were rebounded, and a new RCA was assembled in 
the software. A cylindrical specimen model of asphalt mortar with a 
diameter of 50 mm and a height of 50 mm was then built, and the new 
RCA particle was moved inside the specimen to ensure its center of 
gravity coincide. Through the same operation (i.e., Boolean calculation), 
a cavity specimen was obtained and re-assembled with RCA particle to 
generate the simulated specimen of asphalt mortar containing RCA, as 
listed in Fig. 3. During the numerical simulation process of the uniaxial 
compression test, the top surface of the cylindrical specimen was uni-
formly loaded with a displacement rate of 0.02 mm/s, and the loading 
time was designated as 100 s, while the bottom surface of the cylindrical 
specimen was fixed. At last, the CZM was carried out with corresponding 
model parameters to measure the mechanical behavior of the asphalt 
mortar-RCA interface under load, including the results of DDE and SDEG 
parameters. 

4. GA-Based BP artificial neural network 

4.1. Preparation of prediction model 

It is worth noting that in the numerical simulation, DDE and SDEG 
indicators were adopted to quantify the total effect of five RCA param-
eters on the interface adhesion. Therefore, each parameter’s influence 

was evaluated by using the Back-Propagation Artificial Neural Network 
optimized by a Genetic Algorithm (GA-based BP-ANN). With excellent 
robustness and fault tolerance, the ANN model is gradually playing an 
important role in the complex nonlinear analysis. The genetic algorithm 
shows the ability to iteratively search for the best initial weights and 
thresholds of BP-ANN, thereby obtaining more accurate prediction re-
sults. The feasibility of the GA-based BP-ANN model has been verified by 
many researchers [28,29]. Based on the numerical simulation results, 
five RCA parameters, namely CMC, S3D, FE3D, AI3D, and ST3D, were 
designated as input neurons, while DDE was set as output neuron. A 
three-layer neural network model was built in the commercial MATLAB 
software, as shown in Fig. 4. 

In the GA-based BP-ANN model, the parameter data of 125 RCAs and 
corresponding DDE results after loading for 100 s were prepared as the 
database. The database was randomly divided into three groups, 
including 95 training samples, 15 validation samples and 15 test sam-
ples. All data were normalized to eliminate the influence of the 
magnitude difference between input and output data on the prediction 
accuracy of the network model, as outlined in Eq. (10) and Eq. (11). 

X =
x − xmin

xmax − xmin
× (b − a)+ a (10)  

x =
X − a
b − a

× (xmax − xmin)+ xmin (11) 

where X represents normalized output data; x is the original data; 
xmax and xmin are the maximum and minimum values in the original 
database, respectively; a and b respectively express the upper and lower 
limit of normalized data. 

In the training of network model, the propagation functions of hid-
den layer and output layer were respectively defined as Sigmoid func-
tion and pure linear function (i.e. φ(x) = 1/(1 + e− x) and ψ(x) = x). As a 
result, when the data xi was input in the network model, the predicted 
data Os output by the model was expressed by Eq. (12). Moreover, Mean- 
Squared Error (MSE) was computed to evaluate the effective perfor-
mance of the prediction model, which was required to be less than 
0.001. It can be calculated by Eq. (13). 

Os = ψ
[∑

wj1φ(
∑

(wijxi + bj) + bk)
]

(12)  

MSE =

∑S
i=1(Ti − Oi)

2

S
(13) 

where S = total number of model samples; T = numerical simulation 
output (i.e. normalized DDE); O = predicted output of the network 
model; w = connection weight of the network model; b = input 
threshold of the network model. 

