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Preface to ”Advanced Support Technologies in

Roadway”

In the continuous development and application of underground spaces (such as roads, tunnels

and underground caverns), safe and efficient support technology is an important means to maintain

the stability and integrity of roadways. With the improvement in occupational health requirements

and complex and changeable geological conditions, the application of advanced support technology

is particularly important for underground work. Exchange and discussion of advanced tunnel

support technology is conducive to the safe and efficient development of underground spaces.

The theme of the book is “Advanced Roadway Support Technology”, and it aims to collect and

display breakthroughs and high-level research progress of advanced support technology, including

advanced cement-based materials for tunnel support, advanced surrounding rock control technology,

road dust control methods, advanced tunnel support equipment, and advanced road disaster control

theory.

This book contains nine papers (eight research papers and one review paper) covering

many fields of advanced support technology, including support materials, disaster prevention of

surrounding rock damage, deterioration of support structure, pipeline pumping, and road traffic. Xie

et al. reported the influence of different additives on the fresh performance of wet shotcrete. Lapian

et al. determined the optimum proportion for the asphalt mixture of modified asbuton with PET

plastic waste by response surface methodology. Zhang et al. identified damage evolution law and

frequency domain distribution characteristics of the acoustic emission signal of deep granite under

triaxial loading. Liu et al. summarized the evolution law of mechanical properties and morphological

characteristics of shotcrete microstructures at high temperatures. Useche et al. evaluated the effect

of a driver’s gender on their intention to use an automatic car through robust testing and

bias-correction multi-group structural equation modeling. Ma et al. established a prediction model

of the compressive strength of artificial sand concrete by response surface methodology. Ma et al.

investigated the two-phase flow characteristics of shotcrete in the pipeline based on the CFD-DEM

coupling model and on-site measurement. Alonso et al. assessed the development of intelligent

transportation systems and other technologies regarding the promotion of population mobility by

investigating 1414 Dominicans aged between 18 and 40. Zhu et al. revealed the internal load transfer

behavior and failure mechanism of the bird’s nest anchor cable anchored structure.

While advanced support technology provides a guarantee for the development of underground

spaces, it still faces many challenges. This book is for scholars whose area of research is roadway

support, and other scholars are also welcome to read and discuss.

Guoming Liu and Xiangming Hu

Editors
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In the continuous development and application of underground spaces (such as roads,
tunnels and underground caverns), safe and efficient support technology is an important
means to maintain the stability and integrity of roadways. Advanced support technology in-
cludes the development of support materials with superior performance, the improvement
and innovation of existing support theory, and the development of mechanical equipment
with comprehensive functions. For example, the mechanical strength of shotcrete can be en-
hanced by adding fibers [1,2], improving work efficiency and reducing safety risks through
intelligent mechanical equipment [3,4], analyzing the movement characteristics of materials
and the control of pipe jam during long distance pumping [5,6], and studying the support
structure under complex geological conditions such as high in situ stress [7,8]. Therefore,
with the improvement of occupational health requirements and complex and changeable
geological conditions, the application of advanced support technology is particularly im-
portant for underground work. Exchange and discussion of advanced tunnel support
technology is conducive to the safe and efficient development of underground spaces.

This Special Issue aims at collecting and displaying breakthroughs and high-level
research progress of advanced support technology, including advanced cement-based ma-
terials for tunnel support, advanced surrounding rock control technology, road dust control
method, advanced tunnel support equipment, and advanced road disaster control theory.

This Special Issue has published nine papers (eight research papers and one review
paper) covering many fields of advanced support technology, including support materi-
als, disaster prevention of surrounding rock damage, deterioration of support structure,
pipeline pumping, and road traffic. Xie et al. [9] reported the influence of different additives
on the fresh performance of wet-shotcrete, finding that free grout effect and ball effect
would significantly affect the performance of wet-shotcrete. The authors discussed the
relationship between rheological characteristics and pumpability and spraying ability, and
finally put forward suggestions for a mixing ratio meeting the requirements of various
shotcrete. Lapian et al. [10] determined the optimum proportion for the asphalt mixture of
the modified asbuton with PET plastic waste by response surface methodology, and the final
properties of the mixture (stability, Marshall quotient, void in MIX, void mineral aggregate
and density) met the specifications of the local engineering department. Zhang et al. [11]
identified damage evolution law and frequency domain distribution characteristics of
acoustic emission signal of deep granite under triaxial loading. The structure defined sig-
nals with amplitude greater than 85 dB, peak frequency greater than 350 kHz and frequency
center of gravity greater than 275 kHz as early warning signals of rock failure. Liu et al. [12]
summarized the evolution law of mechanical properties and morphological characteris-
tics of microstructures of shotcrete at high temperature, introducing a multi-dimensional
morphological formula in the process of heat conduction. The authors established a heat
transfer model with spiral shape, and finally put forward opinions regarding the challenges
faced by high temperature shotcrete. From the perspective of human factors, Useche
et al. [13] evaluated the effect of a driver’s gender on their intention to use an automatic car
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through robust testing and bias-correction multi-group structural equation modeling. They
found that the driver’s intention to use an automatic car could be explained differently
according to their gender, which provided a guiding result for the people those studying
traffic planning and road safety. Ma et al. [14] established a prediction model of the com-
pressive strength of artificial sand concrete by response surface methodology, and studied
the influence of stone powder, fly ash, and silica powder on the compressive strength
of artificial sand concrete. The research found that the content of stone powder has the
greatest influence on the compressive strength, while the content of silicon powder has the
least effect on the compressive strength. Ma et al. [15] investigated the two-phase flow char-
acteristics of shotcrete in the pipeline based on the CFD-DEM coupling model and on-site
measurement, determining the velocity of shotcrete materials and the pressure distribution
in the pipeline. The authors found that turbulence and secondary flow prevented the
pipeline from blocking, and revealed that the energy loss of aggregate particles in the elbow
of the pipeline was about 30 times that in the horizontal straight pipe. Alonso et al. [16]
assessed the development of intelligent transportation systems and other technologies
regarding the promotion of population mobility by investigating 1414 Dominicans aged
between 18 and 40, and proposed the need to strengthen the information and communication
flow of emerging transportation-related technologies. Zhu et al. [17] revealed the internal
load transfer behavior and failure mechanism of the bird’s nest anchor cable anchored
structure through theoretical analysis, bird’s nest anchor cable pull-out test, and particle
flow program numerical simulation test. The authors proposed that the failure mode was
the combination of the interface debonding and sliding and rock shear failure.

The submission period of this Special Issue has ended. While advanced support tech-
nology provides a guarantee for the development of underground spaces, it still faces many
challenges, such as the deterioration of support structure under extreme environment, the
impact of complex in situ stress, and the implementation of carbon peak policy. Regard-
ing advanced support technology, the future research directions may face the following
aspects. The first aspect is the intellectualization and integration of support technology to
realize the integration of spraying technology and the intellectualization of spraying equip-
ment, such as the research and application of shotcrete manipulator and shotcrete robot,
which can greatly improve work efficiency and ensure the personal safety of construction
workers. The second aspect is the development and application of long-distance pump-
ing in underground spaces. When long-distance pumping is carried out, it is extremely
important to ensure the fluidity of materials in the pumping pipeline and prevent pipe
plugging. For example, the addition of an air entraining agent can significantly improve
the fluidity and workability of concrete, but the migration law and time-varying effect of
bubbles in fresh concrete still need to be solved. The third aspect is the development of
low-carbon concrete. The implementation of carbon neutralization and carbon peak policies
has made cement and related industries face tremendous reforms, such as developing and
promoting low-carbon cement materials and improving carbon capture, utilization, and
storage technologies.
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Abstract: Although fully automated vehicles (SAE level 5) are expected to acquire a major relevance
for transportation dynamics by the next few years, the number of studies addressing their perceived
benefits from the perspective of human factors remains substantially limited. This study aimed,
firstly, to assess the relationships among drivers’ demographic factors, their assessment of five key
features of automated vehicles (i.e., increased connectivity, reduced driving demands, fuel and
trip-related efficiency, and safety improvements), and their intention to use them, and secondly,
to test the predictive role of the feature’ valuations over usage intention, focusing on gender as
a key differentiating factor. For this cross-sectional research, the data gathered from a sample of
856 licensed drivers (49.4% females, 50.6% males; M = 40.05 years), responding to an electronic
survey, was analyzed. Demographic, driving-related data, and attitudinal factors were comparatively
analyzed through robust tests and a bias-corrected Multi-Group Structural Equation Modeling
(MGSEM) approach. Findings from this work suggest that drivers’ assessment of these AV features
keep a significant set of multivariate relationships to their usage intention in the future. Additionally,
and even though there are some few structural similarities, drivers’ intention to use an AV can be
differentially explained according to their gender. So far, this research constitutes a first approximation
to the intention of using AVs from a MGSEM gender-based approach, being these results of potential
interest for researchers and practitioners from different fields, including automotive design, transport
planning and road safety.

Keywords: vehicle automation; features; fully automated cars; Multi-Group Structural Equation
Modeling (MGSEM); gender; intention; drivers; roadway technologies

1. Introduction

1.1. Automated Vehicles: What Could Drive People to “Make the Shift”?

Nowadays, it is widely known that vehicle-related technologies constitute a core
focus to increase safety, efficiency and sustainability of mobility. Accordingly, several
technological improvements aimed at supporting a safer and easier driving experience have
been developed during the last few decades (e.g., ADAS and other active/passive safety
improvements), bringing the automotive market closer and closer to full automation [1,2],
thus progressively increasing the SAE level of the vehicles available on the market, looking
ahead to the next decade in which, for the case of European countries, about 30% of them
are expected to be fully automated (SAE level 5) vehicles [3].

Further, most of the prospective sources on the matter agree on the fact that (just like
in any other market) users’ perceptions and attitudes play a crucial role for the future
of automated vehicles (AVs) and their related transportation dynamics, even though the
available empirical information in this regard remains considerably limited [4,5].

Appl. Sci. 2022, 12, 103. https://doi.org/10.3390/app12010103 https://www.mdpi.com/journal/applsci5
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However, and as a consequence of different technological, safety and mass communication-
related constraints, some studies have argued that the intention to shift to fully automated
vehicles could decrease if potential users do not attribute enough value to their different features,
especially those related to safety, efficiency and stability [6]. An example of it is the considerable
number of non-specialized sources often under or overstressing the actual capabilities of auto-
mated vehicles that, far from improving their market-transforming possibilities, can negatively
influence both potential consumers’ perceptions, same as the willingness of policymakers and
transport planners to further invest on adapting road infrastructures as a way to enhance a safer,
more sustainable and cost-effective mobility [1,4].

Among all the potential improvements that automated vehicles may represent for
their potential users (yet drivers of “conventional” vehicles), there are some features that
might be critical for influencing the intention to get involved in this new trend of transport
dynamics. For instance, literature emphasizes key aspects such as information flows, ease
of driving, energy efficiency, travel swiftness, and perceived safety as essential user-related
perceptions to consider with the aim of fostering a more holistic and participatory transition
towards automated driving [1,5,6]. Concretely, five of them were addressed in this study.

1.2. Greater Connectivity: Networking Mobility

Among all the social and mobility needs that are expected to be, at least partly, fulfilled
through technological developments, recent studies have highlighted mobility networking
as one of the core features to be offered by automated vehicles [7]. Instead of operating in a
standalone mode, automated vehicles (whose functional basis largely lies on connectivity)
are expected to compose cooperative networks useful for different tasks such as traffic
control, flow and density monitoring, alerts on critical events and dynamic (real-time)
accident prevention [8]. In other words, and apart from maximizing the capacity of urban
roads to a substantial extent [9], automated cars are expected to improve “connected
mobility” through different resources, including collaborative driving systems (CDS) and
vehicle-to-vehicle communication (V2V) systems, thus improving the information available
both for our car and for the others’ vehicles to make accurately safe decisions [10,11].

Notwithstanding, and although the forecasts about safety, efficiency and technical
improvements that having a “more connected” mobility through data sharing would entail,
some studies have questioned the growing concerns of drivers in relation to key issues
such as data privacy, network stability and reliability, and the possibility that their vehicles
(or the networks to which they are connected) could be “hacked” by third parties and,
consequently, their privacy and security would get threatened [1,12–14]. Precisely, a recent
systematic review found that the behavioral intention to shift to an automated car can be
substantially affected by technological fears which are becoming relatively common in
current times [15].

1.3. Reduction of Driving Demands

Traditionally, one of the biggest concerns for road safety and vehicle design-related
stakeholders (including researchers, designers and practitioners) has been the excessive
amount of both physical and psychological demands that the task of driving implies [2,16],
especially in long-haul contexts, such as the case of professional driving [17,18]. This critical
issue has been linked to different negative outcomes such as fatigue, stress and physical
strain, that at the same time remain as reliable predictors of traffic crashes [19–21]. In
fact, recent empirical studies have argued about the problematic role of recurrent driving
demands also outside the field of professional driving. For instance, factors as common
as time pressure may lead drivers to make unsafe decisions and to perform risky driving
behaviors, increasing their likelihood to suffer crashes [16,22,23].

Precisely, one of the key benefits of vehicle automation is the progressive reduction
of driving demands. For instance, both observational and self-report-based studies have
already documented how SAE 2 level-incorporated ADAS (Advanced Driving Assistance
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Systems) reduce the number and degree of many (often simultaneous) demands to which
drivers are subjected during their everyday trips [14,24].

However, it is worth mentioning that results in these aforementioned regards remain
considerably inconsistent, whereas other researchers have argued that not all the potential
users of automated vehicles would, actually, have a very positive valuation of the fact that
a machine might take decisions and execute driving tasks on behalf of them, especially in
cases such as: (i) they have a high preference for driving themselves, (ii) they consider that
their driving skills can be better than anyone else’s, often also over any machine, (iii) they
either enjoy the experience of assuming sensations related to risk and speed, (iv) they can be
afraid of losing their jobs or experiencing unexpected changes as a consequence of vehicle
automation, and/or (v) they simply prefer “staying in control” of their cars, especially at
safety-critical moments and complex driving scenarios [25–27].

1.4. Fuel/Energy Consumption Saving

One of the most commonly featured benefits of vehicle automation is vehicle energy
efficiency [28], explaining an improved potential to transform energy-related dynamics in
transport, thus increasing their contribution to both environmental sustainability (including
greenhouse emissions) and economy [29,30]. In other words, it is expected a widespread
adoption of automated cars might reasonably reduce air pollution and benefit many stake-
holders, including drivers, passengers and other road users, especially when involved in
large-use transport spheres and services, such as taxis and private hire cars (PHCs) [31].

Notwithstanding, recent studies highlight that, even though the projections are really
promising in environmental terms, there are still many uncertainties prevailing around
the actual operation of fully (SAE level 5) automated vehicles, as this basically remains a
hypothesized technology [31,32], whose specific features should substantially vary during
the next few years, also in consideration of different factors and dynamics that can be
transformed (e.g., the price of different forms of energy, the ruling ones, the new technolo-
gies that could be discovered or massified and the storage capacity of batteries and their
efficiency, in the case of electric cars) in the term of the next few years [33–35].

At the (potential) user level, however, advances in energy terms and their subsequent
monetary savings are usually a relevant feature for decision-making, as has been evidenced
in previous studies related to vehicle automation [28,36,37]. Indeed, sustainability-related
settings are nowadays considered as a critical part of both the consolidation of automated
(and clean) driving as a transportation pattern, and the consumer preferences of today’s
drivers, given the high level of social discussion on the subject and awareness of the issue
that exists in most industrialized countries [37–39].

1.5. Travel Efficiency

Another key feature that should be addressed in relation to vehicle automation is their
overall hypothesized substantial contribution to reduce costs and travel times [25,36]. Espe-
cially under conditions of high demand, automated vehicles and connected transport tech-
nologies are expected to help substantially reduce the average number of minutes a driver
or passenger spends on each of their trips [40,41]. In a recent study, Sonnletiner, Friedrick
and Richter determined that factors such as the improvement of current algorithms through
artificial intelligence developments and machine learning, and the increasing number of
units (connected cars) in urban traffic networks, despite experiencing some difficulties in
their early implementation phases, could significantly optimize the trips and the time used
for them in a few years [42].

Nevertheless, and regardless of objective estimations, the latest stated preference
studies in these regards have shown how people’s perceptions (that are theorized to exert
an effect on demand rates) remain relatively skeptical in regard to the actual extent to
which, in a near future, highly and fully automated vehicles (i.e., SAE levels 4 and 5) could,
indeed, improve urban dynamics related to travel time and trip efficiency [43].
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1.6. Improved Safety

Finally, the role of safety in vehicle automation must be addressed. Since a couple
decades ago, different theoretical and empirical sources have argued that human knowl-
edge and ability, even provided with greater autonomy, decision-making capacity and
discernment, they are considerably lower when compared with most of the technologies
commonly used in the field of vehicle automation [9,11]. Therefore, it could be expected
that, in a relatively controlled environment (e.g., the so-called smart cities), the diversifica-
tion of automated cars would help to reduce the number of errors, traffic violations and
their subsequent accidents, injuries and deaths, in addition to all the subsequent costs that
the aforementioned issues commonly involve [41].

At the user level, it is nowadays virtually impossible to provide rigorously suitable
estimations on to what extent road safety will become benefited from the implementation
and widespreading of automated vehicles, especially in absence of estimations about the
extent to which drivers’ behavior will remain as a core crash predictor [6,15]. However,
some initial studies have determined that safety-related perceptions of nowadays’ drivers
might influence their intention to shift towards higher SAE level vehicles, but also that
demographic differences of potential users (especially as for gender) might contribute to
identify differences in the development of attitudes, perceptions and intentions towards
automated cars and their driving assistance features [1,6,43].

1.7. Study Aims and Hypotheses

Bearing in mind the aforementioned considerations and insights provided by previous
literature, the two aims of this study were: first, to assess the relationships among drivers’
demographic factors, their valuation of five key features of automated vehicles and the
intention to use a fully automated AV in the future. In this regard, it was hypothesized that
drivers’ assessment of these features—that fully automated cars are expected to have—might
be significantly related to their self-reported intention to switch to AVs.

Secondly, this study also aimed at testing the predictive role of the assessment given
to these five features on drivers’ intention to use automated cars, focusing on gender as a
potentially differentiating factor. As for this second study aim, it was hypothesized that
AV feature-based assessments would have a significant (but differential) effect over usage
intention, i.e., there will exist structural differences in the explanation of the intention to
use an automated vehicle depending on whether there is a male or a female driver.

2. Methods

2.1. Design and Study Setting

With the aim of providing a methodological overview to the readers, the steps of this
cross-sectional study, successively described in the different subsections of the methods,
are graphically synthesized in Figure 1.

Given the current COVID-19-related social distancing protocols, this cross-sectional
research was performed through an electronic survey written in Spanish, distributed to
an approximate number of 1550 individuals included in a pre-existing mailing list shared
among universities and research centers during the first half of the year 2021. Potential
participants included in the mailing list (whose basic features are overall similar to the
general Spanish population, at least in terms of gender and age), were recruited through
a convenience sampling method, receiving a personal invitation to partake in this study,
stating its objective, participation dynamics and ethical considerations surrounding it.

The only two inclusion criteria were to be a currently licensed non-professional driver
(regardless of the type of vehicle) residing in Spain, and to read and accept the conditions
included in the Informed Consent form before starting to respond the questionnaire, which
was mandatory. Additionally, it is worth saying that participants were briefly contextual-
ized in SAE levels prior to responding the questionnaire, with the aim to differentiate the
concepts of “partially-to-high automated vehicle” (SAE levels 2 to 4), and “fully automated
vehicle” (SAE level 5).
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Figure 1. Data Flow Chart (DFC) describing the methodological steps of the study.

Regarding other sample-related issues, the response rate was about 56% of the invited
partakers; no economical rewards or stimulus were offered to participants. In order
to achieve an acceptable degree of representativeness: (i) we assumed the full Spanish
census of drivers (about 27 million drivers for the year 2020) [44] as population size, and
(ii) although population representativeness can be only partially assumed on the basis of a
non-probabilistic sampling method, an a priori calculation of the minimum sample size
was carried out using the following formula:(

S = z2σ / e2) (1)

where S represents the sample size; z the standardized value for different levels of confi-
dence, e.g., z = 1.96(95%), or 2.58(99%), σ represents the standard deviation (commonly set
as 0.50), and e represents the maximum error allowed, with α = 0ñ0.05(5%). The resulting
number suggested a minimum of about 690 subjects (better if proportionally distributed by
sex and age), assuming a maximum margin of error of 5% (α = 0.05) and a beta (β) of 0.20,
which allows for an 80% power. It is worth saying that, although this implies the need of
retrieving more cases, it lessens the margin of error of the study.

The average time required to partake in the research (i.e., responding to the electronic
survey) was about 8 min. In order to avoid potentially biased responses, before starting the
survey, it was emphasized that the data would be exclusively used for statistical research
purposes and their participation was anonymous.

2.2. Study Sample

This study analyzed the data obtained from a sample of n = 856 licensed drivers
aged between 18 and 65, with a mean of M = 40.05 (SD = 11.47) years. Participants
were residents of all the 17 Autonomous Communities (Regions) of Spain, with a sample
proportion between 4–9% per region. From the study sample, 49.4% of the drivers were
females and 50.6% were males. Table 1 presents detailed demographic characteristics of the
study participants.
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Table 1. Study partakers’ sociodemographic data and basic driving features.

Feature Category Frequency Percentage Population Census Data a

Gender
Female 423 49.4% 50.9%
Male 433 50.6% 49.1%

Age Group

<25 92 10.7% 8.2% b

25–34 197 23% 13.0%
35–44 253 29.5% 17.4%
45–54 223 26% 18.7%
>54 91 10.6% 42.7%

Educational level

Primary school 63 7.4%
Secondary-high school 376 43.9%

Technical education 133 15.5%
University 284 33.2%

Years since firstly licensed
Less than 5 years 102 11.9%

5 to 10 years 138 16.1%
More than 10 years 616 72%

Type of vehicle (most driven)

Private car 801 93.5%
Motorcycle 32 3.7%

Van/Light truck 14 1.6%
Other (moped, electric

two-seater) 9 1.2%

Driving frequency (weekly basis)

Daily 376 44%
4–6 days a week 239 27.9%
2–3 days a week 141 16.6%

1 day a week or less 100 11.7%

Notes for the Table: a Population-based data [44] was included to compare sample distribution in terms of gender
and age group; b age group percentages are based on the population census over 18, to make it comparable with
driving population.

2.3. Description of the Questionnaire

The research questionnaire was composed of four main sections:
The first section inquired about demographic data, including gender (male/female/other;

“other” was never chosen as a response, so that the variable was dichotomized), educational
level, city of residence, income level and driving-related information (years since firstly
licensed, type of vehicle most commonly driven, driving frequency).

The second part of the survey comprised a Likert-based questionnaire consisting of 20 ques-
tions, using a 5-point (1–5) scale, i.e., from 1 (not at all → no relevance/value/improvement
perceived at all) to 5 (too much → much relevance/value/improvement perceived). Drivers
were asked about their assessment of five different key characteristics of fully automated ve-
hicles, namely: greater connectivity (4 items; α = 0.726), reduced driving demands (4 items;
α = 0.705), energy efficiency (4 items; α = 0.769), travel efficiency (4 items; α = 0.762), and
improved safety (4 items; α = 0.801). The valuation of these features was based on a four-item
subscale for each feature, addressing: (a) perceived relevance; (b) value attributed; (c) the
degree to which it may improve driving experience, and (d) the actual viability or likelihood of
the feature.

The third part of the survey comprised a 5-item (α = 0.840) attitude questionnaire
aimed at assessing drivers’ intention to use an automated vehicle (example item: If during
the next years I will have enough budget, I plan to buy an AV). The scale used a (1–5) scale,
being 1 (totally disagree) and 5 (totally agree) [6].

Finally, the fourth part of the survey was aimed to assess drivers’ degree of interaction
with Information and Communication Technologies (ICTs; to be used as a control variable)
in a scale ranging between 1 (very scarce interaction) and 5 (very high interaction). The item
used for this purpose was: “Please tell us your degree of usual interaction with smartphones,
computers and/or other devices which are normally connected to the Internet”.
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2.4. Data Processing

After performing basis statistical procedures, i.e., descriptive statistics, bivariate Spear-
man’s rs or rho correlations and Brown–Forsythe’s mean comparisons (robust tests, as
basic normality and homoscedasticity-related assumptions were not met), a gender-based
Multi-Group Structural Equation Model (MGSEM) was built up. For this purpose, there
were used Bootstrap-based robust maximum likelihood estimations (i.e., 10,000 bootstrap
samples and 95% confidence intervals), in order to handle non-normality issues, as most of
the study variables did not meet the basic assumption of univariate normality, and multi-
variate normality was not met either, as usually happens in self-report-based studies [45].
The model fit was evaluated by using Chi-square (χ2), Normed Fit Index (NFI), Incremental
Fit Index (IFI), Comparative Fit Index (CFI), and Root Mean Square Error of Approximation
(RMSEA) [18].

As for the punctual features of the model used to test the hypothesized structural
relationships among measured variables, the multivariate relationships between female
and male drivers’ demographic/psychosocial factors and their intention to use an AV, it
was composed of the six exogenous variables and one endogenous factor that are shown in
Section 3.3. This is statistically more accurate than separately testing genders as separate
populations since it considers the full sample parameters for fitting the models. The direct
effects of the model, their confidence intervals (at the level 95%) and significance levels were
calculated following the bootstrap method, specifically through a Monte Carlo (parametric)
procedure, favoring that, e.g., the results of the estimates may be bias-corrected, do not
present problems of normality, type I errors (false positives) in regression paths can be
avoided, and constitutes a reasonable alternative to other estimation methods such as
Satorra–Bentler or Weighted Least Square Mean and Variance adjusted (WLSMV). For this
study, SEM modeling tasks were performed with SPSS AMOS software (Version 26.0; IBM
Corp., Armonk, NY, USA).

