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Abstract: Foamed asphalt recycling technology can effectively recover waste asphalt pavement
materials and achieve the sustainable utilization of resources. This technology’s core equipment is
asphalt foaming equipment. Since the asphalt foaming device’s fault data are uncertain, this work
proposes a method for evaluating the device’s reliability, combining triangular intuitionistic fuzzy
numbers, trapezoidal intuitionistic fuzzy numbers, and expert knowledge. Using the proposed
evaluation method, the failure probability of the asphalt foaming device and the importance of the
bottom event were calculated. The obtained model results were found to be consistent with the
actual collected data, verifying the reliability and validity of the model. Furthermore, the asphalt
viscosity is one of the key factors affecting the asphalt foaming recycling technology. In this work,
the influence of different viscosities on the asphalt foaming mechanism was investigated using a
theoretical analysis. Then, a computational fluid dynamics (CFD) analysis method was employed
to simulate the different viscosity asphalt foaming processes, aiming to identify the most suitable
one for the production of high-quality foam asphalt in the foaming asphalt viscosity range. Finally,
experiments were carried out to verify the results of the analysis. The results show that the asphalt
foaming device’s failure probability was around 7.512 × 10−2, and the best foaming asphalt viscosity
was in the range of 0.3~0.5 Pa·s.

Keywords: foamed asphalt recycling; fuzzy number; computational fluid dynamics; asphalt viscosity

1. Introduction

According to the statistics of China’s Ministry of Transport in April 2022, the reported
total length of roads in China was around 5.28 million kilometers. A total of 1.29 trillion
yuan has been spent on maintenance since the implementation of the 13th Five-Year Plan.
This includes conducting preventive maintenance on 1.356 million kilometers of road, repair
and maintenance on 1.652 million kilometers of road, and safety and life protection projects
on 1.16 million kilometers of road. Conventionally, the traditional method of highway
maintenance in China involves throwing away the waste asphalt pavement materials
directly. This is not only caused a large waste of resources but also contributed to the
pollution of the ecological environment, which is in turn against the principle of sustainable
development in China. In its 14th Five-Year Plan, China has clearly proposed promoting the
high-quality development of highway maintenance management, and vigorously advocates
for coordinated and sustainable development. Foamed asphalt recycling technology has
been widely adopted by the global highway community because of its unique technical
advantages, including good environmental performance, low cost and sustainability.

Foamed asphalt recycling technology is being applied in Europe, Southeast Asia, South
Africa, Asia, and Australia, achieving significant economic and environmental benefits [1–5].
As equipment for preparing foamed asphalt, an asphalt foaming device plays a vital role
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in this domain. Since foamed asphalt recycling technology has widespread applications,
many scholars are studying foamed asphalt. These studies have focused—for example—on
foamed asphalt’s performance [6–8], the influence of foaming parameters [9–11], and the
development of asphalt foaming equipment [12–14]. Nevertheless, the current studies
have not evaluated the reliability of the asphalt foaming device and in China, there are
few studies on the optimum foaming viscosity of asphalt in the foaming regeneration
technology of asphalt.

Fault tree analysis (FTA) is a method for evaluating a system’s reliability and safety.
The tree enables a gradual top-down analysis of the causes of system failure, identifying
component-level failures reflected at the system level. It has been applied in many fields,
including aerospace, nuclear energy, and machinery [15–18]. Traditional FTA relies on the
probability of the lowest-level event’s occurrence. However, in real-world applications,
it is often difficult to accurately assess basic events’ probability. This problem can be
mitigated by relying on fuzzy theory to handle the uncertainties. Zadeh was the first to
introduce the concept of a fuzzy set [19], while Tanaka et al. applied the fuzzy set theory to
FTA [20]. Since then, the research and applications of fuzzy sets have received extensive
attention [21–23].

In recent years, many scholars have applied fuzzy sets to FTA. Since traditional fault
trees cannot capture the events’ dynamic behavior, Kabir et al. proposed a method that
integrates expert heuristics and fuzzy set theory with the Pandora temporal fault tree.
This method supports the FTA of dynamic systems with uncertain data and enables the
quantitative analysis of temporal fault trees [24,25]. Kumar and Sharma used several types
of intuitionistic fuzzy numbers (IFN) to quantify the uncertainty of the liquefied natural
gas terminal emergency shutdown system’s failure data. The authors used arithmetic
operations on IFN to evaluate the system’s failure intervals at different levels [26]. Lin et al.
developed a safety assessment method for the high-speed train bogie. Their method is
based on the hesitant interval-valued intuitionistic fuzzy set and was shown to improve
the accuracy of the system’s safety evaluation [27]. Zarei et al. proposed a hybrid dynamic
human factor model that builds on the human factor analysis and classification system,
intuitionistic fuzzy set theory, and the Bayesian network. This derived model was tested
on a natural gas pipeline [28]. Yazdi utilized a Bayesian update mechanism to handle the
dynamic structure, while the intuitionistic fuzzy number 2-tuple fuzzy set was used to
deal with the subjectivity of uncertainty processing [29]. The components’ aging motivated
Hermansyah et al. to employ a fuzzy FTA method to evaluate the performance of the
Siwabessy multipurpose reactor’s primary cooling system [30].