4.2. Sensitivity analysis of influence factors 

A large number of sensitivity analysis methods (e.g., PaD method, 
Perturb method and Profile method) have been proposed to evaluate the 
effect of input factors on output results [30,31]. However, most methods 
focus on ranking the influencing factors. As a result, the influence of 
each input factor and the interconnection between them cannot be 
determined effectively. In the current study, a Comprehensive Sensi-
tivity Analysis (CSA) approach was applied to expose the mentioned 
influence mechanisms between RCA features and interface adhesion in 
the network model. More details about the CAS approach can be found 
in the previous research conducted by the authors of this study [32]. 
After the training of network model, it was assumed that the asphalt 
mortar-aggregate interface’s dissipation damage energy, y = f (M), can 
be differentiated at the input sample point, M (x1, x2, x3, x4, x5). 
Therefore, its derivative at the M point was calculated by Eq. (14). The 
predicted output calculated by Eq. (12) was input into Eq. (14) to obtain 
the local relative contribution (dik) of the variable (xi) and the global 
relative contribution of each input factor to the interfacial dissipation 

Fig. 3. Uniaxial compression simulation using ABAQUS software.  

H. Ren et al.                                                                                                                                                                                                                                     



Construction and Building Materials 353 (2022) 129097

6

damage energy. Then, the Root Mean Square (RMS) was proposed to 
compare the global relative contribution between each input factor, as 
shown in Eq. (16). 

dy = grad f (M)⋅dM→=
∂y
∂x1

dx1 +
∂y
∂x2

dx2 +
∂y
∂x3

dx3 +
∂y
∂x4

dx4 +
∂y
∂x5

dx5 (14)  

dik =
∂y
∂xi

=
ymax − ymin

xi,max − xi,min
× ψ ′

∑N2

j=1
wijwj1Ijk(1 − Ijk) (15)  

RMSi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
S
∑S

k=1
(dik)

2

√
√
√
√ (16) 

where S = total number of model samples; k = 1, 2, …, 125; ymax =

maximum output of network model; ymin = minimum output of network 
model; xi,max = maximum value of xi in the network model input; xi,min 
= minimum value of xi in network model input, and I = 1, 2, 3, 4, 5; ψ’=
the derivative of the propagation function of the output layer (ψ(x) = x), 
ψ’=1; j = the number of hidden layer neurons (1, 2, …, 14); Ijk = the 
response of the j-th hidden layer neuron to the k-th model sample, Ijk (1- 

Fig. 4. Logical structure designed for the three-layer ANN model.  

Fig. 5. The relationship between loading time and DDE of asphalt mortar-RCA interface.  
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Ijk) = ψ’(Ijk); wij = connection weight of i-th input parameter-j-th hidden 
neuron; wj1 = connection weight of j-th hidden neuron – output 
parameter. 

5. Results and discussion 

5.1. Adhesion damage behavior characteristics 

The energy-based indicator DDE was proposed to characterize the 
damage evolution of asphalt mortar-RCA interface during uniaxial 
compression simulation. Once DDE＞0, it represents micro-crack initi-
ation in the asphalt mortar–aggregate system [16]. As shown in Fig. 5, 
eight typical RCA particles were selected as examples to evaluate the 
interface damage behavior under load. It can be clearly observed that all 
interfacial DDEs of eight RCAs increased with loading time, indicating 
that the interface adhesion failure developed gradually due to loading. 
Moreover, the time of damage initiation showed a good relationship 
with the CMC parameter of RCA. CMC value growth led to an earlier 
damage initiation and a higher DDE value on the asphalt mortar-RCA 
interface under load. For example, the 1# RCA with the highest CMC 
value showed the earliest damage initiation (15 s) and the maximum 
DDE at the end of loading. The results illustrate that the CMC parameter 
of RCA exhibited a more noticeable influence on the interface adhesion 
than the other four parameters. A high CMC value could result in poor 
adhesion quality of asphalt mortar-RCA interface. 

To expose the distribution characteristics of adhesion failure at the 
asphalt mortar-RCA interface, the RCA and corresponding interface el-
ements in the numerical simulation were extracted, as listed in Fig. 6. 
The green particles represent RCAs without load, while the blue parti-
cles describe the interface damage state after 100 s load time. These 3D 
finite element models provide a simple visual understanding of the 
adhesion failure distribution at the interface. It can be found that when 
the RCA showed a higher CMC value and more complex morphology, the 
corresponding interface had more complete failure area (SDEG = 1), 
such as 1# RCA (CMC = 77.2 %). Compared to 1# RCA, the interface of 
8# RCA appeared little complete failure area. The results indicate that 
the RCA with high CMC value, complex shape and surface leads to worse 
interface adhesion failure after damage initiation. 