Estimators were calculated controlling for income level, degree of interaction with
ICTs and driving experience. According to the specialized literature [18,46], it is commonly
accepted, as rules of thumb, that a set of CFI/NFI/IFI coefficients greater than 0.900 and a
Root Mean Square Error of Approximation lower than 0.080 (better if <0.060; [18]), plus
the coherence of the model data with its theoretical assumptions, constitute insights of an
acceptable model fit to the data. When possible, the model’s fit was improved taking into
account the largest and more theoretically parsimonious modification indexes.

3. Results

3.1. Descriptive Data

Table 2 shows the mean values and non/parametric bivariate correlations of the
variables measured in the study, divided in three blocks: participants’ demographic data,
their assessment of five automated vehicle features, and their intention to use them.

Spearman’s (rho) correlation coefficients can be interpreted similarly to Pearson’s (r)
coefficients, ranging between −1 (very strong negative association) and 1 very strong
positive association, where 0 implies there is no relation between two variables. Overall,
demographic variables, and especially age, have shown interesting associations with the
valuation of two of these features. Concretely, age has been found significantly (and
negatively) associated with the valuation of AVs’ greater connectivity and reduced driving
demands. In other words, the higher the drivers’ age, the lesser is their valuation of
these two AV features. Further, it draws attention to how drivers with a greater degree
of interaction to Information and Communication Technologies (ICTs) tend to value to
a greater extent travel efficiency and increased safety features, but also to self-report a
greater intention to shift to an automated vehicle, also raising the need of including age
and interaction with ITCs among the control variables to perform inferential models on the
intention to use AVs (see Section 3.3).
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Table 2. Basic descriptive data and bivariate (Spearman’s rho) correlations between study variables.

Variable Mean a SD b 1 2 3 4 5 6 7 8

Demographic data
1 Age 40.05 11.47 – c

2 Educational Level – c – −0.117 ** –
3 Interaction with ICTs 2.82 0.98 −0.214 ** 0.191 ** –

Assessment of five automated car features
4 Greater connectivity 3.25 1.98 −0.109 ** 0.060 0.003 –
5 Reduced driving demands 1.90 1.67 −0.124 ** 0.025 0.051 −0.025 –

6 Fuel/energy
consumption saving 3.42 1.01 0.036 0.044 0.067 −0.161 ** −0.105

** –

7 Travel efficiency 3.29 0.94 0.021 0.026 0.114 ** −0.207 ** −0.148
** 0.457 ** –

8 Increased safety 2.63 0.62 0.043 0.071 * 0.075 * −0.285 ** −0.203
** 0.391 ** 0.506 **

Intention to use an automated car
9 Intention 2.80 0.60 0.058 0.099 ** 0.030 −0.184 ** 0.004 0.306 ** 0.394 ** 0.481 **

Notes for the Table: a Average value for the full sample; b SD= standard deviation; c value cannot be computed
(applies to purely ordinal variables or the correlation of a variable with itself, where 1.0 is an invariant value);
* correlation is significant at the p < 0.050 level (2-tailed); ** correlation is significant at the p < 0.010 level (2-tailed).

As for the bivariate relationships between the intention to use AVs and the five features
covered by this study, it was found that higher scores on the assessment of a greater con-
nectivity and reduced driving demands are negatively correlated with the valuation of fuel
saving, travel efficiency and safety features. On the other hand, the bivariate correlations
between increased safety, trip efficiency and lower energy consumption assessments remain
positive among them, same as with the intention to use AVs. In other words, it seems that
the improvements developed in these three terms might be (among the five) those that are,
indeed, potentially associated with a greater intention to shift to an automated vehicle in
the near future.

3.2. Gender-Based Differences

After assessing bivariate correlations between these three groups of variables, descrip-
tive gender differences were explored. Given that the assumption of normality was not met
in the case of most variables used in the study, especially because Likert questionnaires have
an ordinal nature, and variances were rather heteroscedastic, robust (Brown– Forsythe’s F)
tests were used for this purpose. Unlike traditional ANOVA tests, this technique uses a dif-
ferent denominator for the “F” equation, adjusting the mean square through the observed
variances of each group, instead of dividing by the mean square of the error. The results of
mean comparison tests are fully available in Table 3, being readable and interpretable in
the same way as One-way Analysis of Variance tests.

Overall, significant differences could be established between three out of the five AV
features addressed in the study, namely: Fuel/energy consumption saving, Travel efficiency
and Increased safety, where valuations were always higher among male drivers. On the
other hand, females: (i) self-report a greater level of interaction with ICTs than males and
(ii) tend to value to a greater extent the AVs’ greater connectivity and driving demands
reduction, but these differences do not reach the cut-off points needed for assuming
significance at a 95% level of confidence.

3.3. Structural Analyses

Based on the aforementioned theoretical assumptions of the study, the effect of gender
over the extent to which male and female drivers intend to use an AV was examined
through a MGSEM (Multi-Group Structural Equation Modeling) approach, that differs
from using gender as a dummy category within a structural model encompassing other
predictive variables, whose effects can be hypothesized to differ in nature according to
drivers’ gender. Instead, it allows differentially assessing the effect of the exogenous factors
on the dependent variable for each group, making it possible to compare the “mechanisms”
by which these relations can be explained for the case of each gender.
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Table 3. Descriptive statistics and mean comparisons by driver’s gender.

Variable Group
Descriptives Brown–Forsythe Test

Mean SD Statistic a df1 b df2 c Sig.

Interaction with ITCs
Males 2.75 0.94

4.921 1 847.620 <0.001 ***Females 2.90 1.01

Greater connectivity Males 3.11 2.00
3.259 1 653.656 0.072 N/S

Females 3.39 1.96

Reduced driving demands Males 1.81 1.61
1.705 1 653.961 0.192 N/S

Females 1.98 1.73

Fuel/energy consumption saving Males 3.52 1.02
9.785 1 853.793 0.008 **Females 3.30 0.98

Travel efficiency Males 3.44 0.95
23.882 1 853.707 <0.001 ***Females 3.13 0.91

Increased safety Males 2.73 0.70
21.911 1 850.655 <0.001 ***Females 2.52 0.64

Intention to use
Males 2.86 0.60

6.413 1 852.986 0.035 *Females 2.76 0.61

Notes for the Table: a Asymptotically F distributed; b df1= B–F test degrees of freedom 1; c df2 = B–F test degrees
of freedom 2; * significant at the p < 0.050 level (2-tailed); ** significant at the p < 0.010 level (2-tailed); *** significant
at the p < 0.001 level (2-tailed); N/S non-significant difference.

In this sense, data were split into two gender-based groups (i.e., reference categories):
a group of 423 (49.4%) female, and a group of 433 (50.6%) male drivers, both of them
with acceptable sample size and proportionality for a comparative examination. Utilizing
multi-group (MGSEM) analysis, the hypothesized structural model was adjusted to control
for demographic and driving-related differences, and to fit the data according to gender, at
the same time considering the parameters of the full sample.

The resulting Structural Equation Model, simultaneously fitted for both gender
groups (x2

(13) = 73.220, p < 0.001; NFI = 0.917; CFI = 0.926; IFI = 0.930; RMSEA = 0.077,
CI 90%= 0.061–0.095), is presented through two merged graphical models in Figure 2.
Qualitatively, the magnitude and significance levels of paths from exogenous variables to
self-reported rates show differential trends between male and female drivers.

Table 4. Multi-group SEM model to predict drivers’ intention to use automated vehicles.

Group A: Male Drivers

Path S.P.C. a S.E. b C.R. c p d

Intention ← Interaction with ICTs 0.086 0.04 2.102 0.036 *
Intention ← Greater connectivity −0.106 0.096 −2.191 0.028 *
Intention ← Reduction of driving demands 0.058 0.118 1.201 0.230 N/S

Intention ← Fuel/energy consumption saving 0.104 0.045 2.229 0.026 *
Intention ← Travel efficiency 0.231 0.013 4.751 <0.001 ***
Intention ← Increased safety 0.301 0.05 6.128 <0.001 ***

Group B: Female Drivers

Path S.P.C. S.E. C.R. p

Intention ← Interaction with ICTs 0.017 0.045 0.417 0.677 N/S

Intention ← Greater connectivity 0.048 0.099 1.02 0.308 N/S

Intention ← Reduction of driving demands 0.157 0.112 3.315 <0.001 ***
Intention ← Fuel/energy consumption saving 0.056 0.049 1.173 0.241 N/S

Intention ← Travel efficiency 0.166 0.014 3.241 0.002 **
Intention ← Increased safety 0.397 0.056 7.941 <0.001 ***

Notes for the Table: a S.P.C.= Standardized path coefficient; b S.E.= standard error; c C.R. = critical ratio; d bias-
corrected p-value; * = path is significant at the level p < 0.050; ** = path is significant at the level p < 0.010; *** = path
is significant at the level p < 0.001; N/S non-significant path.
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Figure 2. Multi-group structural model showing standardized path coefficients for self-reported
intention to use AVs: male drivers (left) and female drivers (right). N/S Non-significant path
(discontinuous arrows); * p < 0.050; ** p < 0.010; *** p < 0.001. Additional information on other
(miscellaneous) statistical parameters is available in Table 4.

The Standardized Path Coefficients (SPCs) and their significance values (see solid lines
in Figure 2 and the right column of Table 4) in the bias-corrected MGSEM suggest that there
exist both structural similarities and differences, as follows:

In regard to structural similarities, the MGSEM results show only two akin path
relationships between male and female drivers, namely: (i) drivers’ valuation of trip
efficiency, and (ii) safety improvements of automated vehicles significantly predict their
intention to use them.

On the other hand, and as for structural differences, it was found that: (i) drivers’
degree of interaction with Information and Communication Technologies (ITCs) are a
significant predictor of intention among males, but it remains non-significant for the case of
female drivers; (ii) unlike the case of females, a greater connectivity seems to significantly
decrease the self-reported intention among male drivers; (iii) reduction of driving demands
is a significant predictor only among female drivers, and (iv) fuel/energy consumption
saving significantly increases intention to use AVs only among male drivers.

4. Discussion

The core aims of this study were, first, to assess the relationships among drivers’
demographic factors, the valuation given to five key features of automated vehicles, and
their intention to use AVs, and secondly, to test the predictive role of the valuation given
to these five features on drivers’ intention, focusing on gender as a key differentiating
factor. Therefore, the findings in each one of these regards will be discussed below, in
consideration of both the study hypotheses and the existing literature on the matter.

In regard to the first aim, it was initially hypothesized that drivers’ valuations of five
different features greatly known about fully-automated vehicles might be significantly
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related to their self-reported intention to switch to AVs. Based on the data provided by
this relatively extensive sample of 856 drivers, this study found that, indeed, there are
bivariate relationships between drivers’ intentions to shift to an automated vehicle and their
valuation of five of its most relevant features, within those presented prospectively by the
literature [3,5,9]. In this regard, it is worth emphasizing that, in a period of approximately
10 years (for when it is expected to be a large enough market in European countries), some
other relevant features and/or technological developments could substantially affect how
automated vehicles are perceived, and how transport dynamics could be transformed as a
consequence of their potential impacts in different spheres [7,40,47].

Further, the descriptive results of this study suggest some interesting points worth-
while to be briefly discussed: firstly, that AV feature-related valuations may largely differ
on the basis of gender (to be discussed below, when addressing the second study aim), and
secondly, the existence of statistically significant differences in the self-rated interaction
with ICTs by gender, in which case women present significantly higher scores than their
male counterparts. As for this finding, some recent studies have found that, regardless
of gender gaps in terms of accessibility in many countries, but especially in emerging
economies [48], females might tend to keep a greater mean daily interaction with some
“connected devices” in terms of frequency, intensity, and even as for subsequent problems
derived from it [49,50], even though findings remain somewhat inconsistent across different
literature sources.

The second aim of this study (i.e., to test the predictive role of these five key features in
a gender-based perspective) allowed to a priori hypothesize that that AV-feature valuations
would have a significant (but still differential) effect over drivers’ intentions to use them.
Overall, the results found endorsed the hypothesis that there exist certain multi-group
structural [51] differences in the explanation of the intention to use an automated vehicle
based on its differential features, at least between male and female drivers.

Although this multivariate technique had not been ever applied to the study of
users’ preferences, attitudes and/or intentions over automated vehicles (AVs), previous
researches have already analyzed the role of gender as a key potential determinant and
(in other cases) mediator between, demographic/psychosocial issues and perceptual and
behavioral outcomes of several groups of road users (for a summary, please see: [52–54]).

Furthermore, gender differences constitute a “traditional” but underused issue in road
safety and transport planning studies. With a certain frequency, gender-focused studies are
solely descriptive and ignore the covariant and “invisible” relationships and effects among
multiple factors, as happens in simple mean comparisons that (although still interesting),
do not properly delve into the mechanisms by which multiple gender differences can
simultaneously interact [51,53]. Therefore, and beyond the significant mean differences
found in these terms, this study provides an in-depth analysis of the differential role of
various features expected to be found in SAE 5 level cars between drivers of both genders,
serving as a starting point for further research on the matter.

Addressing each one of the six variables included in the significant MGSEM model as
predictors of drivers’ intention to use AVs, a summary is presented below:

- Interaction with ICTs. This technology demand-related variable significantly explained
males’ (although not females’) intention in a positive way. In other words, and
although the magnitude of the significant path coefficient is low, it can be assumed
that male drivers keeping a greater degree of contact with technological devices
might also tend to have a greater intention to shift from a conventional car to an AV.
Previously, some few studies have assessed the link between interaction with ICTs and
the intention of using cars provided with higher SAE level technologies, also finding
a predictive (and positive) link amongst them [6,55]. Additionally, and although no
gender focus had never been applied before to this specific issue, it is worth remarking
how other studies have linked previous interactions between people and technology
with their acceptance of new technological solutions and improvements [56,57].
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- Greater connectivity of AVs: Same as Interaction with Information and Communication
Technologies, this feature of AVs had a structurally different role, in function to
driver’s gender. Namely, it negatively influenced intentions of male drivers, although
not of females. In this regard, previous research endorses the role of information-
related privacy and security as a prevalent concern for many of both technology and
road users, including the case of drivers [1,9,12,14]. This is, in other words, an issue
that (besides all current ethical discussions existing in these regards [13]) might need
additional efforts aimed at (i) guaranteeing users a desirable level of security, stability
and reliability [58], and (ii) communicating what are the real aspects on which the
connectivity of the AVs will be used to their powerful users, in a clear, participatory
and comprehensive manner [13,55,56].

- Reduction of driving demands: Contrary to what is observed in the case of the greater
connectivity feature, the fact that automated cars reduce driving demands seems to
represent “an incentive” (to a significant extent) only for women, among whom the
predictive relationship between the feature and their intention to use AVs remains
positive. In this regard, a reasonably plausible explanation is the fact that, overall,
males tend to believe they perform significantly better than others in different tasks,
including vehicle driving [59,60], as well as being more optimistic and perceiving
themselves as less prone to get in a crash, particularly when judging their own driving
skills [60]. Moreover, and as vehicle automation aims at progressively decreasing
the number and complexity of the demands imposed to the driver by trip-related
tasks [9], and fully automated cars are designed to practically drive themselves, it is
not surprising to find emerging concerns surrounding this (nowadays) set of almost
unknown dynamics in transportation [27,42], especially if it is taken into account that
the most complex levels of automation still remain practically unexploited on public
roads in the eyes of drivers [7,16,28].

- Fuel/energy consumption saving: This feature, apart from depicting another structural
difference in regard to AV use-related intention between male and female drivers,
constituted a significant predictor only for the case of males, and the association
was positive. In other words, it suggests that the extent to which an automated
vehicle might be energy efficient might represent a potential issue affecting decision-
making of male drivers, even besides what concerns environmental sustainability
settings [29,32]. Consistently, few studies have argued that, apart from sustainability-
related factors [30,59,61], fuel efficiency is a feature often pursued by drivers on the
basis of an economical motivation. However, what draws more attention is the fact
that it is men who, in general, show that they are more informed about fuel-efficient
driving, when compared with females, as concluded by McIlroy and Stanton in a recent
applied study on eco-driving knowledge performed in the United Kingdom [62].

- Travel efficiency and increased safety: In these two cases, the relationship is positive and
similar in terms of magnitude. Therefore, no gender differences were found in the
case of age, which showed to have a similar influence in both spheres. In other words,
and coherently with previous researches performed on these two key features, this
study’s outcomes suggest that efficiency and safety constitute crucial issues for vehicle
automation, at least in the eye of potential customers [6,14,58]. Therefore, the findings
consistently suggest that the greater a driver’s valuation of AV’s trip efficiency and
safety, the higher is the extent to which they are predisposed to move closer to vehicle
automation for their trips [1,55], regardless of gender.

5. Conclusions

5.1. Study Outcomes and Implications

Findings from this work suggest that: firstly, drivers’ demographic factors, their as-
sessment of five features of automated vehicles (i.e., increased connectivity, reduced driving
demands, fuel and trip-related efficiency, and safety improvements) keep a significant set
of multivariate relationships with their intention to use them in the future.
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Secondly, and even though there are few structural similarities, the intention of drivers
to use an AV can be differentially explained according to their gender, being males’ in-
tentions are affected by connectivity, fuel consumption, energy and trip efficiency, and
safety-related issues, whereas females’ intention to use an AV remains, rather, linked to
driving demands, trip efficiency, and safety features. In brief, these differential attitu-
dinal trends could differentiate both their preferences and potential practices related to
autonomous driving in the near future.

Finally, and as for the practical implications of this study, this research constitutes the
first approximation made so far to the intention of using AVs from a gender-based MGSEM
approach, being these results of potential interest for many stakeholders, including:

- Firstly, researchers and practitioners on road safety can find relevant insights about
(among others) the relationship between perceived safety and drivers’ intention to
use vehicles whose features might help decreasing their crash likelihood.

- Secondly, automotive design-related stakeholders may find it useful to find (with
good empirical proof) that there are, indeed, several key differences in relation to the
factors enhancing the intention to use AVs between male and female drivers, which
can be used for product development purposes.

- Finally, one of the key issues highlighted in this study is the strategic value of au-
tomated cars for both sustainability and transport efficiency. Therefore, transport
planners may find in this study a quick overview of some gender-based gaps in the
valuation of e.g., energy and trip efficiency issues of AVs, which would be worth
addressing in the near future in both planning, communication and training processes.

5.2. Limitations of the Study and Further Research

Although this research analyzed the data from a relatively extensive sample of drivers,
which was also considerably balanced in terms of age and gender, and the essential statisti-
cal and theoretical assumptions (included Goodness-of-Fit criteria) were met, it is worth
acknowledging some essential limitations and technical shortcomings that could have
biased the research outcomes, so that readers will make a careful interpretation of the data
presented by this study.

First of all, an anonymous interview does not fully deter common method biases
(CMBs) in responses, especially if there are addressed topics related to the social discussion,
such as vehicle automation and transportation dynamics. Secondly, and although based
on a relatively extensive literature review, the set of AV-related features measured by this
study is only partial: only a few of them, even though all which were relevant were covered

Secondly, there are many other factors potentially affecting drivers’ attitudes and
intentions towards AVs that remain unexplored in this research.

Thirdly, the authors consider it might be suggestible to complementarily acquire
further insights on this interesting issue by means of e.g., in-depth interviews, repeated
measures over time (as this is a very changing process) and mixed research methods, with
the aim to maximize the explanation of gender-based differences in regard to user-related
issues affecting future transportation dynamics and trends.
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Abstract: Apart from constituting a topic of high relevance for transport planners and policymakers,
support technologies for traffic have the potential to bring significant benefits to mobility. In addi-
tion, there are groups of “high potential” users, such as young adults, who constitute an essential
part of the current market. Notwithstanding, and especially in low and middle-income countries
(LMICs), their knowledge and acceptance remain understudied. This study aimed to assess the
appraisal of intelligent transport systems (ITS) and other technological developments applicable
to mobility among Dominican young adults. Methods: In this study, we used the data gathered
from 1414 Dominicans aged between 18 and 40, responding to the National Survey on Mobility
in 2018 and 2019. Results: Overall, and although there is a relatively high acceptance, attributed
value, and attitudinal predisposition towards both intelligent transportation systems and various
support technologies applicable to mobility, the actual usage rates remain considerably low, and
this is probably exacerbated by the low and middle-income status of the country. Conclusions: The
findings of this study suggest the need to strengthen information and communication flows over
emerging mobility-related technologies and develop further awareness of the potential benefits of
technological developments for everyday transport dynamics.

Keywords: technology; mobility; intelligent transport systems; perception; low and middle-income
countries; Dominican Republic

1. Introduction

Intelligent transportation systems (ITS) can be understood as the set of applications,
devices, and technological systems that facilitate traffic management, control, and monitor-
ing [1,2]. Among their multiple advantages, ITSs contribute to improving users’ safety [3],
traffic flows [4], and trip-related decisions [5]. In practical terms, this means minimizing
congestion, reducing pollution, and (equally important) enhancing mobility as a potentially
positive and safe experience [6,7].

There is great variability of ITS systems that have been applied on roads around the
world for some years [8]. Intelligent mobility enables connection between vehicles (V2V)
and between vehicles and infrastructure (V2I) [9]. Thus, the number of transport means
equipped with devices capable of detecting risks and facilitating driving maneuvers for
drivers keeps rising [10]. In addition, many urban areas have also incorporated electronic
devices, such as cameras or smart traffic lights, helping cities enforce traffic laws and
protecting vulnerable road users [11,12].

In addition, ITSs are already present in the market through products, such as advanced
driving assistance systems (ADAS) and autonomous cars, both useful to minimize human
errors during driving and improve overall road safety [13,14]. Therefore, at the user level,
a great acceptance of technologies applied to traffic among their potential consumers
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could be expected. However, recent studies suggest that opinions, intentions, and usage
willingness of ITSs could be rather split, especially among users who currently have minute
information about them [15].

1.1. New Technologies in Traffic: A Socially Challenging Issue?

In general, emerging technologies in mobility are well-valued by most of the existing
studies on traffic safety [16], with young men being the population group expressing
the most positive opinions [17]. Specifically, the most highly valued aspects are safety
improvements [18], reduced traffic congestion and travel time [19], amenities for the elderly
and/or physically challenged [20,21], environment and fuel savings [22,23], and other
miscellaneous benefits [24,25].

However, several studies have pointed out that the geographic provenance of their
users could be the main factor affecting the assessment of ITS systems [26,27]. Namely,
people living in highly industrialized countries with high rates of economic wealth are
favorable to the inclusion of traffic-related technology. In contrast, people living in emerging
countries, where the evidence is scarce, have been implied to remain more reluctant [26].
Enhanced by many social disparities, one of the factors influencing these gaps might be the
current unequal penetration of information and communication technologies (ICTs) among
different countries.

Precisely, one of the regions that seems more affected by these issues is the Caribbean,
whose countries are in the lower-middle zone of the world ranking, which reflects the
number of households with internet access [28]. In contrast, this list is headed mainly by
European and Asian countries [29]. Conversely, almost all the existing studies conducted in
low and middle-income countries (LMICs) show a lower predisposition to accept and use
advanced support technologies in traffic [27,30]. Some of the main constraints commonly
expressed by users from LMICs are the fear of potential cybersecurity issues or system
failures [31], personal data treatment [32], a feeling of excessive monitoring [33,34], and
environmental concerns [35].

From a theoretical point of view, different approaches have been developed to un-
derstand interpersonal differences in the degree of acceptance of technology. Initially,
Schifter and Ajzen (1985) developed the theory of planned behaviour (TPB) [36], which
shows that the intention to behave, modulated by attitude and subjective norm, may be
the best behavioral predictor. A few years later, Davis (1989) proposed the technology
acceptance model (TAM) [37], in which perceived ease of use and perceived usefulness
are hypothesized to directly influence attitudes towards technology and, consequently, the
intention to use it. Overall, both TPB and TAM models agree on the imperative need for
users to have a positive attitude and value a certain behavior as necessary steps to increase
its likelihood. However, to the best of our knowledge, these assumptions have never been
tested in this region, specifically regarding support technologies for mobility.

1.2. Study Context: The Case of the Dominican Republic

In recent years, the Dominican Republic has made significant progress in the traffic
and road safety sector [38]. Specifically, with the creation of the National Institute of Transit
and Land Transportation (INTRANT) in 2017, multiple measures have been developed
to improve traffic efficiency and reduce crash rates in the country [39]. Concretely, many
advances have been observed in terms of transport policy, infrastructural advancements,
road safety communication, and a progressive improvement of the automotive fleet [40,41].

Notwithstanding, crash rates continue to be among the highest in the world [42], partly
due to the low adherence to policymaking outcomes and the many other social problems
relatable with everyday transport dynamics [43]. In addition, the Dominican population, as
in other Latin American countries, such as Brazil, Jamaica, and Colombia, tends to privilege
private vehicles over massive transport, explaining an abruptly large increase in the use of
motorcycles [43,44], precarious small-sized public transport means [45], and other low-cost
everyday solutions [46,47].
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In this regard, previous studies suggest that bringing people closer to transport-related
technology (applicable to everyday mobility) would be helpful to face many of the common
threats affecting the Dominican population, starting with young segments of the population,
given their greater positive attitudes, experiences and capabilities to interact with ICTs and
ITSs [17,38,48]. Although the current developments in this regard are still considerably
scarce, it is worth mentioning that, to date, some first technology-related advances for
improving transport dynamics are taking place, especially with the implementation of local
mobile applications development by the government to improve the mobility of vehicles,
as well as a progressive modernization of accessibility and payment methods in public
transport (e.g., biometric devices and contactless payment systems) [45,49].