Liu et al. proposed a fuzzy evaluation method that integrates the interval-valued
intuitionistic fuzzy sets, prospect theory, and improved D number [31]. Qiao et al. inte-
grated intuitionistic fuzzy set theory and a Bayesian network into a new human factor
analysis framework. The resulting model enables comprehensive dynamic human factor
analysis and is characterized by flexibility and uncertainty processing [32]. Zhang et al.
utilized fuzzy set theory and FTA to calculate the pipelines’ failure probability [33]. Li et al.
established an FTA model in which the triangular fuzzy number is used to describe the
reducer’s fault cause’s probability. This study calculates the reducer’s fuzzy failure proba-
bility and discusses the fault cause’s fuzzy importance measure [34]. Meng et al. utilized
the triangular fuzzy number method to establish the fault tree of accidents involving motor
vehicles in urban road sections and determined three major accident causes [35]. For more
research on fuzzy set fault analysis methods, please refer to [36–41].

At present, there are three methods to study fluid mechanics: experimental study,
theoretical analysis and CFD simulation analysis. The experimental research method has
the disadvantages of a long duration, low efficiency and high cost. Theoretical analysis is
universal, but it is difficult to find the theoretical basis when faced with complex models.
The CFD simulation analysis technology has the advantages of low cost, a short cycle, and
the ability to provide conditions that cannot be simulated by real experiments. It has been
widely used in complex fluid analysis in aerospace, ships, wind, water conservancy and
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other fields [42–45]. However, due to the complexity of the physical process and people’s
cognitive bias, there are many uncertain factors in CFD simulation analysis technology,
such as model parameters, numerical discretization, model form and so on, which bring
great challenges to the credibility evaluation of CFD numerical simulations. In order to
analyze the optimal viscosity range of asphalt during asphalt foaming, the method of
combining the three will be adopted in this paper: theoretical analysis–CFD simulation
analysis–theoretical analysis–CFD simulation analysis–experimental verification

To summarize, many scholars have tackled the problem of uncertain reliability as-
sessment by integrating the intuitionistic fuzzy sets and fault trees. Prompted by the
fuzzy probability of the asphalt foaming device’s basic events’ occurrence, this work uses a
method that combines the triangular intuitionistic fuzzy number, trapezoidal intuitionistic
fuzzy number, and expert opinions to evaluate the asphalt foaming device’s reliability. The
heterogeneous expert group is used to evaluate the opinions of other experts, effectively
managing the expert opinions’ subjectivity. Simultaneously, the aggregation algorithm
synthesizes the experts’ opinions, and the Delphi method is utilized to optimize the expert
weights. The results obtained by the model are consistent with the actual situation, which
verifies the reliability and validity of the model. This paper builds on these studies to
provide a reference for conducting reliability evaluation in the domain of asphalt foaming
devices. Finally, the influence of different viscosities of asphalt on foaming effects is ob-
tained by the CFD analysis method, and the viscosity range of foamed asphalt which is
most suitable for producing high-quality foamed asphalt is found to improve the stability
and utilization rate of foamed asphalt recycling technology, and the analysis results were
verified by experiments.

2. Methods
2.1. Fuzzy Number Theory

Let U denote a domain composed of certain elements. Then, a fuzzy set is a pair
(U, A(x)) where A(x) is a membership function A(x) : U → [0, 1], x ∈ U , which maps the
elements in U to real numbers in the [0,1] interval. Thus, A(x) represents the relationship
between element x and a fuzzy set A, A = A(x)/xdx, and is referred to as the membership
degree of x to A. The higher the value of A(x), the stronger the belonging of x to A.

Common membership functions include triangular fuzzy numbers, trapezoidal fuzzy
numbers, and normal fuzzy numbers. The triangular fuzzy numbers have high efficiency
and a simple form, but the trapezoidal fuzzy numbers are more accurate. Both triangular
and trapezoidal fuzzy numbers are frequently utilized in fuzzy fault trees. Due to the as-
phalt foaming device’s real-world working environment, this paper synthesizes triangular
and trapezoidal fuzzy numbers to improve the fuzzy accuracy.

The membership function of the triangular fuzzy number A(a, b, c) is expressed as:

UA(x) =


0 x ≤ a

(x− a)/(b− a) a ≤ x ≤ b
(c− x)/(c− b) b ≤ x ≤ c

0 x ≥ c

(1)

Therefore, a and c are the lower- and upper-value limits and b is the value with
the greatest likelihood. The triangular fuzzy numbers’ membership function is graphed
in Figure 1.
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The membership function of the trapezoidal fuzzy number A(a, b, c, d) is defined as:

UA(x) =


0 x ≤ a

(x− a)/(b− a) a ≤ x ≤ b
1 b ≤ x ≤ c

(d− x)/(d− c) c ≤ x ≤ d
0 x ≥ d

(2)

and its graph is shown in Figure 2.
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Figure 2. The trapezoidal fuzzy numbers’ membership function.

Fuzzy mathematics converts the uncertain factors into interval values, and such a
mapping is defined using the membership function. Thus, a membership function forms
the basis for a fuzzy fault tree. In engineering systems, the membership function is often
determined by expert judgment and weighted average, and the risk value is expressed as a
fuzzy probability.