5.2. Adhesion damage prediction 

As mentioned above, the preparation of ANN model and the analysis 
approach of prediction output were reported. Additionally, according to 
previous research results and trial calculation, we designated the related 
parameters in the GA-based BP ANN model as shown in Table 3. It is 
recommended that the crossover probability should show a high value, 
while the mutation probability is commonly low, about 0.5 %-1%. The 
maximum number of iterations is generally designated as 1000, and the 
value of learning rate is selected variously [35,36]. The population size 
(M) of GA and the number of neurons in the hidden layer (N2) show 
significant influences on the feasibility of prediction output results [32]. 
So, Minimum MSE law was used to compare the accuracy of prediction 
results in the network model established by five M levels (20, 40, 60, 80, 
100) and nine N2 variables (4, 6, 8, 10, 12, 14, 16, 18, 20), respectively. 
In this case, it was possible to determine the most reasonable parameter 
in the network model. 

It can be found from Fig. 7 that the M and N2 parameters in the 
prediction model affect the accuracy of output results. Higher or lower 
N2 parameters (e. g., M = 20, N2 = 4 or 20) resulted in higher MSE of the 
prediction results. The different levels of the M parameter also allow the 
network model to output distinct prediction results. Generally, the MSE 
of different output results all meet the requirement of pre-defined (MSE 
≤ 0.001), and the network model with 60 population and 14 hidden 
neurons showed the lowest MSE value. According to the minimum MSE 
law, the 5–14-1 (input layer-hidden layer-output layer) GA-based BP 
ANN model with a population size of 60 was undertaken to predict the 
adhesion behavior of asphalt mortar-RCA interface. 

Fig. 6. Adhesion damage distribution for different asphalt mortar-RCA interface.  

Table 3 
The model parameters utilized in the GA-based BP ANN model.  

Algorithm Parameter Levels 

GA Population size M 20, 40, 60, 80, 100 
Crossover probability pc 0.6 
Mutation probability pm 0.08 
Maximum number of generations 
Gmax 

200 

BP Number of hidden neurons N2 4, 6, 8, 10, 12, 14, 16, 18, 20 
Learning efficiency η 0.1 
Maximum number of iterations Tmax 1000  
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Fig. 8(a) compares the uniaxial compression test results of 125 RCA 
particles by using finite element analysis and GA-based BP ANN model. 
The DDE values between different RCAs exhibited a significant variation 
range. It illustrates that the RCA features influence the interface adhe-
sion of asphalt mortar-RCA system. In addition, it is noted that there is 
almost no difference between simulation test results and network model 
results. The deviation percentages between the predicted DDE value and 
tested DDE value of RCAs were all less than 5 %. It can also be verified by 
the linear relationship between FEM results and ANN prediction results, 
with an R2 value of 0.98 and an MSE value of 3.52 × 10− 4. It indicates 
that the proposed GA-based BP ANN model in the current study can 
validly predict the adhesion damage of the asphalt mortar-RCA inter-
face. It facilitates comprehensively evaluating the effect of RCA features 
on interface damage. 

5.3. Effect of RCA features on adhesive damage 

The above research results have confirmed the effect of RCA features 
on the adhesion damage of the asphalt mortar-RCA interface. A CSA 
method based on the prediction results of the network model was pro-
posed to determine the relative contribution of various factors to 
interface adhesion. The RCA feature parameters include CMC, S3D, FE3D, 
AI3D, ST3D. And using the DDE parameter to quantify the interface 
adhesion damage. 