1.3. Study Aim

Bearing in mind the aforementioned considerations, this study aimed to assess the
appraisal of intelligent transport systems and other technological developments applicable
to mobility among Dominican young adults (aged between 18–40). In this regard, it was
hypothesized that this segment of the population would attribute a high degree of value
to ITSs and other supporting technological developments for traffic settings, even though
demographic factors might modulate these appraisals.

2. Materials and Methods

2.1. Participants

This nationwide study used the information provided by 1411 young adult Domini-
cans between 18 and 40 years of age. These participants were divided into two samples.
The first (n = 661) was gathered in the 2018 national survey on mobility, and the second
(n = 753) corresponded to the national survey of 2019, allowing us to make comparisons
on the state of affairs in this regard between the two different years (Table 1). As an im-
portant issue to be remarked, a sample for the year 2020 could not be gathered due to the
COVID-19 pandemic.

Table 1. Sociodemographic characteristics of the two study sub-samples.

Factor Value 2018 2019

n % n %

Gender
Man 308 46.6% 375 49.8%

Woman 353 24.1% 378 50.2%
Total 661 100% 753 100%

Habitat
Urban 502 75.9% 611 81.1%
Rural 159 24.1% 142 18.9%
Total 661 100% 753 100%

Job situation

Unemployed 138 21.1% 286 38%
Full-time job 389 56.7% 328 43.3%
Part-time job 134 20.3% 148 19.7%

Total 661 100% 753 100%

Driving status
Licensed 236 35.7% 311 41.3%

Not licensed 425 64.3% 442 58.7%
Total 661 100% 753 100%

The data used for this study were gathered using a stratified random sampling method.
Therefore, distribution was proportional to the population, according to the ONE (National
Statistics Office of the Dominican Republic) census, by age, sex, habitat, and province,
as shown in Table 1. Regarding sample size, the minimum number of participants was
determined to be n = 385 for each year, assuming a confidence level of 95%, a maximum
margin of error of 5% (alpha = 0.05), and a beta of 0.20, in order to achieve statistical
representativeness. In addition, the sampling characteristics are similar to those employed
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by previous empirical road safety research in the country [47–49]. Personal data were
managed in accordance with current data protection laws, and respondents participated
voluntarily and anonymously.

2.2. Design, Procedure and Instruments

As aforementioned, the data used for this study were directly obtained from the
National Mobility Survey of the Dominican Republic in 2018 [50] and 2019 [51]. The
questionnaire consisted of several blocks of questions that explored citizens’ perceptions
of various traffic, mobility, and road safety issues. Among these addressed topics were:
private and public transport, mobility on foot and by bicycle, knowledge of institutions
and traffic laws, and communication campaigns developed in the Dominican Republic. In
addition, there was a specific section for the knowledge and valuation of mobility-related
technology, focused on ICTs and ITS systems, whose results are discussed in this paper.

The questionnaire was administered through personal interviews. The data collection
process was carried out using a CAPI (computer-assisted interviewing) system on recorded
and geo-referenced tablets to reduce interviewing time and avoid errors in the recording
of data.

To achieve the proposed objectives, the following variables were considered:

• Sociodemographic variables and driving data: sex, age, working situation, habitat,
frequency of driving.

• Knowledge of intelligent transportation systems: questions were asked using a di-
chotomic scale (Yes/No): “Do you know what ITS systems are?”; “Do you know what
Smart Mobility is?”; and “Do you know what Smart Cities are?”.

• Perceptions about technology on traffic: A Likert scale from 0 to 10 was used for the
following questions: “To what extent do you consider that technology (in general)
can be useful for the improvement of mobility?”; “To what extent do you consider
mobile apps as useful for the improvement of mobility?”; and “To what extent do you
consider ITS systems as useful for the improvement of mobility?”

• Use of mobile apps during urban trips: a generic question was asked about the use
of apps with two answer options (yes/no), as well as an open question specifying
which apps are used. The degree of belief that apps could encourage the use of public
transport and the degree to which they could improve traffic and mobility in the
Dominican Republic were also evaluated through a Likert scale from 0 to 10.

• As environmental affairs have been acquiring growing importance in mobility and
technology-related improvements, a complementary question was included asking
for participants’ self-reported degree of environmental concern, using a scale ranging
from 0 to 10 (see Figure 1).

• Individuals’ willingness to use different means of transport (i.e., private means, public
transport, or walking) to perform their everyday trips was assessed through a Likert
scale from 0 to 10.

• Finally, the importance given to ten different features of intelligent transport systems
(e.g., ‘traffic information’; see Figure 2 for full list) was assessed through a scale ranging
from 0 to 10.
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Figure 1. Correlation networks: Pearson’s bivariate associations. Notes: ** Correlation is significant at
the level p < 0.010.

 

Figure 2. Priority of the use of ITS systems according to Dominican citizens.

2.3. Data Processing

This study aimed to describe and characterize the amount of knowledge of ITS systems
held by Dominican individuals through descriptive analysis. ANOVA and chi-square tests
were also used to determine how the variables changed over time between the two surveys.
Pearson correlations and their corresponding graphical network representations have also
been performed to establish possible statistical relations among the analyzed variables.
All the statistical tests performed used differential significance level criteria of p < 0.050,
p < 0.010, and p < 0.001. IBM SPSS (Statistical Package for Social Sciences) version 26.0
(Armonk, NY, USA) was used to perform all statistical analyses.
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2.4. Ethics

The Ethics Committee of Research in Social Science in Health of the University of
Valencia was consulted before the study. It confirmed that the research met general ethical
criteria and agreed with the Declaration of Helsinki (IRB approval number: HE0001251019).
After the team gave them a detailed description of the research goal and all preceding
considerations, participants consented to participate in the study.

3. Results

Overall, the descriptive results of this study show how the self-reported knowledge of
intelligent transport systems remained relatively scarce on the part of young Dominicans
in both 2018 and 2019. Despite this, a statistically significant increase in the number of
people who claim to know about ITS is observed in this short period of time, being 4.2% in
2018 and 8.2% in 2019 (Table 2).

Table 2. Level of knowledge and perception of ITS systems.

2018 2019

% n % n Chi2 p Phi

ITS systems
knowledge

Yes 4.2% 28 8.2% 62
Chi2(1) = 9.439 0.002 −0.082No 95.8% 633 91.8% 691

2018 2019

X SD n X SD n ANOVA p

Valuation of technology (in
general) as something useful

for the improvement of traffic?
7.41 2.42 661 8.03 2.84 753 F(11,412) = 18.953 <0.001

Another interesting finding was the fact that only 3% of participants reported having
an awareness of the concept of “Smart Cities” and 4.7% of Smart Mobility. In regard
to their valuation of the usefulness of technological improvements for traffic dynamics,
young Dominican adults reported similar average values (M = 7.41; SD = 2.42 for 2018 and
M = 8.03; SD = 2.84 for 2019), with a slight but still statistically significant increase between
these two years, as also shown in Table 2.

3.1. Correlation Analyses

Another issue worth exploring was the set of associations among technological, envi-
ronmental, and transport-related issues, as perceived by Dominicans. As this is a bivariate
procedure, the correlation network presented in Figure 1 graphically depicts the relation-
ships between pairs of them. In brief, some interesting outcomes stand out:

Firstly, and regarding the bivariate relationships between technology-related affairs
and environmental concerns, it was found that participants’ assessments on (i) technology in
general; (ii) apps; and (iii) ITSs for traffic improvement are all positively (and significantly)
correlated with their self-reported degree of environmental concern.

Secondly, it was found that technology-related perceptions were associated to a certain
extent with participants’ willingness to use different means of transportation:

(a) The value attributed to mobile apps for improving mobility was positively correlated
to individuals’ willingness to use public and private transport means, although not
with the intention of using walking infrastructure to perform their daily trips.

(b) On the other hand, the overall valuation of technology for mobility was correlated to
usage willingness only in the case of walking trips.

(c) Finally, the value attributed to intelligent transport systems for improving mobility
was positively associated with the willingness of individuals to use public trans-
portation, but not with their intention to travel either by private means of transport
or walking.
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3.2. Which ITS Features Are More Important for Young Dominicans?

As aforementioned, ITS systems were overall valued as positive for improving urban
mobility (M = 6.49; SD = 2.76). In this sense, examining the differential level of acceptance
of various of their core features seems relevant.

Overall, the most highly rated ITS features were: (i) detection of dangerous locations
(M = 6.95; SD = 2.60); and (ii) priority pass for certain vehicles (ambulances, emergency
vehicles, public transport, etc.) (M = 6.92; SD = 2.61). On the other hand, the lowermost
rated ITS features were parking information (M = 6.47; SD = 2.40) and traffic information
(M = 6.49; SD = 2.51).

3.3. Valuation and Usage Level of Mobile Apps in Urban Trips

Participants’ valuation of mobile applications both in everyday life and as a tool
for invigorating mobility improvement showed a relatively good assessment, as shown
in Table 3. Overall, and following the aforementioned [0–10] scale, mobile apps’ rele-
vance for everyday life was scored with an M = 7.22/10 in 2018, while this mean value
increased to M = 7.49/10 for the year 2019, the difference being significant, and its trend of
an increasing nature.

Table 3. Level of perception and use of mobile apps for the improvement of mobility.

Value Attributed to Apps
2018 2019

X SD n X SD n ANOVA p

For enhancing everyday life 7.22 2.59 661 7.49 2.94 753 F(11,412) = 3.370 0.067
For improving mobility 7.34 2.61 661 7.72 3.04 753 F(11,412) = 6.341 0.012

2018 2019

% n % n Chi2 p Phi

Use of mobile apps as
a support for urban trips

Yes 13.6% 86 23.0% 173
Chi2(1) = 23.359 <0.001 0.129No 86.4% 575 77% 580

Secondly, a similar trend was found in regard to the value attributed to mobile apps
for enhancing mobility, with a significant increase between 2018 (M = 7.34/10) and 2019
(M = 7.72/10), showing a growing appreciation and perceived usefulness among applica-
tions potentially applicable to the traffic environment.

However, and despite this relatively high rating of mobile applications on mobility,
their usage level remains scarce for 2019, even though there has been a significant increase
of almost 10% in the number of people using them during their urban trips (see Table 3).

Finally, it is worth depicting that the mobile apps relatable to mobility had the highest
frequency of use. Figure 3 shows the most used applications, among which those related to
navigation, maps, and routes stand out.

Although a very small proportion of respondents (up to 23%) reported having a min-
imum degree of mobility-related app usage, it is worth remarking that: (i) this trend is,
in any case, rising, and (ii) there was a slight increase in the use of apps related to active
transportation, from 0.3% in 2018 to 0.5% in 2019.
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Figure 3. Most commonly used apps during urban trips (absolute frequency).

4. Discussion

The core aim of this study was to assess the appraisal of intelligent transport systems
and other technological developments applicable to mobility among Dominican young
adults (aged between 18–40). Overall, the findings show that there is a relatively high
acceptance, attributed value, and attitudinal predisposition. However, the actual usage
rates remain considerably low, probably exacerbated by the Low and Middle-Income status
of the country.

Despite the relatively low knowledge and usage rates, it is remarkable how awareness
of ITS is starting to increase, especially considering several benefits they may imply for
both road users and transportation dynamics, ranging from the minimization of traffic jams
in urban areas and the reduction of gas and waste pollutants in cities to the prevention of
traffic crashes [5,6].

Further, and apart from assessing the self-reported knowledge of a key segment of the
Dominican population about ITS systems, it is worth addressing their social perception
of the importance of technology for mobility, as well as various potential specific spheres,
including those related to mobile apps and connected devices [52].

This growing understanding of technology benefits for mobility could be hypothesized
to help enhance potential ITS applications in the country. However, it seems necessary
to keep strengthening relevant issues remarked by preceding literature about technology
consumption on traffic, such as perceived usefulness, attitudes, safety improvements and
personal data management [16,36,37,53]. Thus, the practical value of this research is con-
tributing to the understanding of the current perceptions and beliefs of young Dominicans
regarding new technologies and their application for traffic, mobility, and road safety. The
conclusions obtained will serve as a starting point for the development of social awareness
measures and policies.

4.1. Social Perception of the Role of Technology for Traffic and Mobility Improvement

As described before, self-reported knowledge of ITS systems was rather scarce among
Dominicans, as well as other related concepts, such as ‘smart mobility’ and ‘smart cities’.
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Previous studies agree on the prevalence of this panorama across several Latin American
countries, despite the important role of Information and Communication Technologies
(ICTs) in the growth of these territories [54].

For instance, research conducted in Colombia exposes the growing misinformation
and number of misbeliefs surrounding the aforementioned concepts [55], even though
government lines of action revolve around digitization and technological innovation [56].
Similar conclusions can be drawn from the implementation of some ITS systems in Brazil,
where the role of users and institutions in the specific technological adaptation to the
problems of each region is emphasized [57,58].

In contrast, supportive technological systems for mobility already count on a consid-
erably high (and still increasing) acceptance in countries from other regions, principally
Europe and Asia. In these contexts, a strong satisfaction with these systems is usually
reported, as a good part of the population reports perceiving everyday mobility-related
and quality of life improvements as a result of these advances [59]. Despite the evident con-
textual and income-related differences, it can be hypothesized that increasing community
involvement, participation, and individual responsiveness for the correct functioning of
ITS systems might increase their acceptance, valuation, and future use [60].

In this regard, differences in the degree of knowledge of ITS systems have been
stated as closely linked to the digital (income-based) gap between territories [61]. While in
developed countries, the majority of people have access to electronic devices, digital media
and the internet, low and middle-income countries (LMICs) still tend to report a very low
digitization rate. According to the data, only between 6–7 out of 10 Dominicans have an
internet connection [62], placing them very far from high-income countries (HICs), where
this index usually reaches 90% of people [63]. Notwithstanding, and more as a potentially
positive scenario, the Digital Agenda 2030 for the Dominican Republic has been recently
approved with the aim of promoting a digital, open, and participatory society in which
connectivity, cybersecurity, and digital accessibility of the population could be improved in
several fields, including transport and mobility [27,64].

4.2. Present and Future: Traffic Management and Environmental Sustainability

Apart from being considerably favourable, the valuation of new technologies applied
to mobility, ITSs, and mobile apps has also been significantly associated with having
a greater concern about environmental issues [65]. In other words, the people considering
environmental issues as relevant problems for the country were the ones who best perceive
the benefits that digital tools can bring to the traffic environment.

Indeed, the reality is that the Dominican Republic has concerningly high rates of
pollution, and this can be an attractive opportunity to change this challenging state of
affairs [66]. In recent years, the renovation of vehicles to reduce emissions has been boosted.
However, currently, more than 52% of the country’s vehicle fleet is composed of vehicles
older than 10 years, which produce excess polluting gases [67]. This situation, together
with the dynamics of Dominican commuting, does not favour the reduction of emissions
produced by transportation. A large part of the population travels by private vehicle, with
very few people opting for bicycles or walking for their regular trips [38,50,51]. Therefore,
ITS systems that manage and regulate traffic and public transport could be very beneficial
for the environment. Their implementation would reduce traffic jams in urban areas
and minimize the time spent commuting, with a direct impact on the country’s pollution
rates [68]. To complement this measure, it would be highly recommended to improve the
conditions of sidewalks and pedestrian areas to encourage travel by non-polluting means
of transport.

Transport dynamics can also explain the relationships between other variables. Thus,
the degree of public transport use is related to the perception of how much a traffic
application can contribute to mobility. At the same time, the greater use of private transport
is also related to the prioritization of ITS systems. Thus, frequent drivers consider the
implementation of certain ITS services to be more urgent.
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4.3. Perceived Value and Usage of Mobile Apps in Mobility

Although the use of applications while travelling is relatively low, it has grown
substantially in the short, analyzed period of time. Therefore, it is expected that this positive
trend will continue in the coming years, especially with the increase in the acquisition of
mobile devices by the population.

The main applications used are related to maps and route settings. There is, in any
case, a small percentage using active transport-related apps, especially those useful to
strengthen walking and cycling trips, something that could be used in favor of public
health improvements in the mid- and long-term, even though their distracting potential
should also be considered [69–71].

Additionally, and significantly linked to other potentially helpful technological ad-
vances for enhancing urban mobility, the role of emerging trends in transportation should
be considered, such as the globally growing use of micromobility [72]. Although its market
share is still minimal (estimated to be <4%), partly as a result of the low-income status of
the country and the lack of infrastructural adequation for it, the potential improvements
that these trends could bring for enhancing transport dynamics in the region (as well as
their ‘side effects’) remain to be seen.

Changes in citizens’ travel habits should be promoted with concrete measures and
initiatives ranging from reducing the prices to improving infrastructure and public vehicles.
Once these adjustments have been made, it is more likely that citizens will be able to use
the application to the fullest extent of its functionalities. In this way, the applications and
other technological factors can act as enablers of change in the transportation dynamics
of Dominicans.

5. Conclusions

This study shows how there is a relatively high acceptance, attributed value, and
attitudinal predisposition towards both intelligent transportation systems (ITS) and various
support technologies applicable to mobility. However, their actual usage rates remain
considerably low, probably enhanced by the low and middle-income status of the country.

Further, these findings suggest the need to strengthen information and communication
flows over emerging technologies, as several gaps remain present, even though a slight
increase in knowledge, acceptance, and engagement on mobility-related applications and
other technologies has been observed between the years 2018 and 2019.

In practical settings, this research can contribute to understanding technology-related
perceptions, beliefs, and practices and their potential applications for traffic, mobility, and
road safety. This will be particularly relevant to increasing users’ awareness, knowledge,
and confidence on the matter, favoring their potential application to improve transportation
dynamics, quality of life, and traffic safety in the country.
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Abstract: To study the influence of different mix proportions on the fresh properties of wet shotcrete,
the rheological properties and air content of wet shotcrete with different admixtures before pumping
were measured. In addition, the pressure drop along the pipeline and the build-up thickness were
studied, and the relationship between the rheological properties and the pumpability and sprayability
was discussed. This paper attempts to reveal the influence mechanism of admixtures on the fluidity
of wet shotcrete by means of pictures. The results show that free paste effect and ball effect are two
key factors that affect the performance of fresh wet shotcrete. Air-entraining agent and fly ash are
commonly used admixtures, which improve the pumping performance and spraying performance.
Finally, the mix proportions of wet shotcrete are put forward to meet the requirements of different
types of shotcrete.

Keywords: wet shotcrete; mix proportion; fresh properties; air content

1. Introduction

Wet shotcrete is a kind of self-compacting concrete technology, in which fresh wet
shotcrete is pumped into the pipeline, and then sprayed onto the receiving surface under
the function of compressed air [1–7]. Wet shotcrete is widely used in the construction
industry, such as slope maintenance and underground space engineering. Especially in
the complex coal mine roadway, compared with dry mix shotcrete, wet shotcrete has the
advantages of low dust concentration and less rebound, which reduces the mining hazards
such as pneumoconiosis.

In the application of wet shotcrete, the pumping process is the initial important process
to ensure successful conveying without blockage. Pumpability refers to the pumping
capacity of fresh wet shotcrete, i.e., fresh concrete should have proper fluidity and stability
when transported through pipes under pressure. At present, a lot of research has been
devoted to the study of measurement techniques that evaluate the pumpability of fresh
concrete. Especially in the field of self-compacting concrete, rheological and tribological
properties of fresh concrete have been recognized as two key factors that affect the pumping
performance of fresh concrete [7,8].

Fresh concrete ingredients affect the rheological properties. Literature [8] reviewed
the effects of internal components of fresh concrete and external admixtures on rheological
properties, including cement, fly ash, slag, silica fume, limestone powder, coarse and fine
aggregates, and admixtures (water-reducing agent, viscosity agent, and air-entraining
agent). Dils et al. [9,10] studied the effect of cement fineness and chemical composition on
the rheological properties of concrete, and pointed out that the larger the surface area of the
cement, the higher the content of tricalcium aluminate and alkali, the worse the working
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performance of fresh concrete. Koehler et al. [11] found that the increase of cement paste
content reduced the plastic viscosity and yield stress of fresh concrete; especially for mix-
tures with large differences in aggregate shapes and poor particle gradation, and increasing
the cement paste content has a positive effect on concrete pumping. Choi et al. [12] studied
the effect of different coarse aggregate sizes on the rheological properties of fresh con-
crete, as the aggregate size increases, the plastic viscosity increased. Xu et al. [13] studied
the rheological and mechanical property of fresh cemented materials incorporating silica
fume, and assessed the applicability of using silica fume as a partial cement replacement.
Park et al. [14] obtained through experiments: the rheological parameters (plastic viscosity
and shear stress) of fresh concrete mixed with fly ash are lower than those of concrete
without fly ash. In addition, with the increase of fly ash content increases, the plastic
viscosity and shear stress gradually increase. The addition of silica fume increases the
plastic viscosity and yield stress of the fresh concrete, and enhances the flocculation inside
the concrete [15,16]. Yun et al. [17,18] used the IBB rheometer to measure the influence of
mineral admixtures on the performance of wet shotcrete, and concluded that the pumpa-
bility and shotcretability of fresh concrete can be improved by adding silica fume and fly
ash at the same time.

In the early stage, slump and pressure bleeding tests were combined to predict the
pumpability of fresh concrete [19,20]. However, the good slump cannot guarantee good
pumping performance in field application. Burns [21] studied the pumping pressure ac-
cording to the rheological and tribological characteristics of fresh wet shotcrete moving
in small diameter hose. Based on the full-scale pumping test, Feys et al. [22] analyzed
the influence of fresh concrete rheology, tribology, pipe radius, and flow rate on pumping
pressure. Gołaszewski [23] pointed out that according to the test results of BT2 rheometer,
the change of rheological properties of fresh concrete with time could be estimated based
on the rheological properties of corresponding mortar. Concrete flow in pipes can be
summarized as a combination of three flow types, including lubrication layer shear, shear
flow and plug flow [24–27]. Secrieru et al. [19,28] indicated that the pumping performance
of fresh concrete depends on the formation of the lubricating layer and the rheological
properties of concrete plug. Mixing various chemical admixtures or mineral additives
can have a significant impact on the rheological properties of concrete, thus affecting the
pumping performance, at the same time, improving the stability of the mixture, and even
changing the thickness of the lubrication layer [28,29]. However, the differences in the
composition of mineral additives or chemical admixtures lead to different rheological prop-
erties. According to the previous experiments and literature, the pumping performance
and sprayability can be estimated by rheological parameters. For example, higher flow
resistance (yield shear stress) means better sprayability and poorer pumpability.

To study the rheological properties of wet shotcrete with different admixtures and
further estimate the pumpability and shotcreting performance before pumping, this paper
studies the influence of water–binder ratio (w/b, WC), sand ratio (SR), fiber length (FI),
air-entraining agent (AE), water-reducing agent (WR), silica fume (SF) and fly ash (FA)
on the rheological properties and air content of wet shotcrete. The influence mechanism
of admixtures on the properties of fresh concrete is discussed. By comparing the effect of
fly ash, silica fume, and other admixtures, the application of wet shotcrete is improved.
It is hoped that this study may provide a useful information for improving the pumping
and spraying properties of fresh wet shotcrete and further improving the quality of wet
shotcrete. Through this research, the main goal is to provide a simplified guide for shotcrete
technologists.
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2. Materials and Methods

2.1. Materials

Table 1 shows the mix proportions. Cement is the ordinary Portland cement (OPC)
Po. 42.5, specific gravity 3.14. The F grade fly ash with specific gravity of 2.34 is selected
in this test. These two chemical compositions are shown in Table 2. The particle size
distribution of cement, fly ash and silica fume was reported in [30]. Please note that these
mix proportions are based on previous tests and published literature [2,3,31–36]. Due to
the different characteristics of raw materials from different sources, the mix proportion
is adjusted according to ACI 506R-16 of “Shotcrete Guidelines” [37]. For example, the
selected water–binder ratio is slightly higher.

Table 1. Mixture proportions of fresh wet shotcrete.

No. Variable
WC

(w/b)
Water

(kg/m3)
SR(%)

Sand
(kg/m3)

FI
(mm)

AEA
(%)

WR
(%)

SF
(%)

FA
(%)

WC45
Water–binder

ratio
(WC)

0.45 198 70 1100 0.3
WC50 0.5 220 68 1080
WC55 0.55 242 66 1070
WC60 0.6 264 66 1050

SR50
Sand ratio

(SR)

0.5 220 50 900
SR60 0.5 220 60 1000
SR70 0.5 220 70 1100 0.3

FI6
Fiber
(FI)

0.5 220 60 1000 6 0.3
FI12 0.5 220 60 1000 12 0.3
FI29 0.5 220 60 1000 29 0.3

AE0.02% Air-entraining
agent (AEA)

0.5 220 60 1000 0.02
AE0.04% 0.5 220 60 1000 0.04
AE0.06% 0.5 220 60 1000 0.06

WR0.3%
Water reducer

(WR)

0.5 220 60 1000 0.3
WR0.6% 0.5 220 60 1000 0.6
WR0.9% 0.5 220 60 1000 0.9
WR1.2% 0.5 220 60 1000 1.2

SF5%
Silica fume

(SF)

0.5 220 60 1000 0.3 5
SF10% 0.5 220 60 1000 0.3 10
SF15% 0.5 220 60 1000 0.3 15

FA5%
Fly ash

(FA)

0.5 220 60 1000 5
FA10% 0.5 220 60 1000 10
FA15% 0.5 220 60 1000 15

Table 2. Chemical compositions of cement and fly ash (unit: %).