2.2. Fuzzification of the Fault Tree

Due to the subjectivity of expert judgment, it is not appropriate to use the average
method to synthesize expert opinions. In order to reduce the subjectivity of expert opinions,
the aggregation algorithm is used to synthesize the opinions of different experts, and the
expert judgment is described by natural language variables, so that the consistency of
expert judgment language is calculated, and the characteristics of a fuzzy and inaccurate
intersection of expert judgment language are overcome. When the probability of the basic
event is not accurate, the expert judgment method can effectively solve this problem.
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First, each expert judges the basic event. The resulting natural language variables are
then mapped onto the corresponding fuzzy numbers, enabling fuzzy probability estimation.
The formal steps are as follows:

(1) Calculate the similarity between the opinions of a pair of experts on Ei and Ej. Let
S(Ai, Aj) denote the similarity between Ai and Aj. Then,

S
(

Ai, Aj
)
=


EVi
EVj

, EVi ≤ EVj
EVj
EVi

, EVj ≤ EVi
(3)

where S(Ai, Aj) ∈ [0, 1], Ai and Aj are two standard fuzzy numbers, and EVi and EVj rep-
resent Ai’s and Aj’s mathematical expectations. In the case of trapezoidal fuzzy numbers,
it follows that:

EV(A) =
1
2
[
E−(A) + E+(A)

]
(4)

where E−(A) = 1
2 (a + b), E+(A) = 1

2 (c + d).
(2) Construct the consistency matrix, denoted as M, and calculate the average consis-

tency measure A(Ei) for each expert Ei(i = 1, 2, . . . , n).

M =

 1 · · · S1n
...

. . .
...

Sn1 · · · 1

 (5)

where Sij = S(Ai, Aj). If i = j, then Sij = 1. Thus, A(Ei) is obtained as:

AEi =
1

k− 1

k

∑
i 6= j
j = 1

Sij
(

Ai, Aj
)

(6)

(3) Calculate the relative agreement RA for each expert Ei:

RA =
A(Ei)

n
∑

i=1
A(Ei)

(7)

(4) Calculate the relative consistency coefficient ωi for each expert following:

ωi = α · EIi + (1− α) · RAi, i = 1, 2, · · · , n (8)

where α is the relaxation factor that indicates the EIi’s and RAi’s importance for ωi.
EIi(0 ≤ EIi ≤ 1, ∑ EIi = 1) is determined using the Delphi method, which is introduced
in Section 2.5.

(5) Synthesize the experts’ views using:

Pi =
n

∑
i=1

ωi × Pij (9)

where Pi is the aggregated fuzzy number of the system’s lowest-level event Bi, Pij is expert
Ei‘s fuzzy number for Bj, n is the number of the system’s bottommost events, and ωi is the
weight factor for expert Ei.

(6) Estimate the fuzzy possibility
The uncertainty of the asphalt foaming device’s basic event probability renders the

error reduction and reliability improvement crucial. Thus, the basic event’s fuzzy probabil-
ity data are used to quantify the fault tree. Following the fuzzy mathematical principles,
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the top event is fuzzified and combined with the fault tree logic and the minimum cut set
algorithm. The following expressions are obtained:

For triangular fuzzy numbers, the fuzzy possibility of the logic AND gate is:

Pc =
n

∏
i=1

pi =

(
n

∏
i=1

ai1,
n

∏
i=1

ai2,
n

∏
i=1

ai3

)
(10)

while that for the logic OR gate equals:

Pc = 1−
n

∏
i=1

(1− pi) =

[
1−

n

∏
i=1

(1− ai1),1−
n

∏
i=1

(1− ai2), 1−
n

∏
i=1

(1− ai3)

]
(11)

In the case of trapezoidal fuzzy numbers, the fuzzy possibilities are:

Pc =
n

∏
i=1

pi =

(
n

∏
i=1

ai1,
n

∏
i=1

ai2,
n

∏
i=1

ai3,
n

∏
i=1

ai4

)
(12)

for the logic AND gate and

Pc = 1−
n

∏
i=1

(1− pi) =

[
1−

n

∏
i=1

(1− ai1),1−
n

∏
i=1

(1− ai2), 1−
n

∏
i=1

(1− ai3), 1−
n

∏
i=1

(1− ai4)

]
(13)

for the logic OR gate. The fuzzy possibility PT minimum cut set of a top event can be
expressed as:

PT = 1−
n

∏
i=1

(1− Pci) = 1− [(1− Pc1)× (1− Pc2)× · · · × (1− Pcn)] (14)

where Pc1, Pc2, · · · , Pcn represent the fuzzy possibilities of all minimum cut sets.

2.3. Fault Tree Defuzzification

To obtain the top event’s exact probability, the fuzzy possibility of the fault tree event
must be converted into the crisp possibility score (CPS) via defuzzification. This process
transforms the fuzzy language into real output.

2.3.1. Defuzzification Output

Security analysts first need to select appropriate defuzzification techniques for their
research fields to enable fuzzy probabilities’ defuzzification. Numerous defuzzification
techniques are available in the fuzzy fault tree domain, including the maximum mean
membership method, the center of gravity method, the weight coefficient method, and the
maximum central region method. Due to its simplicity and efficiency, this paper utilizes
the center of area method to obtain the fuzzy possibility scores.