As shown in Fig. 9(a), RCA’s CMC parameter exhibited the most 
significant global relative contribution to interface adhesion, followed 
by FE3D and S3D, and ST3D had the poorest effect on interface behavior. 
Hu et al. also reported similar results [16,17]. The RMS of CMC 
parameter was twice more than that of ST3D, which indicates that the 
CMC parameter had the most significant effect on the interfacial adhe-
sion quality. Compared to natural aggregate, higher porosity and lower 
modulus of cement mortar remaining degraded the mechanical property 

Fig. 7. The effect of M and N2 parameters on network model performance.  

Fig. 8. DDE values of different asphalt mortar-RCA interface; (a) Comparison of FEM and ANN results; (b) linear relationship between FEM and ANN results.  
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Fig. 9. Sensitivity analysis of the influence of RCA features on interfacial DDE; (a) RMS; (b) CMC; (c) S3D; (d) FE3D; (e) AI3D; (f) ST3D.  
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of the interface transition zone between asphalt mortar and RCA 
[17,42]. In addition, in Fig. 9(b), Fig. 9 (d), Fig. 9(e), Fig. 9(f), the local 
relative contribution showed a positive correlation (dDDE ＞ 0) with the 
corresponding RCA feature parameters. The results show that the 
interfacial DDE levels improved with the increase of CMC, FE3D, AI3D, 
and ST3D values. It indicates that the asphalt mortar-RCA interface 
trended to adhesion failure. On the contrary, the S3D had a negative local 
relative contribution to the DDE indicator (dDDE ＜ 0). This is due to the 
fact that RCA particle is more similar to a homogeneous sphere when the 
S3D value increases. It facilitates relieving the stress concentration and 
interfacial adhesion damage between asphalt mortar and RCA particle 
[16,45]. It can also be observed that when the S3D value increased from 
0.65 to 0.75, the absolute value of relevant dDDE showed a remarkable 
reduction. Therefore, using the RCA with the S3D value greater than 0.75 
may be beneficial to improve the adhesion quality of asphalt mortar- 
RCA interface. 

6. Conclusions 

This study observed the adhesion damage behavior of the asphalt 
mortar-RCA interface through the finite element simulation based on 
CZM. A GA-based BP artificial neural network was then utilized to 
predict the adhesion damage characteristics of 125 interfaces. According 
to the predicted results, a sensitivity analysis method was used to 
evaluate the effect of different RCA features on the interface adhesion 
quality. The following conclusions can be obtained.  

(1) The RCA with high CMC, complicated shape and surface led to an 
earlier damage initiation time and complete adhesion failure on 
the interface. However, it is difficult to establish the quantified 
correlation between different RCA feature factors and interface 
adhesion by numerical simulation.  

(2) The 5–14-1 GA-based BP ANN model designed in this study 
effectively predicted the interfacial DDE values after 100 s 
loading action. For the DDE results of different asphalt mortar- 
RCA, the correlation between numerical test and network pre-
diction was fairly good, with an R2 value of 0.98 and an MSE 
value of 3.52 × 10− 4.  

(3) RCA’s CMC, FE3D and S3D parameters exhibited significant global 
relative contribution to interface adhesion. And the CMC’s cor-
responding RMS was more than twice that of ST3D with the 
smallest global contribution.  

(4) Increasing the values of CMC, FE3D, AI3D, and ST3D parameters 
resulted in accelerating interface adhesion failure, while the S3D 
parameter made a negative contribution. It is suggested that 
ensuring the S3D value greater than 0.75 may facilitate the 
interface adhesion quality. 

Overall, based on the results obtained from this study, it can be 
concluded that the CMC parameter has the most influence on the 
interface adhesion property. In future research, it is possible to further 
investigate the performance characteristics of cement mortar, thereby 
proposing the performance optimization technology of RCA. Moreover, 
a more refined mesh aggregate model (smaller mesh size) could be 
established by using a computer with better operational capability, 
which leads to a more accurate simulation result of interface adhesion 
damage. The technology of measuring the adhesion damage of each 
asphalt mortar-aggregate interface in an accurate asphalt mixture model 
should be proposed, resulting in obtaining more actual adhesion damage 
behavior of each asphalt mortar-aggregate interface. 
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