Raw
Materials

SiO2 AI2O3 Fe2O3 CaO MgO SO3

Cement 19.5 6.45 3.08 57.57 1.21 2.01
Fly ash 43.64 25.39 4.19 5.62 0.84 0.28

Silica fume 95 1.1 0.8 0.3 0.6 -

In this study, silica fume with specific gravity of 2.21 and specific surface area of
160,000–300,000 cm2/g were used. The silica fume is composed of up to 95% SiO2 and
less than 1% CaO, as listed in Table 2. In this study, natural river sand was used as fine
aggregate with fineness modulus of 2.66. For coarse aggregate, gravel with a maximum
size of 10 mm is used, the fineness modulus is 5.70. The specific gravity of sand and gravel
are 2.61 and 2.67, respectively. At the same time, the water absorption of fine aggregate and
coarse aggregate is considered to modify the mixed water. The aggregate grading curve
conforms to the national standard GB50086-2001. In this study, polypropylene fiber (FI)
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with specific gravity of 0.93 was used. The fiber diameter range was 18–48 μm, and the
fiber content in shotcrete was 0.9 kg/m3. The tensile strength and elastic modulus of the
fiber are more than 500 MPa and 3850 MPa, respectively. Polycarboxylate water reducer
(WR) and 126A type air-entraining agent (AEA) were mixed into wet shotcrete respectively.
The water-reducing rate of the water reducer is about 24%. Admixtures are marked as %,
indicating the percentage of the admixture relative to the binder content (mass). Each fresh
concrete sample was produced in a horizontal axis forced mixer. The mixing process is
as follows: first mixing coarse aggregate and sand, then adding cement, fly ash, fiber and
silica fume in 20 s, and then adding water and other additives in 2 min.

2.2. Measurement of Rheological Properties of Wet Shotcrete

The rheological properties of fresh wet shotcrete were tested by eBT2 rheometer. This
rheometer is different from the coaxial cylinder rational viscometer. Figure 1a shows the
structure of eBT2, including a shaft decoder and two moment sensitive probes. The smart
phone controls the rheometer through Bluetooth interface. It has been confirmed that the
behavior of fresh concrete is similar to Bingham fluid (Equation (1)), where τ (Pa) is the
shear stress, τ0 (Pa) is the yield stress, and η (Pa·s) is the plastic viscosity [38–41]. The
corresponding relationship can be expressed by Equation (2), where g (Nm) and H (Ns)
are flow resistance and torque viscosity respectively, which are called relative yield stress
and relative plastic viscosity [42,43]. The rheometer can determine the flow resistance
and torque viscosity according to the measurement of momentum and rotation speed.
Due to the double probe structure and the special operation in the measurement process,
the problems of segregation and structural breakdown in the measurement process are
avoided. The rules and methods of using this rheometer were showed in detail in [44–47].
The rotational speed setting during the rheological test is shown in Figure 1b. One rotation
time is 30 s.

Figure 1. Schematic diagram of eBT2 rheometer (a), rotational speed (b), compressive test (c) and splitting test (d).

τ = τ0 + η
.
γ (1)

T = g + h N (2)

2.3. Air Content and Slump Test

The air content of fresh concrete was measured by LA-0316 type air content meter.
The air content measuring instrument is composed of base, vent valve, pressure chamber,
and pressure gauge. The air content value can be read directly from the pressure gauge.
Slump value was measured by slump cone. Two tests were carried out according to
the requirements of Chinese standard GB/T50086-2016. Measurement method of air
content: (1) Fill base with concrete and strike off. Clean cover and base rim; clamp
together. (2) Open petcocks. Use syringe to inject water through one petcock until water
is expelled from opposite petcock. (3) Close air bleeder value on air chamber. Pump up
air initial pressure line gauge. Wait a few seconds, tap gauge lightly. If necessary, add or
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release air to attain reading at initial pressure line. Close petcocks. (4) Press needle valve
lever to release air into base. Continue pressing lever and lightly tap gauge. Read direct
percentage of air. (5) Thoroughly clean base, cover, and petcock openings with running
water. Measurement method of slump: The slump is measured by the slump cone, which
is a 300 mm high trumpet shaped drum. Pour concrete into the slump cone and fill it in
three times. After each filling, use a tamping hammer to strike 25 times from the outside to
the inside along the wall of the cone. After tamping, level it. Then pull up the slump cone
vertically, and the fresh concrete will collapse due to its own weight. The slump value is
obtained by subtracting the height of the cone from the height of the highest point of the
collapsed concrete.

2.4. Measurement of Hardenability

To evaluate the mechanical properties of wet shotcrete before pumping, wet shotcrete
is directly poured into concrete mold. According to the Chinese Standard “Test method
for fiber reinforced concrete” (CECS13:2009) and “Concrete quality control standard” (GB
50164-2011), the curing and mechanical tests of specimens were carried out. After 1 day
curing in a standard curing chamber with temperature of 20 ± 2 ◦C and 95% relative
humidity, specimens were demolded. Then specimens were cured at standard condition to
28 days. Those specimens were prepared for the measurement of mechanical properties of
shotcrete, the methodology is shown in Figure 1c,d. The 28 d compressive strength varied
between 20.3 (FI29) and 42.6MPa (SF15), while the 28 d splitting strength varied between
3.6 (SR70) and 5.2 MPa (FI12).

2.5. Pumpability and Shootability Tests

Based on the pumping and spraying tests of fresh concrete, the relationship between
rheological properties and workability (pumpability and injectability) was studied. SPB7
wet spraying machine was used in the test. The length of the pipe is 25 m, the wind
pressure is 0.6 MPa, the spray distance is 1 m, and the spray angle is 70–90 degrees.
Figure 2 shows the experimental layout. The pressure sensor was installed in different
positions. The pressure drop represents pumpability, and the build-up thickness represents
shootability [32,48]. The pressure drop (ΔP) was calculated from the measured pressure
value. The measurement way of build-thickness after shotcreting is shown in Figure 2.
Lower pressure drop means better pumping performance; thicker build-up thickness
means better shootability, and vice versa.

Figure 2. Pumping and shotcreting tests of fresh concrete.

3. Results and Discussion

The experimental results of pressure drop and build-up thickness are shown in Table 3.
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Table 3. Results of pumpability and shootability tests of fresh concrete.

No.
Pressure Drop

(MPa/m)

Build-Up
Thickness

(mm)
No.

Pressure Drop
(MPa/m)

Build-up
Thickness

(mm)

WC45 0.09 170 ± 20 AE0.06% 0.03 130 ± 20
WC50 0.08 160 ± 20 WR0.3% 0.04 160 ± 20
WC55 0.04 140 ± 20 WR0.6% 0.04 150 ± 20
WC60 0.03 130 ± 20 WR0.9% 0.03 150 ± 20
SR50 0.07 170 + 20 WR1.2% 0.03 130 ± 20
SR60 0.05 180 + 20 SF5% 0.07 170 ± 20
SR70 0.09 160 ± 20 SF10% 0.08 170 ± 20
FI6 0.08 190 ± 20 SF15% 0.10 190 ± 20
FI12 0.07 190 ± 20 FA5% 0.05 180 ± 20
FI29 0.06 190 ± 20 FA10% 0.04 170 ± 20

AE0.02% 0.05 150 ± 20 FA15% 0.03 160 ± 20
AE0.04% 0.04 130 ± 20

3.1. Influence of Various Factors on Rheology and Air Content of Fresh Wet Shotcrete
3.1.1. Effect of Water to Binder Ratio (WC)

Figure 3 describes the effect of WC on the properties of fresh wet shotcrete. When
WC increases from 0.45 to 0.60, the slump and air content increase, while the rheological
parameters (relative yield stress and viscosity) decrease. It can be explained that the larger
the WC, the more the free water content in the fresh wet shotcrete, the thicker the outer
paste coating of the particles, the larger the spacing between particles, and the bigger the
fluidity. In addition, fresh concrete with higher fluidity creates more opportunities for the
introduction of air bubbles into the concrete mixture [49]. On the contrary, these bubbles
act as “ball effect” to improve the fluidity of fresh wet shotcrete. This schematic diagram
is shown in Figure 4. These trends are similar to Yun’s report [35], where they measured
rheological properties using an IBB rheometer with an H-shaped impeller. The internal
structure of the two rheometers is different, such as the shape of the rotor, rotation speed,
the size of the rheometer and the distance between the inner and outer rotors. Hence,
the relative rheological values measured in the two studies are different. However, the
rheological parameters obtained in this study also provide meaningful practical knowledge
for guiding the mix proportion of wet shotcrete.

It can be seen from Table 3 that with the increase of WC, the pressure drop decreases,
i.e., smaller rheological parameters (yield stress and plastic viscosity) help to improve the
pumping performance of fresh concrete. However, the high WC reduces the build-up thick-
ness of concrete, and the shootability of fresh concrete with good pumping performance
is poor. The author [35] also pointed out that high WC might be beneficial to pumping
performance, but low viscosity and low yield stress might reduce the thickness of the
build-up layer. From another point of view, Pfeuffer et al. [50] pointed out that based on
the assumption of better aggregate embedding, the viscosity and yield stress of shotcrete
need to be lower to minimize the rebound rate. As shown in Figure 5, the wet shotcrete
with low fluidity has a strong cohesive force, which increases the accumulation thickness
h1. At the same time, we redefine F1 as the force that prevents particles from entering
the shotcrete matrix, because the F1 is greater than the incident force F2, it may cause
certain rebound. On the contrary, wet shotcrete with high fluidity provides convenience
for aggregate embedding and reduces rebound. However, it is easy to collapse, resulting in
a very thin accumulation of h2.
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Figure 3. Effect of water–binder ratio on slump, air content, relative yield stress, and viscosity.

Figure 4. Schematic of the flowability change after increasing water content.

According to the fitting results of the linear relationship in Figure 3, the fitting effect
of the four relationships between WC and rheological parameters is good, R2 is more
than 0.9, close to 1. The linear fitting effect between WC and yield stress is the best, R2 =
0.9916. The WC vs. air content is the worst, R2 = 0.9216. The bubble system in fresh wet
shotcrete becomes unstable due to high WC, which may be the reason for poor fitting effect
of air content.
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Figure 5. Shootability compression between low slump and large slump.

3.1.2. Effect of Sand Ratio

Figure 6 shows that with the increase of SR, the slump decreases gradually, while the air
content increases. Within the range of 50–60% of SR, the relative yield stress increases, and
the relative viscosity changes slightly with a downward trend. Some researchers [51–53]
have reported the same result that increasing strontium increases the yield stress but
decreases the plastic viscosity. Westerholm et al. [54] also found that natural fine aggregate
has little effect on plastic viscosity.

Figure 6. Effect of sand ratio on slump, air content, relative yield stress and viscosity.

The analysis shows that the texture of sand is smoother than that of gravel when
“ball effect” is considered. The increase of SR reduces the content of gravel, and more
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sand as a kind of ball can fill the gap between coarse aggregates, resulting in the release of
cement paste embedded in the voids and the decrease of inter particle friction. However,
if the sand volume fraction is further increased, the total surface area of solid particles
will increase, the consumption of cement paste will increase, the yield stress and friction
between particles will increase, which will reduce the fluidity of fresh wet shotcrete. The
author [55] divides the influence of SR on the fluidity of concrete into two parts: the smaller
volume of SR has a negative effect on the fluidity of concrete, because there is no mortar
filling the gap in the coarse aggregates; the higher volume SR also reduces the fluidity,
because the high specific surface area of fine aggregate consumes too much free paste that
lubricates the aggregate particles and the inner wall of the pipe. Therefore, there is a critical
SR value, and the positive and negative effects of free paste or ball bearing are balanced.
Considering the shootability, the round sand particles are unfavorable to the accumulation
thickness. The greater the sand content, the greater the density of shotcrete and the higher
the compressive strength.

According to Table 3, SR60 is the best value to obtain both good pumping performance
and good shooting performance in the range of SR50 to SR70. Of course, due to the
small number of experimental samples in this study, further research is needed to find the
accurate critical point. The positive and negative effects of SR on liquidity of wet shotcrete
are shown in Figure 7.

Figure 7. Schematic of the effect of sand ratio (SR) on the flowability.

In terms of air content, adding more fine aggregate will increase the total surface area
of solid particles in fresh wet shotcrete, which provides more opportunities for liquid-solid
interaction, thus bringing more bubbles [56,57]. It was noted that the mixture labeled “SR70”
was mixed with 0.3% water-reducing agent to ensure good pumping effect. Therefore,
when the content of SR is 60–70%, the yield stress and viscosity are reduced by further
increasing SR. In addition, the change of SR affects the mix proportion and bulk density.
Jiao et al. [58] pointed out that the volume fraction and bulk density of aggregate have
obvious influence on the rheological properties of concrete. The bulk density is related to
the type, gradation, and size distribution of aggregates. Relevant studies on these aggregate
parameters are given in [51,58,59].

According to the linear fitting results in Figure 6, the fitting effect between SR and
slump or air content is good, R2 is greater than 0.9. However, the fitting of rheological
parameters is poor, the relative yield stress R2 = 0.479, the relative viscosity R2 = 0.7741,
which may be due to the introduction of superplasticizer in SR70.

3.1.3. Effect of Fiber

Figure 8 shows the relationship between fiber length and rheological properties, and
air content. The air content, relative yield stress, and viscosity showed an increasing trend
while slump decreases with the increase of fiber length. The results show that the fiber
has an adverse effect on the fluidity with high yield stress and high viscosity, which is
consistent with the results confirmed by Sivakumar et al. [60]. The reason may be that the
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specific surface area of long fiber is large, which can consume a part of free cement paste,
and the friction between particles and aggregate increases with the increase of fiber length.
Tabatabaian et al. [20] indicated the existence of fiber hinders the flow of cement paste.
In the same way, increasing the total surface of the solid after mixing the long fibers will
cause more bubbles to be entrained in, resulting in a higher air content in the “FI29 mm”
mixing ratio. The schematic diagram of FI affecting fresh shotcrete characteristics is shown
in Figure 9.

Figure 8. Effect of fiber on slump, air content, relative yield stress, and viscosity.

Figure 9. Schematic of fiber (FI) affecting the flowability, shootability, and air content.

Combined with the experimental results of pumpability and shootability in Table 3,
longer fibers help to reduce pressure drop and increase build-up thickness. In addition,
it is determined that the addition of fibers can improve the shootability by increasing
the stacking thickness [35]. In report [32], the authors point out that low slump does not
mean low pumpability. Adding fiber into fresh concrete can improve the bond strength
of fresh concrete and reduce the segregation during pumping. However, Yun et al. [35]
considered that the mixed fiber has an adverse effect on the pumpability of fresh wet
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shotcrete (reducing slump and increasing yield stress). Different results may be related
to the lubrication layer in the pipeline. If the lubricating layer has been formed, the low
slump concrete will flow in the form of “plug”, and the friction resistance is small.

According to the linear fitting results in Figure 8, the fitting effect of fiber and slump
is the best, R2 = 0.9998, and the fitting effect of yield stress is the worst, R2 = 0.8777. The
prediction results of the influence of fiber on rheological properties and air content may be
used in practice.

3.1.4. Effect of Air-Entraining Agent

Figure 10 shows that with the increase of air-entraining agent content, the air content
slump increase, while the relative yield stress and viscosity decrease. The results show that
adding more air-entraining agent in fresh wet shotcrete will produce a lot of bubbles, which
plays a role of “ball effect”. These entrained bubbles play a key role in lubricating aggregate
and further affect the consistency of fresh wet shotcrete. The fluidity of wet shotcrete is
improved, the slump is increased, and the yield stress and viscosity are reduced. Similarly,
Yun et al. [35] has been pointed out that the torque viscosity decreases significantly with
the increase of air content. However, in an earlier study [61], the author showed that there
was a critical air content of 5%, before which both flow resistance and torque viscosity
decreased; after this point, the two rheological parameters tended to be stable. In our study,
when 0.02% air-entraining agent is mixed, the air content reaches 13.5%, far exceeding
the critical value of 5%. The corresponding criterion in reference [61] is invalid. This
difference can be explained by two factors: one is the application of different types of test
equipment or the type of fresh concrete (ordinary concrete with aggregate size greater
than 30 mm and shotcrete with maximum particle size of 10 mm); the other can be found
in [58]. The author [58] proposed that since bubbles are attracted to the cement particles to
form a bubble bridge, which increases the bond strength between cement particles (similar
to flocculated particles), the entrained bubbles may lead to an increase in yield stress.
Once the bubble bridge breaks under strong shear, some of the retained paste is released,
apparently acting as a lubricant, as shown in Figure 11. We can conclude that bubbles have
two functions: binding and lubrication. Both are related to shear strength and aggregate
parameters. Therefore, some reports [62,63] show that the yield stress increases or remains
stable with increasing air content.

Figure 10. Effect of air-entraining agent on slump, air content, relative yield stress, and viscosity.
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Figure 11. Schematic of the effect of air bubble on flowability of WET SHOTCRETE.

In our study, adding air-entraining agent can improve the pumping performance
of concrete in Table 3. Therefore, we infer that in this measurement process, the lubri-
cation effect of bubbles is significantly greater than that of adhesion, with the range of
AE0.02%–AE0.06%. Due to the spraying process of fresh wet shotcrete, bubbles will break
and disappear, this kind of fresh concrete has better shotcreting property with good cohe-
sion. Therefore, the air-entraining agent can improve the pumpability and sprayability in a
certain range, which is worthy of recommendation in the application of wet concrete.

According to the linear fitting results in Figure 10, the air-entraining agent has a good
fitting effect on the rheological parameters, with the relative yield stress R2 = 0.9657 and
the relative viscosity R2 = 0.988. Air-entraining agent has the worst fitting effect on air
content, which may be the cause of instability of fresh concrete with more bubbles. The
prediction results of total rheological properties and air content are ideal.

3.1.5. Effect of Water Reducer

Figure 12 shows that the relative yield stress, viscosity, and air content decrease with
the increase of water reducer dosage from 0.3% to 1.2%, while the slump is opposite.
Under the same water–binder ratio, the fluidity of fresh concrete is greatly improved
when the quality of water-reducing agent is mixed. When 1.2% water-reducing agent is
added, the slump value reaches 15.1 cm, which is much higher than that of wet shotcrete
with other admixtures. There was no bleeding or separation during tests. Jiao et al. [58]
indicated that the spatial resistance effect of water-reducing agent is one of the reasons
for this phenomenon. After adding water reducer, the yield stress and viscosity of fresh
concrete decrease significantly. As shown in Figure 13, after adding water reducer, the
flocculability of cement particles decreases because water reducer makes cement particles
bringing same charge. In addition, the efficiency of water reducer also depends on the
adsorption of water-reducing agent molecules to cement particles and the repulsion force
produced by adsorption molecules. Kwan et al. [64] found that the addition of water-
reducing agent increases the effective layer thickness of cement particles covered by paste.
The increase of the bridging distance between particles reduces the maximum attraction
between particles. Perrot et al. [65] concluded that with the increase of water-reducing agent
dosage, the average surface spacing increases, and the colloidal interaction and flocculation
degree between particles are reduced, thus reducing the rheological parameters of fresh
wet shotcrete.
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Figure 12. Effect of water reducer on slump, air content, relative yield stress, and viscosity.

Figure 13. Mechanism of water reducer affecting cement paste.

When WR exceeds 0.9%, the relative yield stress decreases slowly, the plastic viscosity
increases inversely. It might be explained that there is a critical saturation point for the
efficiency of superplasticizer. Beyond this point, more superplasticizers will increase the
viscosity of the liquid. Compared with other admixtures (except air-entraining agent),
the air content of wet shotcrete with water-reducing agent is relatively high, with an
average of 12.25%. The analysis shows that the water reducer contains a certain amount
of surfactant and thus introduces some bubbles. If the superplasticizer is continued to
be added, excessive water reducer will increase the viscosity of the liquid and hinder the
generation of bubbles, which will lead to the decrease of air content.

According to the fitting results in Figure 12, the slope of the linear equation represents
the rate of increase or decrease. The decrease of relative yield stress is greater than that
of relative plastic viscosity. The results show that superplasticizer has good fitting effect
on slump and relative yield stress, R2 = 0.9592 and R2 = 0.9176, respectively, which can be
used to predict the changes of these two properties.

Table 3 shows that adding more superplasticizers can reduce the stacking thickness.
It is pointed out that although water-reducing agent is almost used in modern pouring
concrete due to its economic and technical benefits, the application of water-reducing agent
is not conducive to improving the shootability of concrete. It is suggested that when premix-
ing water-reducing agent in front of pump, additives such as viscosity agent or accelerator
should be added at the same time to restore or improve its shooting performance.
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3.1.6. Effect of Fly Ash

As shown in Figure 14, with the increase of fly ash content from 5% to 15%, the slump
value increases more than twice, and the relative yield stress and viscosity decrease by
about 50%. Generally speaking, the fluidity of shotcrete can be significantly improved by
adding fly ash. Similar results with positive effect of fly ash on fluidity are also reported in
references [66,67]. According to the pumping test in Table 3, adding fly ash can improve
the pumping performance, reduce the pressure drop, but reduce the sprayability, and the
build-up thickness is small. This phenomenon may also be attributed to the “ball effect”
and “free paste effect”. The content of CaO in the fly ash used in this test is less than
10%, which belongs to Class F fly ash. The fly ash particles have spherical geometry and
smooth surface (Figure 15 [68]) to enhance the “ball bearing effect” by reducing friction
and promoting sliding between angular particles. Vance et al. [69] pointed out that this
effect will be amplified with the widening of fly ash particle size distribution. Fly ash, as a
fine particle with a particle size of 0.4–100 μm, fills the gap between larger particles, and
extrudes the original water in the gap to increase the volume of free paste, which is called
free paste effect. The use of fly ash instead of cement reduces the cement concentration
and further reduces the flocculation of cement particles. In addition, because the specific
gravity of fly ash particles is lower than that of cement particles, the volume of paste will
increase when fly ash replaces cement with the same quality. Therefore, more free paste
volume as lubricant increases the fluidity of wet shotcrete, which is called dilution effect.
The influence of fly ash on the fluidity of fresh concrete is shown in Figure 15.

Figure 14. Effect of fly ash on slump, air content, relative yield stress, and viscosity.

Figure 15. Effect of fly ash on the flowability of fresh wet shotcrete.
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This does not mean that the more fly ash is, the higher the fluidity of the new concrete.
Laskar et al. [66] found that when a higher content of fly ash is mixed, the yield stress
increases. This is also related to the types of fly ash, for example, the Class C fly ash in
Figure 15a is irregular and porous, and the lubrication is weak. CaO in Class C fly ash is
more, and its viscosity is relatively higher after hydration.

According to the fitting results in Figure 14, the fitting effect of fly ash on slump and
relative plastic viscosity is good, R2 = 0.9668, R2 = 0.9504 respectively, with good prediction
effect. With the increase of fly ash content, the air content changes greatly, leading to the
bad fitting effect of fly ash and air content, R2 is less than 0.5.

3.1.7. Effect of Silica Fume

Figure 16 shows that the addition of silica fume reduces the fluidity of fresh wet
shotcrete, reduces the slump, and increases the relative yield stress and viscosity. In terms
of filling effect and ball bearing effect, the average particle size of silica fume (about 0.1–
0.3 μm) is smaller than that of cement (30–60 μm). Jiao et al. [58] pointed out that the
particles below 0.1 μm account for more than 80% in silica fume, and the particle geometry
is circular. These conditions provide the possibility of filling silicon powder particles
between larger particle gaps as ball bearings. In this normal case, the free paste effect
enhanced by particle filling effect will improve the fluidity of fresh wet shotcrete. This
mechanism is similar to that of fly ash. However, due to the high silica content (85–96%),
silica fume has high chemical activity. It participates in the hydration process of cement
and increases the consistency of cement and the friction between particles. After adding
silica fume, the fluidity of fresh wet shotcrete decreases because the effect of free paste
is less than the effect of flocculation. In this study, the relative yield stress and viscosity
increased after adding 5% silica fume. This result is similar to previous work [35], which
reported that the flow resistance of fresh concrete increases with silica fume content greater
than 7%.

Figure 16. Effect of silica fume on slump, air content, relative yield stress, and viscosity.

Considering that silica fume reduces the fluidity of wet shotcrete, superplasticizer
was added into the mixture to ensure good pumping performance. It can be seen from
Figure 16 that the effect of water-reducing agent on wet shotcrete with silica fume is not
obvious, because after adding water reducer, the slump cannot reach a large slump, and
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the slump value is less than 5 cm. It has been reported in the previous literature [35,38,66]
that the high specific surface area of silica fume adsorbs water-reducing agent molecules
and reduces the water-reducing effect. Air content decreases with the increase of silica
fume content. This may be caused by the decrease of water because the high fineness and
high chemical activity of silica fume increase the demand for water. Under the same water
content, adding more silica fume consumes too much water and reduces the chance of
introducing bubbles into fresh shotcrete.

As shown in Table 3, the increase of yield stress and viscosity is beneficial to build-
up thickness. Due to the additional flocculation of silica fume, the bond strength of
concrete mixture on surface sprayed is enhanced, and the segregation and bleeding in the
pumping process are reduced. Beauprep [31] gave a similar result, i.e., when 10–15% silica
fume is added to wet shotcrete, silica fume has a positive effect on both sprayability and
pumpability. It can be seen from the fitting results in Figure 16 that the silica fume has a
good fitting effect on the air content and rheological parameters.