The defuzzification of the triangular fuzzy number A(a, b, c) is defined as:

P∗T =

∫
xµA(x)dx∫
µA(x)dx

(15)

where P∗T is the defuzzification output and x is the output variable.
Similarly, trapezoidal fuzzy number A(a, b, c, d)’s defuzzification is defined as:

P∗T =

∫ b
a

x−a
b−a xdx +

∫ c
b xdx +

∫ d
c

d−x
d−c xdx∫ b

a
x−a
b−a xdx +

∫ c
b dx +

∫ d
c

d−x
d−c xdx

=
(d + c)2 − dc− (a + b)2 + ab

3(c + d− a− b)
(16)
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2.3.2. Calculate the Probability of the Top Event

The traditional fault tree system failure results in an exact value. In contrast, the
output generated by the fuzzy fault tree method is a possible value. This difference stems
from the fuzziness in quantifying the basic event’s failure probability using fuzzy language
variables. The fuzzy possibility score needs to be processed and further transformed to
obtain the system’s top event’s probability. The calculation formula is as follows:

PT =

{ 1
10m , CPS 6= 0
0 , CPS = 0

(17)

where m =
(

1−CPS
CPS

) 1
3 × 2.301, and PT is the probability of the top event’s occurrence.

2.3.3. Fuzzy Importance Analysis

Fuzzy importance indicates that if basic event Xi has never failed, the occurrence
probability of the top event accounts for the proportion of the original failure probability.
To make the data more intuitive, the following expression is commonly utilized for fuzzy
importance calculation:

IFV =
PV − PVXi=0

PV
(18)

where PVXi=0 represents the total fuzzy probability of failure when Xi = 0 of a certain
bottommost event that never fails.

2.4. Expert Opinion

The probability value or quantitative data on the system components are required to
evaluate the system’s reliability. In real-world applications, such data might not always
be obtainable for all system components. In that case, experts’ opinions can be collected
and used in system reliability analysis. To capture the experts’ opinions on the bottommost
events’ probabilities, this paper divides the language scale into seven levels: very low (VL),
low (L), medium-low (ML), medium (M), medium-high (MH), high (H), and very high
(VH). Further, the triangular fuzzy number and trapezoidal fuzzy number are combined to
determine the natural language value. The fuzzy number graph for the natural language is
shown in Figure 3.
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2.5. Expert Weight

The Delphi method proposes forming a panel of several domain experts, who then
express their opinions on a particular research objective or a problem [46]. During the
evaluation process, the experts can communicate with the researchers only (i.e., they
cannot consult each other), which ensures the independence of expert opinions. The
expert opinions are statistically analyzed, enabling the researchers to make quantitative
judgments [47,48]. It is widely used in both academia and projects and commonly serves
for quantifying uncertainties.

Before determining the experts’ weights, it is necessary to develop the weight index.
Within this work, four main aspects are considered: the degree of expert education (EE),
information source (IS), expert professional position (PP), and relevant experience (RE).
The expert weight calculation process is shown in Figure 4. The flow chart of the reliability
analysis method is shown in Figure 5 and flow chart of the asphalt viscosity analysis is
shown in Figure 6.

EIi = ωEE ×ωPK,i + ωIS ×ωIS,i + ωPP ×ωPP,i + ωRE ×ωRE,i (19)

1 

 

 

Figure 4. Expert weight calculation process.
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3. Case Study
3.1. Asphalt Foaming Device

This paper studies the asphalt foaming device developed by Chang’an University.
This device is composed of six subsystems: an asphalt pipeline system, a water foaming
system, a compressed air system, an asphalt heating and heat preservation system, a foam
asphalt preparation device, and a programmable logic controller (PLC) automatic control
device. The subsystems’ working states are independent of each other, but the subsystems
are serially connected. Therefore, the failure of any subsystem leads to the failure of the
whole device. The working principles of the asphalt foaming device are shown in Figure 7.
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3.2. Fault Tree of Asphalt Foaming Device

This section describes how the reliability evaluation method proposed in Section 2
is used to study the asphalt foaming device. This method enables checking the causes of
the asphalt foaming device’s failures, thus assisting the decision-makers in preventing and
reducing such accidents in the future. Let the asphalt foaming device failure denote the
top event. This top event (i.e., asphalt foaming device failure) may be caused by six events:
asphalt pipeline system failure, foaming water system failure, compressed air system
failure, asphalt heating and heat preservation system failure, foamed asphalt preparation
failure, and PLC automatic control device failure. Therefore, the six intermediate events
must be associated with the top event through the logic gate. These events are placed in the
second row in a parallel relationship. A successive analysis following the rules established
by the fault tree describes the top-down study, finally yielding the top event’s root cause.
Following this procedure, the asphalt foaming device’s fault tree is established, and the
bottommost layer subdivided into 71 events is obtained. Next, the fault tree is qualitatively
judged and quantitatively analyzed.

4. Results Analysis and Discussion
4.1. Bottommost Events’ Fuzzy Number Aggregation

The expert group’s weight factors are calculated using Equation (19), and the different
opinions are summarized. The aggregation calculation followed Equation (8) with the
relaxation factor α set to 0.5 to ensure the evaluation objectivity. As an example, Table 1
details the calculations for event X20. These calculations include similarity EV(A), average
consistency A(Ei), relative agreement RA, weight factor, and total weight. A legend
(Table 2) is provided for Table 1 to illustrate the meaning of the symbols.
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Table 1. Aggregate calculation table for the asphalt foaming device’s basic event X20.

Symbol Numerical Value Symbol Numerical Value

A1 (0.2, 0.3, 0.4, 0.5) EV(1) 0.350
A2 (0.4, 0.5, 0.5, 0.6) EV(2) 0.500
A3 (0.1, 0.2, 0.2, 0.3) EV(3) 0.200
S12 0.7000 A(E1) 0.6375
S13 0.5714 A(E2) 0.5500
S21 0.7000 A(E3) 0.4857
S23 0.4000 RA1 0.3803
S31 0.5714 RA2 0.3291
S32 0.4000 RA3 0.2906
EI1 0.37 ω1 0.38
EI2 0.32 ω2 0.32
EI3 0.31 ω3 0.30

P20 = (0.234, 0.334, 0.372, 0.472)

Table 2. Description of the symbols in Table 1.

Symbol Meaning Symbol Meaning

Ai Standard fuzzy number of expert i EV(i) Ai’s mathematical
expectation

Sij
The similarity function of expert i

and expert j evaluation A(Ei)
The average consistency

measure of expert i

EIi Weight factor of expert i RAi
Relative consistency
coefficient of expert i

Pi
Aggregate fuzzy number of basic

event i ωi
Expert I’s composite

weight factor

4.2. Top Event’s Aggregate Fuzzy Number

The fuzzy fault tree’s logic gate relations and Boolean algebra, combined with the
fuzzy number’s characteristics (see Equations (12)–(14)) and the basic events’ aggregated
fuzzy numbers (Table 2), enable obtaining the aggregated fuzzy numbers for the middle
events in the asphalt foamed device’s fault tree. Similarly, one can obtain the aggregated
fuzzy number of the top event. The defuzzification of the top event’s aggregate fuzzy
number and Equation (16) yield the fuzzy possibility score of the asphalt foaming plant
fault tree’s top event, which equals P∗T = 0.8956. Now, Equation (17) enables calculating
the top event’s probability, yielding PT = 7.512× 10−2.

4.3. Fuzzy Importance of the Bottommost Events

Fuzzy importance assessment identifies the bottommost event that significantly affects
the top event. Thus, a quantitative evaluation of the bottommost events’ fuzzy importance
provides a reference for decision-makers and designers, prioritizing the safety measures’
formulation from the reliability perspective. The fuzzy importance of the asphalt foaming
device’s 71 bottommost events is calculated using Equation (18), and the results are shown
in Table 3.

The analysis highlighted several events critical to the asphalt foaming device’s perfor-
mance, the most prominent being the asphalt pipeline blockage (X9), insufficient electric
heating (X43), and foaming cavity deformation (X49). These results agree with the asphalt
foaming device’s failure frequency and performance in engineering applications.
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Table 3. The fuzzy importance of the asphalt foaming device’s basic events.

Event PVXi=0(E−1) IFV Event PVXi=0(E−1) IFV

X1 2.705 0.012 X37 2.618 0.044
X2 2.713 0.009 X38 2.540 0.072
X3 2.583 0.056 X39 2.624 0.042
X4 2.721 0.006 X40 2.689 0.018
X5 2.627 0.041 X41 2.618 0.044
X6 2.723 0.005 X42 2.671 0.024
X7 2.705 0.012 X43 2.440 0.109
X8 2.697 0.015 X44 2.674 0.023
X9 2.373 0.133 X45 2.657 0.030

X10 2.539 0.073 X46 2.639 0.036
X11 2.643 0.035 X47 2.552 0.068
X12 2.539 0.073 X48 2.668 0.026
X13 2.597 0.051 X49 2.440 0.109
X14 2.465 0.100 X50 2.578 0.058
X15 2.702 0.013 X51 2.603 0.049
X16 2.711 0.010 X52 2.646 0.034
X17 2.697 0.015 X53 2.646 0.034
X18 2.705 0.012 X54 2.532 0.075
X19 2.635 0.038 X55 2.629 0.040
X20 2.500 0.086 X56 2.560 0.065
X21 2.721 0.006 X57 2.601 0.050
X22 2.714 0.009 X58 2.712 0.009
X23 2.687 0.019 X59 2.712 0.009
X24 2.730 0.003 X60 2.629 0.040
X25 2.517 0.081 X61 2.617 0.044
X26 2.517 0.081 X62 2.717 0.008
X27 2.612 0.046 X63 2.564 0.064
X28 2.651 0.032 X64 2.564 0.064
X29 2.547 0.070 X65 2.497 0.088
X30 2.493 0.089 X66 2.583 0.057
X31 2.493 0.089 X67 2.471 0.098
X32 2.495 0.089 X68 2.522 0.079
X33 2.633 0.038 X69 2.522 0.079
X34 2.724 0.005 X70 2.669 0.025
X35 2.557 0.066 X71 2.669 0.025
X36 2.563 0.064

4.4. Analysis

At present, there are relatively few statistical data about the failure of asphalt foaming
devices from around the world, so there is no other authoritative sample database to
compare the calculation results of the model in this paper. However, the calculation results
are of the same magnitude as the actual engineering application results of asphalt foaming
devices. In conclusion, the results obtained by this model are consistent with the actual
situation, which verifies the reliability and validity of the model.