We try to illustrate the influence of various factors on shotcrete performance through
pictures, such as Figures 4, 5 and 7, etc. It should be noted that only three or four factor
levels are selected in this study. Figures 3, 6, 8, 10, 12, 14 and 16 only adopt linear fitting
method, but in fact, exponential fitting equation may be more suitable for the change trend
of some influencing factors, such as w/c ration. Because the test data of each factor is
relatively small and the fitting variance is small, all the fitting patterns in those figures are
only used as a reference. In future studies, we will increase the number of test samples.

3.2. Difference Analysis of Various Impact Factors

According to the experimental data of rheological parameters and air content, the
influence degree of rheological properties and air content are analyzed within the range of
variables set in this test. To eliminate the influence of different factors on the measurement
scale, the “coefficient of variation” analysis method is adopted [70,71]. Calculation steps:
(1) calculate the average value and standard deviation of the same project affected by a
different degree of influencing factors; (2) divide the standard deviation by the average
value, and the result is “coefficient of variation”; (3) plot the coefficient of variation into a
graph. The corresponding results are shown in Figures 17–20. The greater the coefficient of
variation, the greater the influence of each factor on wet shotcrete.

Figure 17. Difference analysis of factors on slump.
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Figure 18. Difference analysis of factors on air content.

Figure 19. Difference analysis of factors on yield stress.

Figure 20. Difference analysis on viscosity.

It can be seen from Figures 17 and 18 that silica fume has the greatest influence on the
slump and air content within a given range of variables, with variation coefficients of 60.1%
and 45.2% respectively. Sand ratio has the least effect on slump (13.2%) while air-entraining
agent has the least effect on gas content (4.3%). In addition, water–binder ratio (WC), fiber
(FI) and water-reducing agent (WR) have great influence on slump and air content.

It can be seen from Figures 19 and 20 that the water–binder ratio (WC) has the greatest
effect on the relative yield stress and plastic viscosity within a given range of variables.
Secondly, for yield stress, water reducer (WR) and fly ash (FA) have great influence on it,
silica fume (SF) has the least influence; for plastic viscosity, sand ratio (SR) and fiber (FI)
have great influence on it, while air-entraining agent (AE) or fly ash (FA) has relatively
small effect.

In fact, the coefficient of variation of influencing factors is related to the range of
variables set in this experiment, and related to the special working performance of the
same influencing factor. For example, fly ash has “ball effect” and silica fume has “filling
effect”. It is hoped that the analysis of the coefficient of variation can provide a useful
reference for the mix proportion design of wet shotcrete.
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3.3. Comparison of the Effects of Fly Ash, Silica Fume on Rheological Properties and Air Content

To understand deeply the effects of silica fume or fly ash on the properties of fresh
wet shotcrete, the comparison between these two and other admixtures were analyzed.

According to the comparative analysis of Figure 21, it can be concluded that:

Figure 21. Cont.
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Figure 21. Comparative analysis of influence between fly ash, silica fume, and other factors.

In the aspect of relative yield stress, the effect of silica fume (SF) on the yield stress of
wet shotcrete is similar to that of low water–binder ratio (WC), medium sand ratio (SR) and
fiber (FI), almost exceeding the average value of 0.745 Nm. Fly ash (FA) and air-entraining
agent (AE) have the same effect, showing a downward trend. It can be seen from the data
in Table 3 that the high yield stress is beneficial to the shoot property, and the addition of
silica fume or a small amount of fly ash can produce a better build-up thickness.

In the aspect of relative plastic viscosity, the influence degree of fly ash on plastic
viscosity is similar to that of air-entraining agent, which is lower than the average value
of 1.31 Ns. The similar effect can be produced by low dosage of water-reducing agent,
high water–binder ratio, or high sand ratio. When the dosage of silica fume is 5–15%, the
plastic viscosity is little affected and fluctuates around the average value. For the flow of
fresh wet shotcrete in the pipeline, if a lubricating layer is formed on the inner wall of the
pipe, the higher viscosity will improve the anti-segregation and anti-bleeding ability of the
wet shotcrete containing silica fume, avoid blocking and increase the build-up thickness.
However, for shear flow, lower viscosity is beneficial to the pumping performance of fresh
wet shotcrete. Therefore, adding fly ash is beneficial to pumping.

In terms of slump: the effect of adding silica fume and fiber in fresh wet shotcrete
is similar, and the slump of both is lower than the average value of 7.4 cm. The effect of
adding fly ash on slump is similar to that of low air-entraining agent or low water-reducing
agent. According to the test of pumpability and shootability, high slump is beneficial to
pumping. Fly ash is better than silica fume in pumping process, but the shootability is
opposite. It should be noted that the change trend of slump is opposite to that of relative
yield stress, which is also reported in [29,52].

In terms of air content, the air content of wet shotcrete mixed with silica fume is lower
than the average value of 6.2%, which is similar to that of fiber, low water–binder ratio,
or high sand ratio. However, fly ash can produce similar effect of air-entraining agent or
water-reducing agent at high air content. If the assumption that spraying behavior will
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reduce air content is true, fresh wet shotcrete with high air content is beneficial to pumping
and spraying. Therefore, it seems that adding silica fume is not conducive to the air content
of wet shotcrete, while fly ash with relatively high air content is better.

Compressive strength: the influence of fly ash content on compressive strength is
moderate, slightly higher than the average value. Considering the pumping and shotcreting
performance of fly ash, fly ash is undoubtedly the common admixture of wet shotcrete.
From the rheological parameters and air content, although the fluidity of concrete mixed
with silica fume is low, it has great advantages in strength and sprayability. In some special
projects that need to add silica fume into shotcrete, the pumpability can be improved by
adding water-reducing agent or air-entraining agent.

3.4. Summary of Influence of Admixtures or Additives on Pumpability and Shootability

According to the above experimental analysis, free paste and round particles are
the key factors affecting the pumpability and sprayability of wet shotcrete. As shown in
Figure 22, cement paste has three functions: coating particles, filling gaps, and lubricating
pipe wall. The “ball effect” and “free paste effect” have compound effects on the properties
of wet shotcrete. In theory, these two effects, i.e., enough free paste or enough balls, can
reduce the yield stress and improve the fluidity of concrete, which is called positive effect.
However, in the fresh concrete system, if the free cement paste or smooth ball is insufficient,
it is called negative effect, which will reduce the fluidity of fresh concrete. For example, in
Figure 7, it can be concluded (from SR50 to SR60) that the negative paste effect is greater
than the positive ball effect, resulting in an increase in yield stress and a decrease in slump.

Figure 22. Free paste effect and ball bearing effect in fresh concrete system.

Yammine et al. [72] also found that the rheological properties of fresh concrete changed
significantly between hydrodynamic and friction control. When the cement paste volume
is small, the fluidity is mainly determined by the direct friction between particles. When
the cement paste volume is large, the interaction between fluid and particles or between
particles is hydrodynamic. The movement of the particles causes the paste to flow, where
additional energy is dissipated. Therefore, with the increase of paste volume fraction, the
plastic viscosity decreases. The additional paste volume significantly reduces the negative
effect of coarse aggregate on the fluidity of fresh concrete [54]. Various factors affecting
shotcrete properties are summarized in Table 4.

According to the above test results, to meet the different workability, such as pumping,
spraying, or compressive strength, the general mix proportion range is given. Finally, the
optimum mix proportion is recommended, as shown in Table 5.
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Table 4. Summary of various factors affecting shotcrete in pumpability and shootability.

Variable

Flowability Factor Effect on Wet Shotcrete

Ball Bearing Effect
Free Paste Effect
or Filling Effect

Pumpability Shootability

Increasing WC
Creating possibility for
entraining bubbles as

ball bearing effect
Producing more free paste Positive at some certain

level

Negative for build-up
thickness; Positive for

reducing rebound

Increasing sand
ratio

Sand as ball bearing
effect

Sand fills gaps to release
more paste Positive

Negative for build-up
thickness;

Positive for strength

Fiber None Adding fiber reduces free
paste

Positive due to
avoiding bleeding and

segregation

Positive for build-up
thickness

Air-entraining
agent

Bubbles as ball bearing
effect

When bridge is broken,
paste was released Positive

Positive when bubbles
were broken during

spraying
Water reducer None Releasing free cement paste Positive Negative

Fly ash
Spherical geometry and
smooth surface as ball

bearing effect

Dilution effect with lower
specific gravity; filling

effect with small particle
size

Positive Negative at some
degree

Silica fume Spherical geometry as
ball bearing effect

Filling effect with small
particle; flocculation

reducing paste

Positive for reducing
bleeding and
segregation

Positive for build-up
thickness

Table 5. Mixture proportions recommended for meeting various shotcrete requirements.

Requirements
WC

(w/b)
Water

(kg/m3)
SR(%)

Sand
(kg/m3)

FI
(mm)

AEA
(%)

WR
(%)

SF
(%)

FA
(%)

Pumpability 0.55–0.60 220 60 1000 12–29 0.04–0.06 0.9–1.2 15 5
Shootability 0.45–0.50 220 50–60 1000 12–29 0.02–0.04 0.3–0.6 5–10 15

Compressive strength 0.45 220 60 1000 6 0.02 0.6 15 5
Optimum mix

proportion for wet
shotcrete

0.5 220 60 1000 12 0.04 0.6 10 10

4. Conclusions

To investigate the influence of various admixtures on the fresh performance of
shotcrete, the rheological properties and air content were measured. Through the compara-
tive analysis of influencing factors and different analysis, it is helpful to understand the
mix proportion design of fresh wet shotcrete.

(1) When WC increases, the slump and air content increase generally, while the
rheological parameters decrease. with the increase of SR, the slump decreases gradually,
while the air content and the relative yield stress increase. The air content, rheological
parameters showed an increasing trend, while slump decreases with the increase of fiber
length. With the increase of air-entraining agent content, the air content and slump increase,
while rheological parameters decrease. Rheological parameters and air content decrease
with the increase of superplasticizer dosage while the slump is opposite. With the increase
of fly ash, the slump value increases, and rheological parameters decrease. The addition of
silica fume reduces the slump, and increases the rheological parameters.

(2) With the increase of WC, the pressure drop decreases, i.e., smaller rheological
parameters help to improve the pumping performance of fresh concrete. However, the
high WC reduces the shootability. SR60 is the best value to obtain both good pumping
performance and good shooting performance. Longer fibers help to reduce pressure drop
and increase build-up thickness. The air-entraining agent can improve the pumpability
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and sprayability in a certain range. The increase of yield stress and viscosity is beneficial to
build-up thickness. It was found that here are two key factors affecting the fluidity and
shotcreting of fresh concrete: free paste effect and ball effect. These two positive effects are
conducive to the pumpability of fresh concrete.

(3) Through comparative analysis, the effect of silica fume on yield stress is similar
to that of fiber and medium sand ratio, and the influence degree of silica fume on plastic
viscosity fluctuates around the average level. The effect of silica fume on air content is
similar to that of fiber or high sand ratio. The effect of fly ash is basically the same as that
of air-entraining agent on rheological properties or air content. The effect of silica fume
and fly ash on slump is opposite to that of relative yield stress.

(4) Within a given range of variables, silica fume has the greatest influence on the
slump and air content of fresh wet shotcrete. The water–binder ratio has the greatest influ-
ence on the relative yield stress and plastic viscosity. Finally, we concluded the summary
of various factors affecting shotcrete in pumpability and shootability. Mixture proportions
recommended for meeting various shotcrete requirements were advised. To study the rhe-
ological properties of shotcrete more accurately, we will add more experimental variables
in the next step.

Author Contributions: Conceptualization, J.X. and G.L.; methodology, X.C.; formal analysis, N.G.;
investigation, N.G. and G.L.; resources, G.L.; data curation, X.C.; writing—original draft preparation,
G.L.; writing—review and editing, J.X. and X.C.; funding acquisition, G.L. All authors have read and
agreed to the published version of the manuscript

Funding: This research was funded by National Key Research and Development Plan of China, grant
number 2017YFC0805203, National Natural Science Foundation of China, grant number 51974177,
51934004, 51604163, Natural Science Foundation of Shandong, grant number ZR201801280006,
ZR2019QEE007, ZR2019MEE115, Exchange Projects of the 43rd Routine Session of the China-Czech
Committee for Scientific and Technological Cooperation, grant number 43-4 and Special funds for
Taishan scholar project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Choi, P.; Yeon, J.H.; Yun, K.-K. Air-void structure, strength, and permeability of wet-mix shotcrete before and after shotcreting
operation: The influences of silica fume and air-entraining agent. Cem. Concr. Compos. 2016, 70, 69–77. [CrossRef]

2. Chen, L.; Li, P.; Liu, G.; Cheng, W.; Liu, Z. Development of cement dust suppression technology during shotcrete in mine of
China-A review. J. Loss Prev. Process. Ind. 2018, 55, 232–242. [CrossRef]

3. Liu, G.; Cheng, W.; Chen, L. Investigating and optimizing the mix proportion of pumping wet-mix shotcrete with polypropylene
fiber. Constr. Build. Mater. 2017, 150, 14–23. [CrossRef]

4. Hu, Z.-X.; Hu, X.-M.; Cheng, W.-M.; Zhao, Y.-Y.; Wu, M.-Y. Performance optimization of one-component polyurethane healing
agent for self-healing concrete. Constr. Build. Mater. 2018, 179, 151–159. [CrossRef]

5. Chen, L.; Ma, G.; Liu, G.; Liu, Z. Effect of pumping and spraying processes on the rheological properties and air content of
wet-mix shotcrete with various admixtures. Constr. Build. Mater. 2019, 225, 311–323. [CrossRef]

6. Chen, L.; Zhang, X.; Liu, G. Analysis of dynamic mechanical properties of sprayed fiber-reinforced concrete based on the energy
conversion principle. Constr. Build. Mater. 2020, 254, 119167. [CrossRef]

7. Liu, G.; Cheng, W.; Chen, L.; Pan, G.; Liu, Z. Rheological properties of fresh concrete and its application on shotcrete. Constr.
Build. Mater. 2020, 243, 118180. [CrossRef]

8. Science and Technology of Concrete Admixtures; Elsevier: Amsterdam, The Netherlands, 2015.
9. Dils, J.; Boel, V.; De Schutter, G. Influence of cement type and mixing pressure on air content, rheology and mechanical properties

of UHPC. Constr. Build. Mater. 2013, 41, 455–463. [CrossRef]
10. Chen, J.J.; Kwan, A.K.H. Superfine cement for improving packing density, rheology and strength of cement paste. Cem. Concr.

Compos. 2012, 34, 1–10. [CrossRef]

56



Appl. Sci. 2021, 11, 3550

11. Koehler, E.; Fowler, D. Development of a Portable rheometer for fresh Portland cement concrete. In Fiber Reinforced Concrete;
International Center for Aggregates Research: Austin, TX, USA, 2004; pp. 65–84.

12. Choi, M.S.; Kim, Y.J.; Jang, K.P.; Choi, M.S. Effect of the coarse aggregate size on pipe flow of pumped concrete. Constr. Build.
Mater. 2014, 66, 723–730. [CrossRef]

13. Xu, W.; Zhang, Y.; Zuo, X.; Hong, M. Time-dependent rheological and mechanical properties of silica fume modified cemented
tailings backfill in low temperature environment. Cem. Concr. Compos. 2020, 114, 103804. [CrossRef]

14. Park, C.K.; Noh, M.H.; Park, T.H. Rheological properties of cementitious materials containing mineral admixtures. Cem. Concr.
Res. 2005, 35, 842–849. [CrossRef]

15. Rahman, M.K.; Baluch, M.H.; Malik, M.A. Thixotropic behavior of self compacting concrete with different mineral admixtures.
Constr. Build. Mater. 2014, 50, 710–717.

16. Burroughs, J.F.; Weiss, J.; Haddock, J.E. Influence of high volumes of silica fume on the rheological behavior of oil well cement
pastes. Constr. Build. Mater. 2019, 203, 401–407. [CrossRef]

17. Yun, K.K.; Choi, P.; Yeon J, H. Rheological characteristics of wet-mix shotcrete mixtures with crushed aggregates and mineral
admixtures. Ksce J. Civ. Eng. 2017, 5, 1–11. [CrossRef]

18. Yun, K.-K.; Choi, P.; Yeon, J.H. Correlating rheological properties to the pumpability and shootability of wet-mix shotcrete
mixtures. Constr. Build. Mater. 2015, 98, 884–891. [CrossRef]

19. Secrieru, E.; Fataei, S.; Schröfl, C.; Mechtcherine, V. Study on concrete pumpability combining different laboratory tools and
linkage to rheology. Constr. Build. Mater. 2017, 144, 451–461. [CrossRef]

20. Tabatabaeian, M.; Khaloo, A.; Joshaghani, A.; Hajibandeh, E. Experimental investigation on effects of hybrid fibers on rheological,
mechanical, and durability properties of high-strength SCC. Constr. Build. Mater. 2017, 147, 497–509. [CrossRef]

21. Burns, D. Characterization of Wet shotcrete for Small Line Pumping; Citeseer: Laval University, Quebec, QC, Canada, 2008.
22. Feys, D.; Khayat, K.H.; Khatib, R. How do concrete rheology, tribology, flow rate and pipe radius influence pumping pressure?

Cem. Concr. Compos. 2016, 66, 38–46. [CrossRef]
23. Gołaszewski, J. Influence of mortar volume on rheological properties: Optimizing the workability of fresh high-performance

concretes. Betonw. Fert.-Tech. 2008, 74, 44–51.
24. Feys, D.; De Schutter, G.; Verhoeven, R. Parameters influencing pressure during pumping of self-compacting concrete. Mater.

Struct. 2012, 46, 533–555. [CrossRef]
25. Kwon, S.H.; Park, C.K.; Jeong, J.H.; Jo, S.D.; Lee, S.H. Prediction of Concrete Pumping: Part II—Analytical Prediction and

Experimental Verification. ACI Mater. J. 2013, 110, 657–667.
26. Zhang, J.; Liu, L.; Cao, J.; Yan, X.; Zhang, F. Mechanism and application of concrete-filled steel tubular support in deep and high

stress roadway. Constr. Build. Mater. 2018, 186, 233–246. [CrossRef]
27. Liu, G.; Guo, X.; Cheng, W.; Chen, L.; Cui, X. Investigating the migration law of aggregates during concrete flowing in pipe.

Constr. Build. Mater. 2020, 251, 119065. [CrossRef]
28. Secrieru, E.; Cotardo, D.; Mechtcherine, V.; Lohaus, L.; Schröfl, C.; Begemann, C. Changes in concrete properties during pumping

and formation of lubricating material under pressure. Cem. Concr. Res. 2018, 108, 129–139. [CrossRef]
29. Wallevik, O.H.; Wallevik, J.E. Rheology as a tool in concrete science: The use of rheographs and workability boxes. Cem. Concr.

Res. 2011, 41, 1279–1288. [CrossRef]
30. Wang, J.; Niu, D.; Zhang, Y. Mechanical properties, permeability and durability of accelerated shotcrete. Constr. Build. Mater.

2015, 95, 312–328. [CrossRef]
31. Beaupre, D. Rheology of High Performance Shotcrete. Ph.D. Thesis, University of British Columbia, Vancouver, BC, Canada, 1994.

[CrossRef]
32. Cheng, W.; Liu, G.; Chen, L. Pet Fiber Reinforced Wet-Mix Shotcrete with Walnut Shell as Replaced Aggregate. Appl. Sci. 2017, 7,

345. [CrossRef]
33. Li, P.; Zhou, Z.; Chen, L.; Liu, G.; Xiao, W. Research on Dust Suppression Technology of Shotcrete Based on New Spray Equipment

and Process Optimization. Adv. Civ. Eng. 2019, 2019, 1–11. [CrossRef]
34. Chen, L.; Liu, G. Airflow-Dust Migration Law and Control Technology Under the Simultaneous Operations of Shotcreting and

Drilling in Roadways. Arab. J. Sci. Eng. 2018, 44, 4961–4969. [CrossRef]
35. Yun, K.-K.; Choi, S.-Y.; Yeon, J.H. Effects of admixtures on the rheological properties of high-performance wet-mix shotcrete

mixtures. Constr. Build. Mater. 2015, 78, 194–202. [CrossRef]
36. Pan, G.; Li, P.; Chen, L.; Liu, G. A study of the effect of rheological properties of fresh concrete on shotcrete-rebound based on

different additive components. Constr. Build. Mater. 2019, 224, 1069–1080. [CrossRef]
37. ACI Committee. ACI-506R Guide to Shotcrete, 506 ed.; ACI Committee: Farmington Hills, MI, USA, 2005; p. 10.
38. Zhao, Y.; Duan, Y.; Zhu, L.; Wang, Y.; Jin, Z. Characterization of coarse aggregate morphology and its effect on rheological and

mechanical properties of fresh concrete. Constr. Build. Mater. 2021, 286, 122940. [CrossRef]
39. Leung, C.K.; Lai, R.; Lee, A.Y. Properties of weted fiber reinforced shotcrete and fiber reinforced concrete with similar composition.

Cem. Concr. Res. 2005, 35, 788–795. [CrossRef]
40. Choi, P.; Yun, K.-K.; Yeon, J.H. Effects of mineral admixtures and steel fiber on rheology, strength, and chloride ion penetration

resistance characteristics of wet-mix shotcrete mixtures containing crushed aggregates. Constr. Build. Mater. 2017, 142, 376–384.
[CrossRef]

57



Appl. Sci. 2021, 11, 3550

41. Zhang, Y.; Pan, D.; Qu, X.; Liang, P. Secondary Catalytic Effect of Circulating Ash on the Primary Volatiles from Slow and Fast
Pyrolysis of Coal. Energy Fuels 2018, 32, 1328–1335. [CrossRef]

42. Banfill, P.F.G. The rheology of fresh cement and concrete-a review. In Proceedings of the 11th International Congress on the
Chemistry of Cement, Durban, South Africa, 11–16 May 2003.

43. Paiva, H.; Velosa, A.; Veiga, R.; Ferreira, V. Effect of maturation time on the fresh and hardened properties of an air lime mortar.
Cem. Concr. Res. 2010, 40, 447–451. [CrossRef]

44. Greim, M.; Kusterle, W. Rheological measurement of building materials. Appl. Rheol. 2004, 14, 148–150. [CrossRef]
45. Kostrzanowska-Siedlarz, A.; Gołaszewski, J. Rheological properties of High Performance Self-Compacting Concrete: Effects of

composition and time. Constr. Build. Mater. 2016, 115, 705–715. [CrossRef]
46. Paiva, H.; Velosa, A.; Cachim, P.; Ferreira, V. Effect of metakaolin dispersion on the fresh and hardened state properties of concrete.

Cem. Concr. Res. 2012, 42, 607–612. [CrossRef]
47. Fan, T.; Zhou, G.; Wang, J. Preparation and characterization of a wetting-agglomeration-based hybrid coal dust suppressant.

Process. Saf. Environ. Prot. 2018, 113, 282–291. [CrossRef]
48. Liu, G.; Chen, L. Development of a New Type of Green Switch Air Entraining Agent for Wet-Mix Shotcrete and Its Engineering

Application. Adv. Mater. Sci. Eng. 2016, 2016, 1–9. [CrossRef]
49. Kostrzanowska-Siedlarz, A.; Gołaszewski, J. Rheological properties and the air content in fresh concrete for self compacting high

performance concrete. Constr. Build. Mater. 2015, 94, 555–564. [CrossRef]
50. Pfeuffer, M.; Kusterle, W. Rheology and rebound behaviour of dry-mix shotcrete. Cem. Concr. Res. 2001, 31, 1619–1625. [CrossRef]
51. Hu, J.; Wang, K. Effect of coarse aggregate characteristics on concrete rheology. Constr. Build. Mater. 2011, 25, 1196–1204.

[CrossRef]
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Abstract: To research the internal load transfer behavior and failure mechanism of a bird’s nest
anchor cable anchoring structure based on a pull-out test, a bond-slip failure model is established
on the basis of statistical damage theory, and the distribution formula of shear stress at anchorage
agent–rock interface is deduced. Combined with theoretical analysis, bird’s nest anchor cable pulling
out test and particle flow code (PFC) numerical simulation test, as well as axial force distribution
of the cable and shear stress distribution of its interface, help reveal its load transfer behavior and
failure mechanism. Results show that: (1) The established bond-slip model can reflect the internal
load transfer behavior and failure process of bird’s nest anchor cable anchorage structure. (2) The
shear stress of the anchorage agent interface increases exponentially to the peak value and then
decreases exponentially to the residual strength. The process is repeated at every location of the
anchorage agent interface. The curve of the axial force and shear stress of the bird’s nest anchor cable
is a negative exponential distribution with anchorage depth, and the maximum value occurs at the
load end. (3) The crack of the anchorage agent interface extends from the load end to the other end
and finally cuts through the whole interface. Rock mass generates radial cracks by the split effects of
the bird’s nest. The failure mode is a combination of the debonding slip of the interface and the shear
failure of the rock mass. The shear stress distribution and failure mode of the anchor structure are
basically consistent according to laboratory tests and simulation tests, and PFC2D better reflects the
internal load transfer behavior, failure mechanism, and failure process of the bird’s nest anchor cable
under tensile loads.

Keywords: bird’s nest anchor cable; pulling-out test; failure mechanism; PFC; fracture process

1. Introduction

Anchor cables are a common technical means for the reinforcement of deep roadways
that has been widely used in many fields, such as underground mine roadways, open-pit
slopes, and foundation pits [1–3]. With the increase in mining depth, complex and variable
geological structures and stress environment result in a separated roof, roof collapse
accidents, and a high repair rate of anchor cables. The ejection phenomenon of broken
anchor cables is common [4,5]. In addition to the influence of load and sudden external
factors, the anchoring structure of anchor cables is also subject to damage accumulation,
which results in bond failure, pull or shear failure of anchor parts, and other forms of
anchorage system failure [6–9]. Traditional anchor cable design methods have limitations
in deep roadway support [10,11]. Usually, only the axial bearing capacity of the anchor
cable is considered, and the interaction of cable-surrounding rock is ignored. Therefore, a
reasonable anchor cable design is of considerable significance in controlling the deformation
of surrounding rock and improve safety [12,13].