5. Experimental Results and Analysis
5.1. CFD Analysis

In this paper, ANSYS FLUENT version 15 of CFD technology is used to simulate
the foaming behavior of asphalt. FLUENT software has rich physical models, advanced
numerical calculation methods and powerful post-processing functions, which can well
simulate the multiphase flow model and is suitable for the simulation calculation of asphalt
foaming behavior.

The asphalt foaming process comprises multiphysical field and multiflow field cou-
pling processes, which involve the theory of direct contact heat transfer, mass transfer,
phase transition, turbulence, and so on. Asphalt is a non-Newtonian fluid, water is a typical
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Newtonian fluid, air is a compressible fluid, and there is a gas–liquid three-phase flow in
the preparator. The calculation model chooses the mixed-phase model. The temperature
of asphalt is 160 ◦C and the temperature of water and air is room temperature. Water
speed, asphalt speed, and air speed were set. Asphalt viscosity was selected as a single
experimental variable with the following instances: 0.2, 0.3, 0.5, and 0.8 Pa·s.

FLUENT has a professional preprocessing software, “Gambit”, which has several func-
tions such as geometric modeling, meshing of the model, and establishment of boundary
conditions [49]. In addition, Gambit has super-Boolean operation abilities. However, in the
establishment of the 3D solid model (especially for modeling of very complex entities), the
use of Gambit software is more tedious and has a high error rate. Thus, it does not provide
the easiness and robustness provided by the professional 3D tools, such as UG, Pro/E, and
others. In this paper, considering the characteristics of the foaming cavity with multicurved
surface and multiple entrances, UG software was used to establish a simplified 3D solid
model of the foaming cavity. The resulting “.STP” file was exported and imported into the
Gambit software. Gambit’s powerful Boolean computing capabilities and geometric correction
functions ensure that a high-quality mesh is drawn for the 3D solid model. This, in turn,
provides the appropriate conditions for the subsequent simulation analysis of FLUENT.

Therefore, the asphalt foaming cavity is meshed, as shown in Figure 8, and the
boundary conditions are set as shown in Table 4.
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Table 4. Boundary conditions.

Each Nozzle and Wall Boundary Conditions

asphalt nozzle Velocity-inlet
water nozzle Velocity-inlet

Air nozzle Velocity-inlet
Foam asphalt nozzle outflow

solid wall
The non-slip condition is satisfied on the wall, and

the near-wall area is treated by standard wall
function method (wall).

The three-dimensional solid model of the asphalt foaming cavity can be established
based on the corresponding volume and shape, the inlet size of hot asphalt, the outlet size
of foamed asphalt, and the outlet position of the foaming cavity (As shown in Figure 9).
Because the flow field inside the foaming cavity is independent of the cavity outer wall
analyzed by FLUENT software, the foaming cavity can be simplified and the model struc-
ture inside the cavity can be created directly. Thus, the established foaming cavity model is
actually a region where a variety of physical fields are in contact with each other and are
coupled with each other. In this paper, taking the capsule as an example, and considering
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the actual convenient equipment size, the water nozzle is 0.5 mm; the air nozzle is 4 mm;
and the asphalt nozzle and the foam asphalt nozzle are all of a standard size.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 22 
 

Foam asphalt nozzle outflow 

solid wall 
The non-slip condition is satisfied on the wall, and the near-

wall area is treated by standard wall function method (wall). 

The three-dimensional solid model of the asphalt foaming cavity can be established 

based on the corresponding volume and shape, the inlet size of hot asphalt, the outlet size 

of foamed asphalt, and the outlet position of the foaming cavity (As shown in Figure 9). 

Because the flow field inside the foaming cavity is independent of the cavity outer wall 

analyzed by FLUENT software, the foaming cavity can be simplified and the model struc-

ture inside the cavity can be created directly. Thus, the established foaming cavity model 

is actually a region where a variety of physical fields are in contact with each other and 

are coupled with each other. In this paper, taking the capsule as an example, and consid-

ering the actual convenient equipment size, the water nozzle is 0.5 mm; the air nozzle is 4 

mm; and the asphalt nozzle and the foam asphalt nozzle are all of a standard size. 

 

Figure 9. The three-dimensional solid model of the asphalt foaming cavity. 

Moreover, the quality of foaming cavity 3D solid meshing has a crucial impact on the 

calculation accuracy and robustness of the model in FLUENT. The STP file saved in the 

previous step is imported into the FLUENT grid tool Gambit. In order to achieve con-

sistent contact between the meshes, the small-volume entities (four nozzle entities) are 

netted, and finally the foaming cavity is meshed. The grid type is a Tet/Hybrid (mainly a 

tetrahedral grid, including hexahedral, conical, and wedge-shaped grid units). In addi-

tion, the partition type is TGrid to facilitate the division of complex surfaces where geom-

etries of different sizes intersect. In order to realize the relative uniformity of meshing, the 

meshing of small geometry is divided by local refinement to ensure the calculation accu-

racy. For geometries with large volumes, a mesh with a large size is used to reduce the 

computational time. The interval size of the water nozzle is 0.2 mm, the interval size of 

the asphalt nozzle is 1 mm, the interval size of the air nozzle is 1.2 mm, the interval size 

of the foamed asphalt outlet is 1.5 mm, and the foaming cavity cell grid interval size is 3 

mm. The specific meshing is shown in Figure 10. 

Figure 9. The three-dimensional solid model of the asphalt foaming cavity.

Moreover, the quality of foaming cavity 3D solid meshing has a crucial impact on
the calculation accuracy and robustness of the model in FLUENT. The STP file saved in
the previous step is imported into the FLUENT grid tool Gambit. In order to achieve
consistent contact between the meshes, the small-volume entities (four nozzle entities) are
netted, and finally the foaming cavity is meshed. The grid type is a Tet/Hybrid (mainly a
tetrahedral grid, including hexahedral, conical, and wedge-shaped grid units). In addition,
the partition type is TGrid to facilitate the division of complex surfaces where geometries of
different sizes intersect. In order to realize the relative uniformity of meshing, the meshing
of small geometry is divided by local refinement to ensure the calculation accuracy. For
geometries with large volumes, a mesh with a large size is used to reduce the computational
time. The interval size of the water nozzle is 0.2 mm, the interval size of the asphalt nozzle
is 1 mm, the interval size of the air nozzle is 1.2 mm, the interval size of the foamed asphalt
outlet is 1.5 mm, and the foaming cavity cell grid interval size is 3 mm. The specific meshing
is shown in Figure 10.

In addition, asphalt foaming is a complex multiphase coupling process of hot asphalt,
water, and air in a specific container. The flow field in the foaming chamber has strong
fuzziness and coupling. Overall, there are two numerical methods to deal with multiphase
flow: (1) the Euler–Lagrange method and (2) the Euler–Euler method. The Lagrangian
discrete phase model in FLUENT follows the Euler–Lagrange method, where the discrete
phase is obtained by processing the movement of a large number of particles, bubbles, or
droplets in the flow field. On the other hand, the Euler–Euler method treats the different
phases, which run through each other, as a continuous fluid. In terms of flow models, there
are three Euler multiphase flow models in FLUENT: the Volume Of Fluid (VOF) model, the
Mixture model, and the Eulerian model.
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The mixture model can be used for two-phase flow or multiphase flow (fluid or
particle) analysis. In the Euler model, the phases are treated as interconnected continuities.
Thus, the mixture model solves the momentum equation of the mixture and describes the
discrete phases by their relative velocities. Applications of the mixture model include low-load
particle loads, bubble flows, sedimentation, and cyclone separators. The mixture model can
also be used for homogeneous multiphase flows without discrete relative velocities.

Asphalt foaming belongs to the mixture of multiphase flow. The mixture model is
used to simulate the flow field inside the cavity, which must meet the conservation of
mass, momentum and energy. In the mixture multiphase flow model, the effects of sliding
velocity should be considered. The continuity equation, energy conservation equation,
momentum conservation equation, standard K -ε model equation, algebraic slip equation
and volume fraction equation of the second phase were used to solve the model. The cloud
images of all physical fields were obtained by FLUENT based on the boundary division
and numerical analysis of the asphalt foaming principle.

An iterative calculation approach was employed after the model was developed,
and the corresponding parameters were set. As the iterative calculation method attains
convergence, cloud images of the pressure field, velocity field, and temperature field were
intercepted by the FLUENT software for comparative analysis.

Physical field when asphalt viscosity is 0.2 Pa·s, 0.3 Pa·s, 0.5 Pa·s and 0.8 Pa·s:

(1) Velocity field

It can be noted from the velocity field presented in Figure 11 that the asphalt is in
direct contact and coupling with air and water vapor after entering the foaming cavity.
In addition, it is shown that the speed of the asphalt drops sharply. The initial speed is
relatively high. When the viscosity is 0.2 Pa·s, the speed change is relatively limited after
the asphalt enters the foaming cavity. On the other hand, when the asphalt with a viscosity
of 0.8 Pa·s enters the foaming cavity, the speed decreases sharply. Based on these results, it
is demonstrated that the higher the viscosity of the asphalt, the worse its fluidity is, which
is not conducive to the coupling of the flow field. This reduces the stability of the asphalt
foaming recycling technology.
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(2) Temperature field

As can be seen from the temperature field of asphalt with different viscosities in
Figure 12, when the asphalt viscosity is 0.2 Pa·s, the track of high-temperature asphalt
is relatively long, and the atomized water vapor is accompanied by slight reflux. As the
viscosity of the asphalt increases, the asphalt’s high-temperature trajectory becomes shorter
and the atomized water vapor reflux is weakened. In addition, the reflux is generally
eliminated when the asphalt viscosity is greater than 0.5 Pa·s. This phenomenon appeared
because at the entrances of the same size, temperature and speed increase the viscosity of
asphalt, which is translated to an increase in the energy of asphalt into the foam chamber.
The greater the energy of the liquid water evaporated into water vapor, the easier it is
for the foaming cavity pressure to increase, leading to the water droplets being atomized
rapidly to 100~150 microns, and ensuring that the phase change rate of water and steam
rises quickly and efficiently. Overall, the coupling between asphalt and atomized water
vapor is beneficial to the preparation of foamed asphalt.
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(3) Pressure field