At present, scholars at home and abroad mainly focus on the mechanical effect of
anchor cables but ignore the influence of surrounding rock and the relative relationship
between the anchor cable and surrounding rock [14]. A large number of studies show that
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the deformation and failure of surrounding rocks in deep roadways are gradual [15–19].
Previous studies do not reflect the influence of the progressive failure behavior of sur-
rounding rock and mechanical characteristics of cable wells, and the internal load transfer
behavior and mechanism of anchor cable still cannot be explained quantitatively and
evaluated correctly. Ordinary anchor cables are not adopted to high-deformation envi-
ronments of surrounding rock. In view of the limitation of traditional anchor cables with
respect to mechanical properties and severe engineering environments, new anchor cables
with extraordinary mechanical properties should be developed. Existing NPR anchor
cables have solved the deformation problem of deep, soft rock roadways [20,21]. The
deformation capacity increases to 3000–4000 mm, and the maximum constant resistance
is 567.7–800 kN [22]. Some scholars have studied the failure mechanism of anchor cable
systems using numerical software, achieving remarkable results. Through theoretical
analysis and simulation verification, the mechanical properties of anchor cables under
tension–torsion coupling action have been explored, and the tension–torsion coupling
coefficient has been proposed and determined [23]. The surrounding rock characteristics of
steel arch supports and NPR anchor cable supports are compared with 3DEC software [24].

Bird’s nest anchor cables are a new type of anchor cable. Compared with ordinary
anchor cables, they has higher anchor force and elongation. The synergistic principle
and evaluation method of rock surrounding bird’s nest anchor cables are still in the re-
search stage, and the failure process and the mechanisms of anchor structures are not
clearly understood. The influence of different anchor cable supporting parameters on the
stress diffusion of surrounding rock is studied by FLAC3D, and optimal parameters are
proposed [25]. An anchor cable and C tube withstand transverse shear force are devel-
oped, and the new scheme can effectively control surface convergence and plastic zone
expansion by FLAC3D [26]. Lagging theoretical research results in some accidents during
construction or after completion [27,28]. Designers do not have a clear understanding of its
action mechanism to deal with the design and application of bird’s nest anchor cables. The
failure process of rock surrounding bird’s nest anchor cables is analyzed and compared
with theoretical analysis as well as pull-out tests and PFC simulation tests. Furthermore,
the crack evolution process and failure mechanism of bird’s nest anchor cables and rock
mass, which have certain theoretical significance and practical value in terms of guiding
engineering practice, are revealed.

2. Pull-out Test of Bird’s Nest Anchor Cables

2.1. Production of Anchorage Structure

(1) Material selection

To study the deformation and failure characteristics of bird’s nest anchor cable an-
choring structures, a bird’s nest with 1 × 7 strands 17.8 mm, 1720 steel strands, 1200 mm
length, 300 mm spacing, and 17.8 mm diameter anchor cable is selected. The specifications
and mechanical property parameters of the bird’s nest anchor cable are shown in Table 1.
The anchorage agent is a MSZ2835 medium-speed resin with a diameter of 28 mm and a
single-reel length of 350 mm. To eliminate the size effect, polyvinyl chloride (PVC) pipe
is used to anchor samples of different sizes, including 1250 mm height, with 110, 200, and
250 mm outer diameters. The center hole is 1500 mm high, and the outer diameter is 32 mm.

Table 1. Specifications and mechanical property parameters of the bird’s nest anchor cable.

Diameter
/mm

Strength Level
/MPa

Cross-Section Area
/mm2

Perimeter
/mm

Fracture Force
/kN

Quality
/kg·m−1

1% Elongation Load
/kN

17.8 1720 191 63 240.2 1.5 294

(2) Preparation of anchor structure

The ratio and strength of similar materials are determined by multiple ratio tests
(Table 2). The test material includes 32.5 Portland cement and 0–15 mm well-graded river
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sand, and the rock mass is made with M15 mortar with a mixture ratio of cement, sand,
and water of 1:4.7:1. Strain gauges are pasted inside the anchor cable and rock to monitor
the stress–strain of the anchor cable and rock. The rock mass is poured three times, and the
strain gauges (BE120-03AA type) are pasted and marked in the designated positions.

Table 2. Ratio and strength of similar materials.

Amount/mm3 Density Mean Fraction of Loss Intensity

Portland cement/kg River sand/kg Water/kg
2000 kg/m3 18 MPa330 1550 330

The self-made measuring force bolt is prepared before performing the pull-out test.
Six pairs of strain gauges are slotted symmetrically on both sides of the bolt cable with
150 mm equal spacing. To avoid the destruction of strain gauges during the process of rotat-
ing installation and tension, the strain gauges and wire joints are sealed with 704 silicone
rubber and then covered with EP30 Osborne AB glue. The well-tested measuring force bolt
is shown in Figure 1.

Figure 1. Measuring point figure of bird’s nest anchor cable.

The specific preparation is shown in Figure 2, as follows: 1© Initial pouring. After
placing the 32 mm PVC pipe in the center of the model, the allocated mortar is poured
into a PVC pipe with a 110 mm outer diameter and vibrated and poured by plug-in
vibrator. The cast similar material model is left for 7 days and then demolded and cured
for approximately 7 days. The strain gauge is pasted and marked on the sample surface.
2© Second and third castings. After the surface is roughened, a tube with an outer diameter

of 200 mm PVC is set on the outside of the poured model, and the above casting process
is repeated. The second and third casting processes are then repeated. 3© Cover the outer
tube. 4© Installing the anchor agent. The anchor agents are sent into the reserved hole, and
the model is finished.

2.2. Test Device

The load equipment is an RRH-6010 double-acting hollow jack with 0.75 kW electric
pump power and a 257 mm span. It is composed of a monitoring device, as well as data
acquisition and processing system (Figure 3), which can realize real-time data acquisition,
dynamic display, real-time chart drawing, and other functions.

A 22-channel analysis system of DH3818N-2 static signal test is used to collect the
strain gauge data of the anchor cable and rock sample. Other monitoring devices are
composed of a BLR-1/50T pressure sensor and BL100-V-1000 displacement sensor.

2.3. Analysis of Pull-Out Test Results

(1) Shear stress and displacement curve

When the anchorage agent length is short, the shear stress on the anchorage interface
can be considered uniform; that is, the shear stress at any point of the anchorage interface is

τ =
Pdl
π

(1)
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Figure 4 shows research results [29–31] based on shear stress (τ) and relative shear
displacement (ω).

(a)

(b)

Figure 2. Depiction of the finished anchorage structure. (a) Sketch of the anchorage structure; (b) 1–1
cross-section program of the anchorage structure.

Figure 3. Pulling-out cable test system.

When the ascending stress value reaches peak stress, a linear softening curve occurs
until debonding is initiated, followed by a horizontal line that represents the residual
strength after debonding is completed (Figure 5).

According to [32,33], the statistical damage constitutive model of the anchorage struc-
ture based on Weibull distribution and the Weibull distribution parameter are expressed
as follows:

τ = k1ω exp

(
−k2

(
ω

ω1

)k3
)
+ βτp,

where ω1 is displacement, corresponding to peak strain; τp is the peak stress; and β is the
influence coefficient of residual strength (Figure 5a). ω < ω1 is referred to as the nonlinear
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elastic stage. When ω1 ≤ ω < ω2, the anchorage agent separates from the rib of the bolt,
which is referred to as the debonding slip stage. The interfacial adhesion and interlock
force disappear simultaneously in the debonding segment, whereas the interfacial friction
force gradually approximates the residual strength. When ω > ω2, the frictional force
depends on the friction surface of the anchorage agent. The period when the shear stress
is equal to the residual shear strength of the cable and debonding appears is referred to
as the debonding stage. Before the debonding of the model interface, the bond–slip curve
is linear, and no damage occurs, so β = 0 (k1, k2, k3, and β are some parameters of the
formula derivation that can be obtained by fitting the experimental data (Figure 5b). The
parameters of the ascending stages are 120.9908, 0.2680, 1.25, and 0; the parameters of the
descending stages are 0.2213, −4.184, −0.2465, and 0; and the parameters of the horizontal
stages are 0, 0, 0, and 0.195.

Figure 4. Bond-slip models. (a) Model by Cai et al. (b) Model by Ren et al. (c) Model by Ma et al. τu

and τr are the peak shear strength and residual shear strength, respectively, of a rock bolt.

 
(a) (b)

Figure 5. Shear stress–displacement curve of the proposed model. (a) Bond–slip models of the
proposed model. (b) Fitting curve, as well as experimental and theoretical curves.

(2) Distribution law of anchor cable axial force

The obtained axial force distribution curve of the anchor cable under ultimate load
(148 kN) is shown in Figure 6. The axial force of the anchor cable gradually decreases along
the load end. The peak value is148 kN, and the minimum value is 28 kN (Figure 6).

(3) Distribution law of shear stress at the anchoring–rock interface

The obtained shear stress distribution curves of the anchor cable under three loads
are shown in Figure 7. The shear stress of the anchor cable gradually decreases along the
anchorage depth. The ultimate shear stress value is 2.37 MPa, and the minimum value
tends toward 0.When the axial force is 60 kN, shear stress decreases gradually along the
anchorage depth. When the axial force is 100 kN, the shear stress increase first and then
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decreases. When the axial force is 148 kN, every point of the anchorage agent interface goes
through an elastic deformation stage, a debonding slip deformation stage, and a residual
deformation stage.

Figure 6. Axial force distribution of the cable.

Figure 7. Shear stress distribution law of measuring point at the anchorage agent interface.

(4) Distribution law of shear stress at the rock mass

The distribution law of shear stress in the rock mass when the peak value is 148 kN
is shown in Figure 8 with a comparison of the two sets of data. The shear stress near the
cable are higher than those far away in the rock mass, and the shear stress of the load
end is higher than that of the other end, and the shear stress values of the two interfaces
decrease simultaneously.

(5) Fracture mode

Figure 9 shows the final failure mode of the anchoring structure. The cable does not
break under tensile load, but the anchorage agent and cable slip at the interface of the rock
mass and the anchorage agent. Due to the strong adhesion and shear strength between
cable and anchor agent and the mechanical interlocking between bird’s nest and anchor
agent, it is difficult for relative slip to occur. When the shear stress at the load end is greater
than the shear strength at the rock mass anchorage agent interface, internal surface of the
rock mass exhibits a radial extension crack caused by the bird’s nest dilatation effect and
anchorage agent extrusion, and the brittleness of similar material influences the spread
range of the crack. The rock mass and anchorage agent interface is the most sensitive and
vulnerable part of the whole anchorage system because of the similar material properties.
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Figure 8. Shear stress distribution of the rock sample.

(a)

(b)

Figure 9. Failure of the anchoring structure. (a) Cross section; (b) Longitudinal section.

3. PFC Numerical Simulation Test

3.1. PFC Model

The model of the bird’s nest anchor cable is established by PFC2D.The model is a
cylinder with a base diameter of 250 mm and length of 1200 mm. It is composed of
115,245 particles, including 103,567 rock mass particles and 11,540 anchor agent particles.
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Moreover, the rock mass and anchorage agent are represented as gray and blue particles,
respectively. The anchorage agent and rock mass are composed of particles with a radius
of 0.5–0.85 mm. The cable is composed of 138 particles with a diameter of 17.8 mm and
3 particles with a diameter of 20 mm. According to the measuring point locations, three
measuring circles are arranged in the anchorage agent to record the shear stress distribution,
and four measuring circles are arranged on the anchorage agent interface to record the
shear stress distribution of the anchorage agent interface (Figure 10).

Figure 10. Model and measuring point of PFC simulation test.

To highlight crack, tension and shear cracks are presented as green and red, respec-
tively. The tensile strength and bond force of the rock mass anchored by the PFC are
obtained by a uniaxial compression test and Brazilian splitting test and have a value of
3.5 MPa and 3.0 MPa, respectively. The physical and mechanical parameters of the resin
anchorage agent and anchor cable are provided by the manufacturer and are equal to
3.0 MPa and 2.5 MPa, respectively. The parameters are constantly adjusted to calibrate
the mechanical parameters of similar sample materials. Table 3 shows the parameters of
similar materials used in PFC2D.

Table 3. Main parameters of PFC2D in the pull-out test.

Particle Parameter Numerical Value Parallel Bond Model Parameters Numerical Value

Particle radius (mm) 0.5–0.85 Parallel bond modulus 1.4 × 109

Density (kg/m3) 1.4–1.9 × 103 Normal and tangential stiffness ratio 2.0
Contact modulus between particles 1.2 × 109 Normal critical damping ratio 0.5

Normal and tangential stiffness ratios 1.0 Normal tensile strength 5.1 × 106

Coefficient of friction 0.58 Cohesive force 3.1 × 106

3.2. Failure Process and Failure Mod

Figures 11 and 12 show the axial force distribution law and shear stress evolution
process of measuring point by PFC simulation. The results of PFC simulation are consistent
with the pull-out test result, as shown in Figures 5–7, 11 and 12. Steps 2600 and 10,000
are the boundary lines of the elastic deformation stage and bird’s nest split rock failure
stage, respectively.

Combined with the pull-out test result and PFC simulation result, the crack evolution
processes are divided into three stages, namely the elastic deformation stage, the debonding
slip stage, and the split failure of the bird’s nest, as shown in Figures 12–14. The failure
process is explained as follows:

Cracks can be divided into three stages, as shown in Figure 14. Stage I (elastic defor-
mation stage): before step 1350, shear crack dominates the evolution process of cracks. In
steps 1350–2600, tension cracks exceed shear cracks. The curve of this stage rises, and the
shear stress–slip curve is in an elastic state. The bond between the anchor cable and anchor
agent mainly consists of chemical bond force, friction force, and mechanical interlocking
force. Due to the relatively small tensile load, the anchorage agent is the elastic coordinated
deformation stage. When the shear stress of interface reaches shear stress strength, the
anchor cable moves the small slip at the load end, which results in the gradual loss of
chemical bond force of the anchorage agent, and the anchor agent interface exhibits a few
cracks. Before cracks develop near the bird’s nest, cracks extend inwards with anchorage
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agent depth, but the rock mass does not fail. After cracks develop near the bird’s nest, they
continue to extend inwards, and rock mass failure occurs.

Figure 11. Axial force distribution law of measuring point.

Figure 12. Shear stress evolution process of measuring point.

Stage II (debonding slip stage): loading occurs at steps 2600–10,000, the tension crack
effect dominates, and shear crack number has a constant value. With additional debonding
length, the tensile load of the anchor cable decreases. The relative slip of anchoring interface
is no longer coordinated with the increase in load. The shear strength of the bird’s nest
anchor cable is composed of adhesion, mechanical interlocking, and friction in the axial
direction at the coupling interface between the anchor cable and the anchorage agent. As
the load increases, interfacial slip and shear dilation appear, and in turn, the interfacial
radial force and friction force, as well as the peak shear strength, are elevated. A debonding
region occurs at the load end and gradually expands to the other end.

Stage III (bird’s nest split rock failure stage): After step 10,000, the shear crack and
tension crack number are basically a constant value, and a few cracks extend along the
rock mass depth. The tensile load of the anchor cable declines significantly up to the
residual tensile stress. The friction force and the extruding force of the bird’s nest hinder the
anchor cable from being pulled out. At this stage, the interface of the bird’s nest generates
radial cracks, and cracks rapidly expand the rock mass. The radial stress produced by
mechanical biting force balances the annular tensile stress of the anchor agent, with only
friction resistance remaining. The anchorage agent is sheared, and rock crumbs are drawn
unceasingly with the pull-out of the anchor cable.
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(a)

(b)

(c)

(d)

(e)

Figure 13. Failure process of the anchoring structure during PFC simulation test. (a) Step 250 (crack
number 4000, shear crack 2500, tension crack 1500); (b) step 1250 (crack number 28000, shear crack
16000, tension crack 12000); (c) step 2400 (crack number 58000, shear crack 19000, tension crack 39000);
(d) step 2600 (crack number 62000, shear crack 20000, tension crack 42000); (e) step 10000 (crack
number 87000, shear crack 21000, tension crack 66000).

The failure mode is a mixed failure between debonding slip of the interface and shear
failure of the rock mass (Figure 9). PFC2D can better reflect the internal load transfer
behavior, failure mechanism, and failure process of the bird’s nest anchor cable under
tensile loads.
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Figure 14. Crack evolution.

4. Conclusions

(1) A bond-slip model of bird’s nest anchor cable is established on the basis of a statistical
damage constitutive model. The shear stress and slip curve of the anchorage structure
are divided into a nonlinear elastic deformation stage, a debonding slip stage, and a
residual stage. With an increase in the pull-out load, the shear stress of the anchorage
agent interface increases exponentially to the peak value from the load end, then
decreases, and finally stabilizes to the residual strength. The process transmits every
point with the anchorage depth. The model parameters are acquired by fitting data,
and the theory curve and test curves are similar, thereby verifying the reasonability of
the proposed mode.

(2) The axial force of the anchor cable declines negatively along the load direction; the
maximum value (148 kN) is near the load end, and the minimum value (28 kN) is at the
other end. The shear stress of the rock mass decreases negatively along the load direction
and is transferred from the load end to the other end, but the shear stress value near
anchorage cable value is higher than that far away from the anchorage structure.

(3) The failure of the anchorage structure is divided into three stages stage according to
PFC simulation: an elastic deformation stage, a debonding slip stage, and a splitting
rock failure. The anchorage structure of the load end first exhibits a small number
of cracks (crack number: 4000), then extends along the interface of the anchorage
agent (crack number: 62000), and then penetrates into the anchorage agent–rock mass
interface (crack number: 87000). The failure mode of the anchoring structure is mixed
failure, namely debonding slip of the interface and shear failure of rock mass. PFC
can simulate the crack evolution process of the bird’s nest anchor cable well.
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Abstract: High temperature is recognized as one of the extreme environments in the application
of shotcrete which significantly deteriorate the performance of shotcrete. This paper reviews the
mechanical properties and microstructure of shotcrete under high temperature. First of all, this
paper reviews the cause of formation of high ground temperature. Based on these causes, the
author establishes a heat transfer model with a spiral shape by introducing a multidimensional
morphological formula into the heat conduction process. Then, the paper reviews the influence of
high temperature on the mechanical and micro properties of shotcrete, the cooling technology under
high temperature, and the optimization research technology of shotcrete. The author discusses the
influence of high temperature on the thermal parameters and the deformation of shotcrete from
the perspective of thermodynamics. Multiple studies have shown that the irregular movement and
disorderly overlapping of molecules in the shotcrete caused by the high temperature environment
result in the premature termination of the hydration reaction of cement in shotcrete. Finally, the author
suggests the challenges of high-temperature shotcrete in term of the process structure, performance
optimization, and application in special engineering fields. The research in this paper intends to give
guidance to those conducting shotcrete research under high temperature, and to promote the further
development of shotcrete technology.

Keywords: high temperature; shotcrete; mechanical properties; microscopic properties

1. Introduction

With the swift global development of tunnels, mines, subways, water conservancy
and hydropower projects, and so on, shotcrete, as an advanced support method, is widely
applied to surrounding rock control and roadway closure. Shotcrete is a kind of concrete
formed by mixing concrete materials, such as gel material, aggregate, and so on, into the
ejection equipment, by means of compressed air or other power transmission, and sprayed
onto the spray surface at high speed [1]. Shotcrete technology was first used in mining and
civil engineering by the United States in 1914. It has a history of more than 100 years. This
method is used in underground and tunnel support, infrastructure repair and rehabilitation,
slope stabilization, and in areas difficult to reach with conventional concrete, such as bridge
piers and beam soffits [2]. Shotcrete has the characteristics of high compressive strength,
good durability, and wide range of strength grades [3–5]. As a supporting material of
roadway, shotcrete can not only prevent the oxidation of surrounding rock, but also plays
a supporting role for the roadway. With the development of deep mines and deep tunnels,
shotcrete is facing great challenges. Especially deep underground, high temperature
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accelerates the deterioration of shotcrete [6–9]. According to relevant reports, the rock wall
temperature of Sangzhuling Tunnel in the Yarlung Zangbo River Canyon in China reached
89 ◦C, and it was identified as a class I risk tunnel. The high temperature of 75 ◦C and the
extreme temperature of 170 ◦C were encountered in the construction of Anfang tunnel and
the third hydropower station of Heibu in Japan. The highest original rock temperature is
46.8 ◦C, at −980 m level in Sanhejian coal mine. The underground rock temperature of the
Mbonig gold mine in South Africa reaches 65.6 ◦C.

Many scholars have shown that there is a certain relationship between temperature
and depth, and the rock temperature gradient is about 3–4 ◦C/100 m [10–12]. However,
in a deep environment, due to the different rock properties and the possible existence of
large fault zones, the change of temperature with temperature gradient is not obvious.
Figure 1 shows the distribution of temperature with depth in deep tunnels and deep
mines in some projects. From the figure, it could be concluded that the variation between
temperature and depth in underground projects was a nonlinear relationship, that is, the
ground temperature in deep environments shows an abnormal pattern [13,14].

Figure 1. Temperature distribution of tunnels and mines with different depths.

In Figure 1: a—Albert tunnel in Austria; b—Anfang highway tunnel in Japan; c—
Sanhejian coal mine in China; d—Sangzhuling tunnel in China; e—Qinling tunnel of
Xikang railway in China; f—Franco-Yibulangfeng highway tunnel; g—Kolar gold mine in
India; h—Mponig gold mine in South Africa.

When shotcrete as support structure contacts with high-temperature rock wall, the
performance of shotcrete may change. High temperature leads to the deterioration of
shotcrete structure and the weakening of roadway stability. In recent years, many scholars
have studied the mechanical properties and micro-morphology of shotcrete under high
temperature. For example, Lee and Yang et al. [15,16] studied the variation of shear
properties of shotcrete with granite cementation surface roughness and temperature. The
results showed that there were critical values for the effects of granite cementation surface
roughness and temperature on shear strength. Moreover, the temperature was the most
important factor affecting the shear performance of shotcrete. Wang et al. [17,18] studied the
impermeability of shotcrete under standard working conditions and variable temperature
conditions. The results showed that the temperature destroys the dense structure inside
the shotcrete, resulting in an increase in the impermeability of the shotcrete. Wang and
Cui et al. [19] studied the effect of temperature on the bond strength between shotcrete
and rock surface, and found that the bond strength first increased and then decreased
with the increase of temperature. Dong et al. [20] studied the fracture process of the
interface between shotcrete and rock, and found that under high temperature, the structure
of shotcrete fracture surface was loose and powder particles increased. Yang et al. [21]
studied the internal damage mechanism of shotcrete under high temperature based on CT
technology and X-ray, and the results showed that the internal pores of shotcrete present the
trend of small holes gradually developing into large pores with the increase of temperature.
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Lu et al. [22,23] studied the residual properties of shotcrete after high temperature, and
found that the main factors affecting the residual strength were curing conditions and
cooling methods. Kjellsen et al. [24] studied the consolidation process of concrete in a
thermal environment, and found that the compaction degree of the concrete decreased,
and internal cracks occurred during the solidification process. Then, the microstructure of
concrete was scanned by scanning electron microscopy (SEM), and it was found that the
cracks developed along the interior of the aggregate. Akca et al. [25] studied the structural
performance of high-performance shotcrete under high temperature, and concluded that
the overall strength of shotcrete showed an upward trend under high temperature.

Although there are many studies on the performance changes of shotcrete under high
temperature, there are few systematic reviews on the mechanical and micro properties of
shotcrete. Therefore, this article systematically describes the development of mechanical
properties and microstructure of shotcrete under high temperature. The research in this
paper is intended to give guidance to those conducting shotcrete research under high
temperature, and to promote the further development of shotcrete technology.

2. Causes of High Ground Temperature and Its Influence on Shotcrete Structure

In deep mines and deep tunnels, the phenomenon of high ground temperature is
the biggest problem in the process of excavation and support. It will not only worsen
the construction environment and reduce the labor production efficiency, but also change
the shotcrete structure and affect the stability of the tunnel, thus threatening the safety of
construction personnel. This chapter will discuss the cause of high ground temperature
and the influence of high temperature on shotcrete structure.

2.1. Causes of Formation of High Ground Temperature

The earth’s temperature is produced by the decay of radioactive elements in the earth’s
interior, and heat is accumulated in the earth’s crust [26,27]. Then, heat is transmitted
through rocks to the earth’s surface. Because of the strong gravitational field inside the earth,
there is a lot of energy in the inner core of the earth, and the temperature of the core is about
6000 ◦C. However, most of the energy gradually disappears in the process of transmission.
Because of the low thermal conductivity and poor heat transfer performance of rocks, heat
energy builds easily in the rock mass, which makes the high temperature phenomenon
appear in deep tunnels or mines; the remaining small part of energy will continue to
transmit to the earth’s surface [28–30]. Therefore, the main heat source for the formation of
the earth’s surface geothermal field is from the earth’s interior. Although the transmission
of energy is very small, the geothermal field formed in this process is still very harmful to
human infrastructure work. In addition, the undulation and structural form of the base
also have a certain influence on the formation temperature. When the tunnels and mines
are deep in large fault zones, the temperature difference may reach 2–4 ◦C/100 m [31]. This
is a further challenge to the original high-temperature environment.