Figure 13 highlights the pressure field of asphalt with different viscosities. The results
show that there are obvious differences in pressure diagrams of asphalt with different
viscosity levels. When the viscosity is 0.2 Pa·s, the overall pressure of the foam cavity is
low, but the local pressure is high, and the pressure viscosity is obvious. When the viscosity
is increased to 0.3 Pa·s, the overall pressure increases slightly, and individual temperature
viscosity is reduced. Moreover, in the case of a viscosity of 0.5 Pa·s, the overall pressure
distribution is uniform, and the phenomenon of pressure viscosity is generally eliminated.
When the viscosity of asphalt is increased to 0.8 Pa·s, the overall resulting pressure is higher
compared to the previous scenarios, and multiple local high-pressure positions appear
again. Overall, when the asphalt viscosity is about 0.5 Pa·s, the pressure distribution is
uniform and there is no local high pressure. Thus, the environment in the foam chamber is
relatively stable, and the asphalt foam liquid film is often not easy to destroy. Currently,
the stability of asphalt foaming recycling technology is considered to be the highest.
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5.2. Comparative Analysis with Experimental Data

The expansion rate and half-life data of used asphalt from Hohhot, China, were tested
under the condition of adding 1% and 2% water (see Table 5). A contrast diagram of the
asphalt foaming process can be seen in Figure 14.

Table 5. Data comparison of different viscosities of the same asphalt in the experiment.

Needle Penetration (25 ◦C,
100 g, 5 s)/0.1 mm 70 70 100 100

Water addition 1% 2% 1% 2%
Expansion ratio 8.4 15.7 7.1 11.8

Half-life(s) 14.1 5.3 10.5 8.7
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6. Conclusions

The fault data on the bottommost events in the asphalt foaming device’s fault tree
are scarce and uncertain. Thus, this work proposes a fuzzy FTA method based on the
intuitionistic fuzzy set and the Delphi method. First, the asphalt foaming device fault tree
was developed. The tree was fuzzified, and the bottommost events were judged by a group
of experts. The Delphi method was utilized to determine the experts’ weights. Next, the
experts’ opinions were aggregated, and the fuzzy numbers for each bottommost event were
obtained. These results enabled calculating the top event’s fuzzy number, which was then
transformed into the fuzzy possibility score. Furthermore, the top event’s probability was
calculated as well as the fuzzy significance for 71 distinct bottommost events. The obtained
asphalt foaming device’s failure probability was found to be 7.512 × 10−2. Among the 71
bottommost events, asphalt pipeline blockage, insufficient electric heating, and foaming
cavity deformation were highlighted as the events with the highest fuzzy importance for
the asphalt foaming device. These results are in line with the asphalt foaming device’s
fault performance and frequency in the engineering applications. At present, there are
relatively few statistical data about the failure of asphalt foaming devices in the world, so
there is no other authoritative sample database to compare the calculation results of the
model in this paper. However, the calculation results are of the same magnitude as the
actual engineering application results of the asphalt foaming device. In conclusion, the
results obtained by the model were found to be consistent with the experimental actual
data, verifying the reliability and validity of the model. The successful implementation of
the proposed method provides new opportunities for the reliability evaluation of asphalt
foaming recycling technology.

A theoretical analysis was carried out on the asphalt foaming mechanism, combined
with engineering experience, in order to find the most suitable range of foamed asphalt
viscosity for the production of high-quality foamed asphalt. Employing the developed
model, the asphalt foaming process was simulated, employing a CFD analysis method. In
addition, numerical simulations were conducted to assess the impact of different asphalt
viscosities, and the simulations were compared and verified using experimental results.
Finally, the optimal foamed asphalt viscosity range for the production of high-quality
foamed asphalt was determined. By comparing the numerical values of the expansion
rate and half-life with the experimental data, it is concluded that the lower the viscosity of
asphalt, the better its fluidity and the easier it is to be coupled with water and air. The heat
embedded in high-viscosity hot asphalt is beneficial to the vaporization of water, which
provides the necessary conditions for asphalt foaming. When the asphalt viscosity is very
large, the pressure distribution in the foaming cavity is uneven and there is a local high
pressure. On the other hand, when the asphalt viscosity is about 0.5 Pa·s, the pressure
distribution in the foaming cavity is more uniform and suitable for asphalt foaming. The
heat contained in high-viscosity hot asphalt is mostly in contact with water, which is
useful for the vaporization of water. This will provide the necessary conditions for asphalt
foaming. When the asphalt viscosity is about 0.5 Pa·s, the pressure distribution in the
foaming cavity is relatively uniform, which is suitable for asphalt foaming. Based on
the reasons mentioned above, it is concluded that an asphalt viscosity in the range of
0.3–0.5 Pa·s provides the optimal conditions to improve the stability of asphalt foaming
recycling technology.
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