The heat of the earth’s surface layer is from the earth’s interior, and is transmitted
to the shallow part of the earth’s surface through heat conduction [32]. This mode of
transmission is one-dimensional propagation. The temperature change can be expressed
by one-dimensional conduction Equation (1):

d2θ

dz2 = 0 (1)

In Equation (1): θ—temperature; Z—depth
However, in a deep environment, due to the complex geological environment, most

of the strata are in a non-horizontal state. The transmission mode of temperature is
diverse and controlled by many factors. At this time, the heat conduction occurs in a two
dimensional or three dimensional shape. The one-dimensional conduction formula in the
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above Equation (1) cannot reflect the temperature propagation law at this time. Therefore,
the following Equation (2) is introduced [33]:

∂

∂x

(
∂θ

∂x

)
+

∂

∂z

(
λ

∂θ

∂z

)
+ A = 0 (2)

In Equation (2): λ—thermal conductivity of rock; A—heat production of radioactive
elements in rock.

The above Equation (2) shows that depth, rock thermal conductivity, and radioactive
element heat production are the main factors affecting the temperature in deep environ-
ments. This is because the greater the depth, the greater the gravitational potential energy
and the more heat generated. In a deep environment, the closer to the crust, the greater the
influence of radioactive element decay heat production. However, rock is an anisotropic
heterogeneous material, and its thermal conductivity is variable and generally decreases
with the increase of temperature. Therefore, in a deep environment, due to the low thermal
conductivity of rock, it shows strong heat storage capacity, resulting in a high-temperature
environment.

Heat can be imagined as a fluid, and the fluid can be divided into steady-state type and
non-stationary type in the process of transmission [34]. The heat transfer process is an un-
steady state. Figure 2 shows the physical structure model of heat transfer. Luo et al. [35,36]
analyzed the heat transfer phenomenon in the flow process, and results showed that heat
flow is a process of energy exchange. Therefore, the author divides the heat transfer process
into three types: linear, curved, and spiral. Due to the thermal conductivity of rock, the heat
transferred from the deep to the ground is mainly linear [37,38]. In the process of tunnel
construction, the heat is mainly curved and spiral; the heat flow transferred by curve will
continue to diffuse around; the heat transferred in this form is not stored much in the rock.
The heat transferred by spiral type will not disappear, but will accumulate continuously in
the process of transmission, which will enhance the heat storage capacity of rock. At the
same time, the spiral transmission is also the dominant part of deep high temperatures.

Figure 2. Heat transfer model: (a) linear type, (b) curve type, (c) spiral type.

2.2. Influence of High Temperature on Shotcrete Structure

In a deep construction environment, the heat flow transmission path in the stratum is
cut off indirectly because of the tunnel excavation. As a result, the heat storage capacity
of the roadway is strengthened. Combined with the impact pressure in the formation, it
can easily cause structural instability and structural deformation of the roadway. On the
one hand, the shotcrete layer may fall off seriously; on the other hand, it will affect the
selection of construction materials and the durability of shotcrete [39,40]. Furthermore, the
additional temperature stress can also cause the shotcrete lining to crack, which will have a
great impact on the initial support of the roadway. For example, Zhu et al. [41] introduced
a thermal crack mechanism and considered that shotcrete was a heterogeneous mixed
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material, and the thermodynamic properties of shotcrete aggregate and cement paste were
not matched under the influence of temperature. As a result, radial and circumferential
cracking will occur inside the shotcrete. The internal cracking of aggregate and cement
paste will occur, resulting in the spalling of shotcrete surface, as shown in Figure 3.

 
Figure 3. Shotcrete layer falling off at high temperature.

In order to further study the mechanism of cracks in roadway concrete under high
temperature, we summarize the early cracking phenomenon of shotcrete. The lining
shotcrete under a high-temperature heat-damaged roadway can easily deteriorate in the
process of pouring and curing. One reason is that the high temperature makes the water in
the fresh concrete evaporate rapidly, forming large voids or cracks; another reason is that
when shotcrete adheres to high-temperature surrounding rock, it has high-temperature
stress. In addition, high temperature changes the hydration products and progress of
cement. These reasons are worthy of in-depth study. For example, Li et al. [42] studied
the influence of temperature, water/cement ratio, and fly ash content on the early crack
resistance of high-performance shotcrete, and results indicated that temperature was the
primary factor affecting the early crack-resistance performance. Huang et al. [43] studied
the performance of early-age concrete under fire and found that the residual compressive
strength of concrete showed a downward trend with temperature. It was also found that
the internal damage to concrete specimens was serious: the hydration products C-S-H gel
and Ca (OH)2 crystals were basically decomposed, leading to an imbalance of concrete
structure stability. Qin et al. [44] studied high-strength shotcrete at 80 ◦C. They found that
the early performance of shotcrete was significantly improved, and the frost resistance and
chloride ion penetration resistance of shotcrete were improved. Some scholars have carried
out X-ray diffraction (XRD) tests on shotcrete at different temperatures. The XRD spectra
of shotcrete at 30 ◦C and 60 ◦C is shown in Figure 4; results show that the content of CH
crystal at 60 ◦C is higher than at 30 ◦C. This shows that the hydration degree of shotcrete
cement is better at 60 ◦C, and more C-S-H gel is generated. Therefore, obtaining a certain
temperature is conducive to the early strength development of shotcrete.

Figure 4. XRD patterns of shotcrete at different temperatures: (a) 30 ◦C, (b) 60 ◦C [45].
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Hiremath et al. [46] studied the development of early strength of shotcrete under
the conditions of hot water bath and hot air curing; they found that the early strength of
shotcrete showed an upward trend with the increase of temperature and that hot water bath
curing was conducive to the development of early strength of shotcrete. Wonsuk et al. [47]
studied slag shotcrete and found that under high-temperature conditions, the output of
CO2 in cement decreased and the early strength of shotcrete was significantly improved.
The linear expansion value of slag shotcrete is very low and the pozzolanic activity is high,
which is conducive to the development of shotcrete strength at the later stage [48]. As
shown in Figure 5, D’Aloia et al. [49] carried out a numerical simulation on the cracking
performance of tunnel lining shotcrete. The results showed that early creep has a good
effect (Figure 5a). When the creep is ignored, the thermal damage occurs in a large range
of shotcrete lining structure (Figure 5b). By comparing the simulation results of thermal
shrinkage and autogenous shrinkage (Figure 5c), it can be concluded that thermal shrinkage
is the main cause of early transverse cracks. Therefore, in a high-temperature environment,
the shrinkage phenomenon occurs in the roadway wall concrete under the influence of
temperature, resulting in cracks in the shotcrete.

Figure 5. Damage field caused by different phenomena after 360 h (heat shrinkage and self-
contraction) [49]. (a) Creep is considered; (b) creep is ignored; and (c) only thermal shrinkage
is considered.

3. Mechanical Properties and Microstructure of Shotcrete under High Temperature

Shotcrete technology is the preferred technology for roadway support at present.
Under high temperature, however, the mechanical properties of shotcrete will be changed.
This section discusses the performance of shotcrete under different factors under high
temperature.

3.1. Variation Law of Compressive and Flexural Strength of Shotcrete

With the increasing number of high-temperature construction sites, some scholars
have studied the influence of formation temperature on shotcrete, firstly through the change
of compressive and flexural strength. As shown in Figure 6, Liu et al. [50] found that the
compressive strength and splitting tensile strength of shotcrete increased with the increase
of curing age through standard curing in a 40–100 ◦C dry and hot environment. Under
a dry and hot environment of 60–100 ◦C, it shows an increasing trend before curing for
7 d, and has an obvious downward trend after 7 d. After curing for 28 d, the compressive
strength under high temperature is lower than that under standard curing. At 7 d and 28 d,
the splitting tensile strength of concrete decreases with the increase of curing temperature.
Similarly, Zhu et al. [51] found that the initial setting time and final setting time of high-
strength shotcrete shortened with the increase of curing temperature, and analyzed the
compressive strength of high-strength shotcrete with the curing ages of 3 d and 28 d. The
results showed that the overall compressive strength presents an increasing trend, but
when the temperature is too high, the compressive strength of shotcrete has an obvious
shrinkage phenomenon.
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Figure 6. Mechanical properties of specimens under various working conditions: (a) compressive
strength test, (b) splitting tensile strength test [50].

The above research only expounds the deterioration law of shotcrete as a macro
phenomenon, but does not explain the causes of deterioration from the micro level.

In order to deeply study the influence of high temperature on the deterioration of
shotcrete, scholars analyzed the deterioration mechanism of shotcrete from the perspectives
of carbonation depth and early hydration products of cement.

In view of the critical size effect of concrete under high temperature, scholars have
proposed using acoustic emission technology to evaluate the internal structural defects and
damage of concrete [52–54]. Relevant conclusions show that there is a negative correlation
between temperature and acoustic emission signal. Before the compressive strength of
concrete has reached the critical point, the acoustic emission number and energy of concrete
showed an increasing trend, until the concrete members were completely destroyed [55].

Li et al. [56] studied the carbonation degree of shotcrete under high temperature, and
noted that the compressive strength of shotcrete decreased with the increase of temperature.
Results showed that the carbonation depth of shotcrete at a high temperature of 50 ◦C
was more than 4 times higher than that at a normal temperature, which easily reduced the
alkalinity and damaged the sealing structure of the shotcrete. Xie et al. [57] found serious
cracks on the surface of 100 ◦C high-temperature shotcrete, and preliminarily explained
the phenomenon of shrinkage of shotcrete compressive strength. The early hydration
products formed too fast, resulting in disordered accumulation of products, which made
the distribution uniformity of the shotcrete’s internal structure worse. The later high
temperature caused the hydration products to move strongly, and most of the hydration
products deposited near the larger aggregate. Figure 7a shows the X-ray diffraction (XRD)
patterns of shotcrete cured at 80 ◦C for 3 h, 4 h, 5 h, and standard curing. The AFt diffraction
peak decreases and the C-S-H and C3S diffraction peaks increase with the curing time at
high temperature. This showed that short-term high-temperature curing could strengthen
the compactness of shotcrete. Meanwhile, Wang et al. [58] also detected C-S-H phase at
0–60 ◦C, showing an increasing trend. In addition, many scholars have explained that the
increase of shotcrete compactness was due to the gradual loss of shotcrete crystal water
in the gradually increasing temperature gradient, and a large amount of ettringite (Aft)
would be transformed into monosulfide calcium sulphoaluminate (Afm) [53,59].
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Figure 7. XRD spectra of different curing systems: (a) different curing time (b) Different curing
temperatures [57,58].

Calvo et al. [60] carried out microscopic analysis of shotcrete at 90 ◦C temperature,
and found that the rate of C/S in C-S-H gel increased slightly after thermal curing, while
the ratio of (A + F)/C and Sulphates/C decreased, indicating that the properties of C-S-H
gel changed under high temperature (mainly sulfate content), as shown in Table 1.

Table 1. Chemical composition of C-S-H gel formed in concrete under different conditions [60].

Curing Concrete Type
C–S–H gels Composition

C/S A + F/C Sulphates/C

Standard
H 1.68 ± 0.06 0.145 ± 0.033 0.104 ± 0.048
F 1.84 ± 0.29 0.159 ± 0.057 0.061 ± 0.021

Heat curing H 1.84 ± 0.12 0.124 ± 0.026 0.074 ± 0.011
F 2.04 ± 0.35 0.093 ± 0.004 0.057 ± 0.015

H: Cement content 100%; F: 20% limestone instead of 20% cement.

A group of scholars have studied the performance of shotcrete under ultra-high
temperatures (the temperatures were higher than 150 ◦C), and found that the compres-
sive strength and flexural strength of shotcrete continue to decline with the increase of
temperature, and that the damage to shotcrete’s internal structure caused by ultra-high
temperatures is very serious [61–63]. Under ultra-high temperatures, calcium hydroxide
and wollastonite in shotcrete decompose to generate a large amount of calcium oxide,
which leads to the instability of the shotcrete’s internal structure. Wang et al. [64] studied
the influence of temperature and humidity on shotcrete, and found that low-temperature
and high-humidity curing conditions were conducive to the development of shotcrete
strength at later stages.

The above research lacks studies on the micro void structure of shotcrete. As we all
know, the change of micro void structure affects the mechanical properties of shotcrete.
With the development of new detection technology, scholars use SEM, CT, and the mercury
intrusion method (MIP) to measure the change of voids in shotcrete, so as to further explain
the influence mechanism of high temperature on concrete deterioration.

Furthermore, scholars have studied the microstructure of shotcrete under high temper-
ature. Figure 8 show SEM images of ceramsite shotcrete at different temperatures. At 20 ◦C,
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the shotcrete presents a particle aggregation state, and the structure is stable. At 40 ◦C, the
shotcrete structure is gradually destroyed, and the particles are granular in structure. At a
temperature of 60 ◦C, the concrete particles are small, there are a lot of micro pores, the
structure is loose, and the degree of hydration is low, which leads to a decrease in shotcrete
strength. The reason is that ceramsite is a microporous medium, and with the increase of
temperature, it accelerates the water evaporation of shotcrete, so the hydration structure of
the shotcrete is relatively dispersed.

 
Figure 8. SEM photos of ceramsite concrete curing at different temperatures [65].

Chen and Wei et al. [66,67] found that there was a correlation between the fractal
dimension of pore volume and the strength by establishing the fractal model; that is, the
more pores there are and the larger they are, the lower the strength of the shotcrete. Some
studies have also shown that the permeability of shotcrete could be improved by increasing
the integral dimensions of the pores [68]. İlhami et al. [69] studied the performance of
shotcrete under high temperature, and concluded that there was an obvious correlation
between ultrasonic pulse velocity and compressive strength, that is, the use of ultrasonic
pulse velocity method was a feasible method to estimate the high-temperature compressive
strength of shotcrete cover. Yang et al. [70] explained that in a hot and humid environment,
the expansion stress in AFt caused by too high of a temperature led to structural damage
and weakening of the mechanical properties of shotcrete. Shen et al. [71] used the mercury
intrusion method (MIP) to study the change of shotcrete porosity at different temperatures,
and concluded that the porosity of shotcrete had a strong correlation with the compressive
strength; that is, the higher the porosity of shotcrete, the lower the compressive strength.
This was expressed by Schiller [72]:

σ = Dln
(σ0

P

)
(3)

where σ is the compressive strength of concrete, P is the porosity, σ0 is the ideal compressive
strength when the porosity is 0, and D is the empirical constant.

At present, in terms of the mechanical properties of shotcrete, scholars have studied
the impact of low to ultra-high temperatures on concrete. The span of temperature basically
covers the range of environmental changes on site. Scholars have not only studied the
macro cracks, but also deeply analyzed the deterioration mechanism of shotcrete from
the perspective of the micro void structure. However, the correlation between the macro
phenomenon and the microstructure of shotcrete in a high-temperature environment is
little understood. It is necessary to further strengthen the relationship between the two,
especially the macro and micro relationship model, so as to better provide a theoretical
basis for research on shotcrete in high-temperature environments.

3.2. Bond Strength between Shotcrete and Coal (Rock) Interface

The bond between shotcrete and coal (rock) interface has been a key problem in
roadway support. It was necessary to further study the mechanical properties of the
interface under high temperature [73,74]. As shown in Figure 9, Ma et al. [75] studied the
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relationship between surrounding rock and shotcrete cohesion based on a high-ground-
temperature simulation experiment. By setting the temperature range at 50–90 ◦C, the
bond strength decreases with the increase of rock wall temperature. At the same time,
when the temperature exceeds the critical value, the bond performance of shotcrete will
shrink. In addition, CT scanning was performed on the surface of shotcrete at 50 ◦C and
90 ◦C. It was observed that the surface deterioration of shotcrete at 90 ◦C was more serious
than that at 50 ◦C, with a large number of pores, as shown in Figure 10.

 
Figure 9. Data of bond strength between surrounding rock and shotcrete under different working
conditions [75].

Figure 10. CT scan image of bonding surface [75].

Yang et al. [16] studied the bond strength of shotcrete under 70 ◦C working conditions
in a hot and humid environment, and concluded that a dry and hot environment had the
greatest impact on the performance of shotcrete, and would accelerate the retrogradation
of shotcrete [19,76]. Su et al. [77–79] carried out finite element analysis on the temperature
field of shotcrete rock slab, and found that temperature determined the damage degree of
bond strength between shotcrete and rock slab. The heat and the moisture in shotcrete were
mainly lost and evaporated through the side wall of the specimen. As shown in Figure 11,
the internal pores of shotcrete under various temperature conditions was analyzed. It was
determined that the pore area is proportional to the development of the temperature. For
one thing, the high temperature led to a rapid evaporation of water in the shotcrete, and
pores formed during the hydration process of the cement; for another, the impact force
generated in the process of shotcrete spraying caused the shotcrete to be mixed with air,
thus producing bubbles, resulting in an increase in the number of pores in shotcrete under
high temperature.
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Figure 11. Comparison of total pore and surrounding pore of aggregate at each temperature [79].

Fan et al. [80] studied the bond strength of shotcrete under high temperature by the.
splitting method and drawing method, as shown in Figure 12. Because the splitting failure
was accompanied by shear phenomenon, the bond strength of shotcrete measured by
splitting method was better than that by drawing method under high temperature. It was
also found that the cracks on the cemented surface of concrete due to autogenous shrinkage
at a high temperature of 60 ◦C and thermal decomposition still occurred in the transition
zone between shotcrete and rock. Duan et al. [81] pointed out in the paper that relevant
scholars believe that 75 ◦C is the critical temperature for thermal damage of shotcrete, and
beyond this temperature, shotcrete will lose its adhesion.

 
Figure 12. Schematic diagram of bond strength test: (a) splitting method and (b) core drilling and
drawing method.

Tang et al. [82] carried out three-dimensional CT scanning on shotcrete to observe the
agglomeration phenomenon of shotcrete under different temperatures. It was found that
the pore and micro crack zone of shotcrete block at 90 ◦C was much higher than that at 50 ◦C.
Results showed that the high temperature accelerated the hydration reaction of cement
and the disorderly overlapping between molecules, which led to the intensification of
autogenous shrinkage of shotcrete and the poor adhesion of hydration products generated,
as shown in Figure 13. In addition, the local stress in the shotcrete would produce new
cracks again, which would weaken the bond performance of the internal structure of
shotcrete.

Scholars have studied the effect of void structure on bond performance of shotcrete by
using CT technology, which is of certain significance for analyzing the mechanical failure of
shotcrete. However, there are relatively few studies on the interface between shotcrete and
rock (coal) based on macro and micro analysis, and in particular, the effect of parameters of
different sprayed surfaces (such as roughness, density, and chemical composition) on the
bonding performance of shotcrete needs to be further studied.
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Figure 13. Porosity distribution in shotcrete based on CT image [82].

3.3. Other Mechanical Properties of Shotcrete

There are many failure forms of shotcrete and roadway walls in roadways [83,84]. The
shear failure model of shotcrete and rock wall under a standard and high-temperature
environment is shown in Figure 14. The internal structure of shotcrete was seriously
damaged under high temperature, and the damaged particles presented an irregular state.
However, the structure of shotcrete was stable after shear failure in a standard environment.
Some scholars have studied the performance of shotcrete under shear failure and other
forms. For example, Tang et al. [85] studied the influencing factors of shear strength at the
cementation surface between shotcrete and granite under conditions of high and variable
temperatures. It was concluded that normal stress has the greatest influence on the shear
strength, followed by temperature and humidity, and the surface roughness of granite had
the least influence. Moreover, the shear strength increased first, and then decreased with
the curing temperature.

 

Figure 14. Shear failure model: (a) standard environment and (b) high temperature environment.

Tong et al. [86] studied the influence of different normal stresses on the interfacial shear
strength of shotcrete under high-temperature conditions, and found that the shear strength
first increased and then decreased with the increase of temperature, and increased with
the increase of normal stress. Furthermore, the maximum shear strengths corresponding
to temperature was 60 ◦C and 80 ◦C when the relative humidity (RH) were 55% and 95%.
Consequently, the results showed that the higher the relative humidity was, the higher the
peak shear strength and the peak cohesion were, as shown in Figure 15. Mohamed et al. [87]
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studied the limit stress of saturated shotcrete and dry shotcrete under high temperature.
It was found that the thermal effect of shotcrete in a saturated state failed due to the gap
pressure generated by free water evaporation during the heating stage, which destroyed
the shotcrete matrix and led to serious brittle failure of shotcrete.

(a) (b) 

Figure 15. Variation trend of peak shear stress of C30 concrete with temperature: (a) 55% RH and
(b) 95% RH [86].

Pan et al. [88] studied the residual strength of shotcrete under natural cooling and
immersion cooling in an ultra-high temperature environment, as shown in Figure 16. The
residual strength of shotcrete was higher when the temperature was lower. However, when
the temperature continued to rise, the variation law of residual strength was basically the
same under the two curing methods. This shows that the cement hydrate decomposes in
the shotcrete under ultra-high temperature, and the bond between aggregate and cement
stone becomes worse; the temperature inside and outside of the shotcrete was uneven due
to water cooling under high temperature, which led to a shrinkage of the internal structure
of the shotcrete. It was further explained that the performance change of shotcrete had
nothing to do with the curing method when the temperature exceeded 800 ◦C.

Figure 16. Residual strength of concrete under different cooling modes in a high-temperature
environment [88].

There are many studies on the mechanical properties of shotcrete under high tem-
perature, and a large number of research results have been obtained to explain the macro
phenomenon from the micro point of view. However, most studies only focus on the single
mechanical properties of shotcrete. The overall studies on comprehensive properties are
relatively few, and the correlation between various mechanical properties needs to be
further discussed. It is suggested that when studying various mechanical properties of
shotcrete at high temperature, detailed micro research can be conducted separately to focus
on the macro changes of various mechanical properties. This may be a relatively clear
research method, rather than performing a microstructure study every time a mechanical
property is studied.
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4. Methods to Improve the Performance of Shotcrete under High Temperature

4.1. Cooling Technology and Method

At present, refrigeration technology at home and abroad mainly includes air condition-
ing technology, air cooling technology, ice cooling technology, and thermoelectric glycol
technology [89–91], as shown in Figure 17. However, the cost of traditional technology is
high, which is undesirable for a construction environment; therefore, it is necessary to solve
the problem of high temperature heat damage from the perspective of new technology and
new methods. For example, Jin et al. [92] studied the impermeability of concrete under
high temperature with a spray-cooling method. It was found that spray-cooling could
improve the ambient temperature, but the damage to the surface of the shotcrete resulted
in weakening of the mechanical properties of the shotcrete. Luo et al. [93] introduced a
solution using dehumidification and cooling technology, in which NaCl solution and CaCl2
solution are selected, and the air is cooled by the differential pressure between solution
and air. Some scholars have also studied liquid CO2 cooling refrigeration technology for
ventilation, and found that the air flow temperature in the air duct gradually decreased [94],
and the cooling effect was very good. Reducing the high temperature in a construction envi-
ronment and increasing the air humidity in the construction site can be done by physical or
chemical means. A humid environment is conducive to the recovery of high-temperature-
damaged concrete strength [95]. In addition, because of the huge geothermal productivity
in a high-temperature environment, geothermal refrigeration technology could also be
used to improve the construction environment. Table 2 summarizes some refrigeration
technologies and compares their advantages and disadvantages.

Figure 17. Refrigeration technology in high temperature construction environments.

4.2. Experimental Study on Performance Optimization of Shotcrete

From the safety point of view, in construction in a deep environment, we should not
only ensure the stability of the roadway structure, but also improve the site construction
environment. Therefore, some scholars have carried out optimization research on shotcrete.
He et al. [96] studied thermal insulation shotcrete, and found that the heat insulation
mechanism was to increase the temperature difference between the rock wall and con-
struction roadway by using lightweight aggregate with osteoporosis and high porosity
as the raw material. Moreover, the test showed that the shotcrete had a certain cooling
effect on the construction roadway. Mohd and Zhou et al. [97,98] found that shotcrete still
had strong mechanical properties under ultra-high temperature by adding fly ash and
metakaolin into shotcrete. Yang et al. [99] found that 67% of the residual strength could be
maintained at 1000 ◦C when steel fiber was added into high-performance shotcrete, which
could effectively inhibit the high-temperature cracking of shotcrete.
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Table 2. Comparison of advantages and disadvantages of refrigeration technology.

Refrigeration Technology Advantage Disadvantage

Air conditioning refrigeration
technology

Air cooling technology

Using air as a refrigeration
medium, the system produced

no pollution in the
environment, and the system

structure was simple

Large refrigeration equipment,
inconvenient to move and
install, poor refrigeration

capacity, and high
refrigeration cost

Water refrigeration
technology

The refrigeration range was
wide, and the cooling effect

was obvious

In the process of cooling, there
will be a temperature jump

Geothermal refrigeration
technology

Making full use of waste heat
energy, environmental

protection and energy saving,
low operating cost

The refrigeration range was
limited, so it was necessary to

establish multiple
refrigeration systems

Ice refrigeration technology
High cold storage capacity

and high heat exchange
efficiency

The conveying process was
easily blocked, and the
melting speed was low

Non-mechanical cooling
technology

Spray-cooling technology
It had the advantages of fast
cooling rate, low cost, and
good dust removal effect

It was suitable for a tunneling
working face with small

working range, few operators,
small cooling capacity, and

serious heat damage

Liquid CO2 refrigeration
technology

The conveying distance was
more than 1000 m, the cooling

effect was good, and the
cooling system was flexible

When the air volume of the
working face is large, the

cooling effect will be affected

Solution dehumidification
and cooling

It had high dehumidification
efficiency, controllable

dehumidification capacity,
and low operation cost. It

could remove dust, bacteria,
and other harmful substances

in the air

The initial investment cost of
the solution dehumidification

unit was high

However, some researchers also found that the mechanical properties of thermal
insulation shotcrete mixed with vitrified microbubbles had decreased, which was explained
by the formation of a large number of porous structures when vitrified beads were added
into shotcrete (Figure 18). In addition, there were also scholars who added inorganic
materials such as expanded perlite and silica fume into shotcrete to study its thermal
insulation performance; the inorganic materials are shown in Figure 19. For example,
Liu et al. [100] studied thermal insulation shotcrete by replacing sand with expanded
perlite, and found that dry-spraying technology had a better thermal insulation effect.
Pang et al. [101] developed a new type of shotcrete thermal insulation material by adding
ceramsite, vitrified microsphere, and fly ash into shotcrete. According to the test, the
thermal conductivity was between 0.1837 and 0.2533 w/(m·K), which had certain heat
insulation performance and could improve the high-temperature environment. Some
scholars have put forward the idea of spraying polystyrene foam for shotcrete maintenance,
reducing the temperature difference between the inside and outside of shotcrete, so as to
prevent shotcrete cracks [102]. Lei et al. [103] studied the performance change of shotcrete
under cement temperatures. The mechanical properties of shotcrete could be improved, and
the early setting time could be shortened, by heating the cement at a certain temperature
before the shotcrete was prepared. Jiang et al. [104] added plant fiber into shotcrete and
found that the thermal conductivity of shotcrete decreased by 20.61% compared with that
of ordinary shotcrete, and the fiber inhibited the generation of microcracks to a certain
extent [105].
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Figure 18. Cross section of thermal insulation concrete material [106].

 

Figure 19. Inorganic materials for performance optimization of shotcrete.

Cui et al. [107,108] studied the performance changes of shotcrete mixed with hook-end
steel fiber (SF-HE), wave-shaped steel fiber (SF-W), and basalt fiber (BF) at 100 ◦C, and
found that the total porosity and harmful porosity of shotcrete decreased significantly after
adding fiber, and the optimization effect of steel fiber on pore structure was better than
that of basalt fiber. However, the porosity of shotcrete increased after the steel fiber and
silica fume were mixed, which indicated that the pozzolanic activity of silica fume fails
under high temperature, as shown in Figure 20. Chu et al. [109] found that the toughness
of foam-fiber-reinforced shotcrete decreased, and the thermal conductivity decreased. This
was because foam filled in the void of shotcrete and directly cut off the heat transfer path.
Patrick et al. [110] studied the structural performance of shotcrete and concluded that the
shotcrete containing alkaline accelerator had low thermal diffusivity and better thermal
insulation performance. Some scholars found that the degree of C-S-H gel polymerization
and chain length increased at the cemented surface when the shotcrete was mixed with silica
fume. A large number of CH crystals generated C-S-H gel, which filled in the interface
pores, which enhanced the interfacial strength [111,112]. This could be expressed as
Ca(OH)2+SiO2+H2O→C-S-H. Benarchid et al. [113] analyzed the vulcanization properties
of waste rock and concluded that it had good safety. Francesco et al. [114] proposed that
the performance of shotcrete could be optimized by changing the density of the material to
reduce the pore pressure and the gravitational potential energy of shotcrete.

 

Figure 20. Porosity of different pores under different conditions [108]. BP: non-fiber material; SF-HE:
1% hook-end steel fiber; SF-W: 1% corrugated steel fiber; BF: 0.1% basalt fiber; SF-HE+Si: 1% steel
fiber and 5% silica fume.
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5. Challenges

At present, despite the plentiful results obtained in the field of high-temperature
shotcrete research, most of the research is still in the field of tunnel engineering, and
there are few studies in other underground engineering fields (such as mine engineering).
Moreover, the environments of mine engineering and tunnel engineering are not the
same. The mining depth of mine engineering is far greater than that of tunnel engineering.
The mining environment is more severe, and the high-temperature environment is more
complicated. Therefore, the research on sprayed concrete in the field of underground
engineering still faces great challenges, as shown in Table 3.

Table 3. Challenges of shotcrete performance under high temperature.

Challenges Current Technologies Future Challenges

High temperature detection technology
research

Thermocouple temperature
measurement, infrared temperature

measurement, and other technologies.
However, the temperature can change in
the hot and humid environment of the

roadway, and a complete test system has
not been formed.

Develop a new temperature
measurement method, establish a
temperature measurement system,

predict and forecast the high temperature
area of the roadway, ensure that the

construction environment is in a balanced
state, and reinforce the area where the

roadway sprayed concrete may be
damaged in advance.

Experimental device for performance of
shotcrete

Shotcrete is made by pouring or spraying.
Then, constant temperature and a

humidity curing box or high-temperature
drying box are used to simulate

high-temperature environment curing.
There will be a gap in the simulation of

the high-temperature environment,
which will affect the experimental results.

Research and development of shotcreting
equipment and performance testing

system in high temperature. Accurately
simulate high-temperature environment
to improve the authenticity of research

results. Provide reliable results for
improving the development of

infrastructure under high temperature.

Shotcrete spray layer structure

The existing research is based on the
study of the adhesion of shotcrete under
the action of temperature, but it has not

involved research on the shotcrete
spraying layer in the process of roadway
reinforcement under high temperature.

Study the performance change trend of
high-temperature roadway shotcrete with
the thickness of shotcrete layer. Get the

optimal spray layer thickness under high
temperature. Study the adhesion

between spray layers. Research and
develop high-efficiency, environmentally

friendly, and low-cost adhesives

Performance of shotcrete in special
environments

Existing research is based on the
permeability of shotcrete, and there is
basically no relevant literature on the
high-temperature conditions of the

construction roadway in a
high-water-spray environment.

Study the mechanical properties of
shotcrete in high-temperature acid and
alkaline environments. Investigate the

non-linear relationship between the
compatibility of the sprayed concrete and

the cemented surface of the
high-water-spray area and the interface’s

mechanical properties.

Microscopic properties of shotcrete

The existing research has explained the
deterioration performance of shotcrete at

high temperature from the micro level,
but it is still not perfect. There is no

detailed study on the crack development
process and deterioration mechanism of

concrete in a high temperature
environment.

Study the microscopic changes of
shotcrete under high temperature.

Establish a damage model of shotcrete
under high temperature. Study the

impact properties of shotcrete layers
under high temperature. Establish a

damage prediction model for shotcrete
layer structure under high temperature,
using acoustic emission technology to

predict the development trend of
shotcrete deterioration in advance.
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Table 3. Cont.

Challenges Current Technologies Future Challenges

Optimization of shotcrete

Existing research is mainly based on
studies of thermal insulation sprayed

concrete, which is mainly improved from
the material ratio by adding inorganic

materials. Although it has a certain
thermal insulation effect, its thermal

insulation performance is insignificant
for the ultra-high temperature

construction environment.

Study the modification of shotcrete.
Choose low-quality,

low-thermal-conductivity materials to
reduce the potential energy of concrete.

Preliminary research on the high
temperature resistance between silica

aerogel and shotcrete.

6. Conclusions

In recent years, a large number of scholars have carried out various studies on the
mechanical properties and micro characteristics of shotcrete at high temperature. This
paper systematically discusses the evolution mode and process of concrete performance
under high temperature:

(1) This paper first reviewed the causes of the formation of high temperature environ-
ments, and pointed out that formation temperature was a kind of heat conduction
mode. The leading role of rock thermal conductivity on temperature transmission
was determined by introducing the multi-dimensional morphological formula in the
process of heat conduction.

(2) The mechanical properties and micromechanical properties of shotcrete under high
temperature were reviewed. Results concluded that the mechanical properties (in-
cluding compressive strength, tensile strength, bond strength, shear strength) of
shotcrete were affected by the critical temperature: before the critical temperature,
the mechanical properties of shotcrete showed an increasing trend with the increase
of temperature; after the critical temperature, the mechanical properties of shotcrete
appeared to show the phenomenon of shrinkage. Through microscopic analysis, mul-
tiple studies have shown that when the temperature exceeds the critical temperature,
the internal molecules of the shotcrete move violently and the molecules overlap in a
disorderly way, the hydration reaction of shotcrete cement is terminated prematurely,
and the brittle de-formation is enhanced, which leads to the weakening of shotcrete
strength.

(3) The cooling technology and performance optimization of shotcrete at high temper-
ature are summarized. It is concluded that taking cooling measures for a high-
temperature construction environment will increase the recoverability of concrete
after deterioration and reduce the deterioration degree of shotcrete. In terms of op-
timizing the performance of shotcrete, adding inorganic materials, such as vitrified
microbeads, foam fibers, expanded perlite, and silica fume, will improve the heat
insulation and heat resistance of shotcrete.

(4) The research status of shotcrete technology under high temperature was analyzed
from the aspects of equipment, materials, and technology. It was found that the cur-
rent temperature measurement system, high-temperature simulation equipment, and
material ratio had limitations. At the same time, the challenges that high-temperature
shotcrete faces in terms of the process structure, performance optimization, and its
application in special engineering fields were summarized.
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Abstract: We often use the plastics daily, containing of polyethylene plastic polymers which recently
can be utilized as additional material for road pavements. Several studies have attempted to find the
optimum proportion of an asphalt mixture using modified Asbuton which is local bitumen abun-
dantly deposited in Buton Island Indonesia, added with plastic waste. The optimum proportion of
the asphalt mixture is influenced by many factors, such as the interactions of the material component
in the asphalt mixture. To obtain the optimum proportion based a single factor, many studies employ
statistical methods. This study aims to determine the optimum proportion for the asphalt mixture
of the modified Asbuton with PET plastic waste by using a Response Surface Methodology (RSM).
The employed RSM is the Expert Version 12 design (Stat-Ease, Inc., Minneapolis, MN, USA, 2020), in
which the statistical modeling based on Box Behnken Design (BBD) and three factorial levels. The
results obtained in this study show that the RSM optimization could achieve the asphalt mixtures
characteristics including the stability, Marshall Quotient (MQ), Void in MIX (VIM), Void Mineral
Aggregate (VMA) and density, in the level of satisfying the specification requirements of Ministry of
Public Works of Indonesia. The optimum stability is at 2002.72 kg, fulfilled the minimum density
of 800 kg. For the MQ, the optimal point of MQ is 500.68 kg/mm, satisfied the minimum the MQ
standard minimum of 250 kg/mm. In addition, the optimal VIM is at 3.40%, satisfying the VIM
specifications in the range of 3–5%. The optimal VMA response is at 21.65%, which is also satisfied
the VMA specification, 15%.

Keywords: response surface methodology (RSM); PET plastic waste; modified asbuton

1. Introduction

Pavement surface layer must have the ability to be a wearing layer and have good
performance during its service life. The increase of traffic congestion has caused damage in
pavement surface layer so that it cannot reach the expected service life. The repetition of traffic
loads resulting from traffic density causes the accumulation of permanent deformation in the
asphalt concrete mixture and decreases its service life [1,2]. One way to solve the problem is
by using additives in the asphalt mixture. One of the additives is plastic waste, which contains
polymer and found as plastomeric in the nature [3,4]. Several studies have suggested that
PET plastic waste as an added material can improve the asphalt mixture performances [5–9].

In Indonesia, particularly in the island of Buton, the province of Southeast Sulawesi,
natural deposit of asphalt or rock asphalt, namely Asbuton (Natural Asphalt Buton) can
be found with abundant quantity. Asbuton is a naturally categorized as hydrocarbon
material [10–13]. Asbuton bitumen content varies from 10% to 40%, and the rest is a
mineral. The Asbuton deposit is quite large, around 600 million tons [14]. Moreover, the
Asbuton deposit is estimated to be equivalent to 24 million petroleum asphalt [15–17].
It has been established in some previous studies that the combination of PET plastic
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waste and Asbuton can increase the asphalt mixture’s stiffness, particularly the Marshall
characteristics. They can improve several essential aspects of the asphalt mixture [18–20].

However, the optimum proportion of Asbuton and PET plastic waste for the asphalt
mixture remains unclear. In general, experimental method was undertaken to evaluate a
factor’s effect in one experiment, associated with several variations and several experiments.
In research terms, this is called a single factor experiment. The experimental method’s
weakness is that the conclusions obtained are only related to the experimental factors
and are limited to 1 to 2 variables. Meanwhile, in reality, the quality of a product under
study is influenced not only by one factor but also by several factors such as the level of
modified Asbuton and the level of plastic waste. The proportions of these ingredients
have interactions with one another, which significantly affect the quality of the Asphalt
concrete-wearing course (AC-WC) mixture produced [21,22].

The method of quantifying the optimum proportion of PET plastic waste and the
modified Asbuton in the asphalt mixture of AC-WC is still insufficient. Therefore, this study
aims to investigate that optimum proportion of the modified Asbuton and PET plastic waste
by using statistical techniques of Response Surface Methodology (RSM). This statistical
method can take the contribution of two or more factors in an experiment into account and
estimate the interactions and relationships between the experimental factors [23–26].

2. Materials and Methods

2.1. Physical Properties of Aggregate

Tables 1–3 show the result of laboratory tests, i.e., the characteristics of fine aggregate
(stone ash), coarse aggregate characteristics and characteristics of the filler. The coarse aggre-
gate, stone ash and filler are required to fulfil the road material’s specification according to the
2018 Bina Marga (Indonesian Ministry of Public Works) General Specifications requirement.

Table 1. Physical properties of stone ash.

No. Properties Results
Specification

Unit
Min Max

1 Water Absorption 2.79 3.0 %

2

Bulk Specific Gravity 2.45 2.5

SSD Specific Gravity 2.52 2.5

Apparent Specific Gravity 2.63 2.5

3 Sand Equivalent 89.66 50 %

Table 2. Physical properties of coarse aggregate.

No. Properties Results.
Specifications

Unit
Min Max

1

Water absorption

Coarse aggregate 5–10 mm 2.07 3.0 %

Coarse aggregate 1–2 cm 2.08 3.0 %

2

Density

Coarse aggregate 0.5–1 cm

Bulk Specific Gravity 2.62 2.5

SSD Specific Gravity 2.67 2.5

Apparent Specific Gravity 2.77 2.5

Coarse aggregate 1–2 cm

Bulk Specific Gravity 2.62 2.5

SSD Specific Gravity 2.68 2.5

Specific Gravity 2.77 2.5
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Table 2. Cont.

No. Properties Results.
Specifications

Unit
Min Max

3

Artificial Flake Index

Coarse aggregate 0.5–1 cm 20.10 25 %

Coarse aggregate 1–2 cm 9.38 25 %

4

Abrasion

Coarse aggregate 0.5–1 cm 25.72 40 %

Coarse aggregate 1–2 cm 24.36 40 %

Table 3. Physical properties of filler.

No. Properties Results
Specification

Unit
Min Max

1 Water Absorption 2.28 3.0 %

2

Bulk Specific Gravity 2.60 2.5

SSD Specific Gravity 2.65 2.5

Apparent Specific Gravity 2.76 2.5

3 Sand Equivalent 69.57 50 %

2.2. Characteristics of Asbuton Modification

Table 4 shows the testing results of the modified Asbuton, which is the asphalt
extracted from Buton’s bitumen asphalt granular and added with petroleum bitumen. The
results describe the modified Asbuton’s characteristics. It can be seen that the modified
Asbuton used in this study qualified the specifications required by the 2018 General
Specifications of Bina Marga.

Table 4. Physical Properties of Asbuton Modification.

No. Test Results
Specification

Min Max

1 Penetration before weight loss (mm) 78.6 60 79

2 Flabby point (◦C) 52 48 58

3 Ductility at 25 ◦C, 5 cm/min (cm) 114 100

4 Flash point (◦C) 280 200

5 Specific gravity 1.12 1

6 Weight loss (%) 0.3 0.8

7 Penetration after weight loss (mm) 86 54

2.3. Characteristics of PET Plastic Waste

The plastic bottle used is a type of PET (Polyethylene Terephthalate), one of the
polyethylene types, namely polymer consisting of long chains of monomers ethylene
(IUPAC: ethene). The structure of molecularethene C2H4 is–CH2–CH2–n. Two CH2 united
by double bonds, Polyethylene is formed through a process polymerization of ethene.
Figure 1 shows a thin surface polyethylene.
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Figure 1. Thin surface Polyethylene.

PET type plastic is a brown type plastic made from petroleum. Its mechanical prop-
erties are strong, slightly translucent, high flexibility and the surface is somewhat greasy.
At a temperature of 60 ◦C, PET is very resistant to chemical compounds, with a specific
gravity of 0.91–0.94 gr/cm3. PET is also a type of low-density polyethylene produced
by free radical polymerization at high temperature (200 ◦C) and high pressure, it can be
melted at temperature of 260 ◦C.

2.4. Marshall Stability

The testing method for the asphalt mixture is Marshall equipment test refers to SNI
06-2489-1991. The quotient of stability and flow magnitude is an indicator of potential
flexibility of the asphalt mixture to cracking, and the quotient is called as Marshall Quotient.

2.5. Response Surface Methodology (RSM)

Experimental asphalt mixture design utilized in this study is Box-Behnken Design
(BBD) in which RSM is used to optimize the mixture design. The BBD is designed to form
a combination of two techniques with incomplete block design by adding the center points
or center runs to the plan. The center run (NC) is an experiment with the center point at (0,
0, . . . , 0), and there are at least three center runs for various sums of the factor k. If there
are three factors, then the BBD design amounts to 12 plus a center run as in the equation
matrix two and can be described in Figure 2.

D =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−1 −1 0
−1 1 0
1 −1 0
1 1 0
−1 0 −1
−1 0 1
1 0 −1
1 0 1
0 −1 −1
0 −1 1
0 1 −1
0 1 1
0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(1)
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Figure 2. Box-Behnken Design.

The experimental mixture design was carried out using Response Surface Methodol-
ogy (RSM) based on the Box-Behnken Design (BBD). The quadratic model and each variable
vary on three levels. Design Expert Version 12 (Stat-Ease, Inc., Minneapolis, MN, USA) was
used for regression analysis of experimental data and to plot response surfaces. The second
stage uses the second-order quadratic polynomial equation to evaluate each independent
variable’s main effect and interaction on the response as given by Equation (2).

Y = β0 +
n

∑
i=1

βiXi +
n

∑
i<j

βijXiXj +
n

∑
j=1

β jjX2
j (2)

In Equation (2), Y represents the experimental response, i and j are linear and quadratic
coefficients, respectively, β is the regression coefficient, n is the number of variables studied
in the experiment, and Xi is a factor (independent variable). In this experiment, the indepen-
dent variables (factor X) studied were X1: the PET ratio to Asbuton, X2: mixing temperature
and X3: mixing time, respectively. The response (Y) is characteristic of Marshall.

3. Results and Discussion

3.1. AC-WC Combined Aggregate Gradation

Figure 3 shows that the combined aggregate design or combined aggregate gradation
made is within the standard specification according to the 2018 General Specifications of
Bina Marga and has met the requirements for surface coating, so that the mixture design
can be categorized as optimal mixture design.

 
Figure 3. Combined aggregate gradation.
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3.2. Mixture Design Results Based on RSM (Response Surface Methodology)

Table 5 shows the mixture design of asphalt mixture using Box Behnken Design (BBD)
in the laboratory. In the fulfillment of the assumptions of Equation (2), we involved the five
response variables in continuing at the modeling stage for optimization using the method
Response Surface Methodology (RSM). This method is used to obtain the AC-WC asphalt
mixture’s optimization results using PET plastic waste and modified Asbuton based on
Marshall characteristics (stability, MQ, VIM, VMA and density).

Table 5. Mixture design of asphalt mixture using BBD.

No
A: Asphalt

Content (%)
B: PET

Content (%)
C: Mixing Time

(Minutes)
R1: Stability

(kN)
R2: Flow

(mm)
R3: MQ

(kN/mm)
R4:

VIM (%)
R5: VMA

(%)
R6: VFB

(%)
R7:

Density

1 5.50 2.00 25.00 18.58 4.00 4.64 2.97 20.73 90.27 2296.00

2 5.50 4.00 25.00 15.35 4.00 3.84 1.77 20.68 90.70 2276.00

3 6.00 2.00 25.00 17.56 4.00 4.39 3.24 22.87 88.64 2278.00

4 6.00 4.00 25.00 17.83 4.00 4.46 5.00 20.37 90.93 2248.00

5 5.50 3.00 20.00 16.58 4.00 4.14 2.92 20.92 92.09 2203.00

6 5.50 3.00 30.00 16.97 4.00 4.24 2.78 20.86 90.72 2355.00

7 6.00 3.00 20.00 18.27 4.00 4.57 3.70 20.70 89.79 2196.00

8 6.00 3.00 30.00 18.82 4.00 4.70 5.25 20.48 84.27 2398.00

9 5.75 2.00 20.00 18.90 4.00 4.72 3.21 21.87 89.43 2234.00

10 5.75 2.00 30.00 19.76 4.00 4.94 2.98 21.78 89.23 2397.00

11 5.75 4.00 20.00 17.26 4.00 4.31 2.36 21.83 91.47 2264.00

12 5.75 4.00 30.00 17.53 4.00 4.38 2.57 20.98 87.49 2378.00

13 5.75 3.00 25.00 18.45 4.00 4.61 3.37 21.93 87.98 2263.00

14 5.75 3.00 25.00 19.75 4.00 4.94 3.95 22.35 85.78 2231.00

15 5.75 3.0 25.00 19.25 4.00 4.81 3.87 21.15 90.85 2316.00

The step of determining the optimum points simultaneously with RSM is through in 2
ways: manual experimentation on 15 combinations of the three parameters and by calculation
using the RSM program. The first step is to determine which parameters are representing as X1,
X2 and X3. Usually, in RSM, time and temperature are chosen as X1 and X2. Simultaneously,
other parameters are expressed as X3 because, in this system, X1 also described as is the ratio
of PET to Asbuton, the mixing temperature is X2 and X3 is the mixing time. Based on the RSM
results, Figures 4–8 present the equations for predicting Marshall characteristics.

a. Surface Stability Response Plots

 
(a) Effect of asphalt content (A) and PET content (B). 

Figure 4. Cont.
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(b) Effect of asphalt content (A) and mixing time (C). 

 
(c) Effect of PET content (B) and mixing time (C). 

Figure 4. Contour and 3D surface response plots for stability.

b. Marshall Quetiont (MQ) Surface Response Plot

 
(a) Effect of asphalt content (A) and PET content (B). 

Figure 5. Cont.
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(b) Effect of asphalt content (A) and mixing time (C). 

 
(c) Effect of PET content (B) and mixing time (C). 

Figure 5. Contour and 3D surface response plots for MQ.

c. VIM Surface Response Plots

 
(a) Effect of asphalt content (A) and PET content (B). 

 
(b) Effect of asphalt content (A) and mixing time (C). 

Figure 6. Cont.
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(c) Effect of PET content (B) and mixing time (C). 

Figure 6. Contour and 3D surface response plots for VIM.

d. VMA Surface Response Plots

(a) Effect of asphalt content (A) and PET content (B). 

 
(b) Effect of asphalt content (A) and mixing time (C). 

 
(c) Effect of PET content (B) and mixing time (C). 

Figure 7. Contour and 3D surface response plots for VMA.
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e. Density Surface Response Plots

 
(a) Effect of asphalt content (A) and PET content (B). 

 
(b) Effect of asphalt content (A) and mixing time (C). 

 
(c) Effect of PET content (B) and mixing time (C). 

Figure 8. Contour and 3D surface response plot for density.

The ANOVA is shown in Table 6, and it can be seen that the order 2 which shows the
order 2 model is suitable for this equation as evidenced by the f-value < f-table (19.16) for
each variable. The f-table value with df lack of fit as df1 and df pure error as df 2 at alpha
0.05, the f-table is 19.16. If f-value > f-table then H0 is stuck, where the assumption for lack
of fit is that H0 does not have a lack of fit and vice versa for H1.

106



Appl. Sci. 2021, 11, 6144

Table 6. ANOVA for predicting Marshall Stability based on RSM.

Variabel Source Sum of Squares df Mean Square F-Value

Stability
Residual 1.51 5 0.3018

0.50Lack of Fit 0.65 3 0.2163
Pure Error 0.86 2 0.4300

MQ
Residual 0.10 5 0.0193

0.50Lack of Fit 0.04 3 0.0138
Pure Error 0.05 2 0.0276

VIM
Residual 0.88 5 0.1750

2.29Lack of Fit 0.68 3 0.2258
Pure Error 0.20 2 0.0988

VMA
Residual 1.90 5 0.3799

1.04Lack of Fit 1.16 3 0.3860
Pure Error 0.74 2 0.3708

Densitas
Residual 5732.75 5 1146.55

0.37Lack of Fit 2046.75 3 682.25
Pure Error 3686.00 2 1843.00

The step of determining the optimum points simultaneously with RSM is carried out in
two ways, namely by manual experimentation on 15 combinations of the three parameters
and by calculation with the use of the RSM program. The first step to take is to determine
which parameters are represented as X1, X2 and X3. In RSM, time and temperature are
chosen as X1 and X2, while other parameters are expressed as X3 because in this system it
is also expressed as X1 is the ratio of PET to Asbuton, the mixing temperature is X2 and
X3 is the mixing time. Based on the RSM results, the equations for predicting Marshall
characteristics are shown in Table 7.

Table 7. Equations for predicting Marshall Stability based on RSM.

No
Marshall

Characteristics
The Equation for the Results of RSM Adj. R2

1 Stability 19.15 + 0.63A − 0.85B + 0.26C + 0.88AB + 0.04AC − 0.15BC − 1.26A2 − 0.56B2 − 0.23C2 0.7975

2 MQ 4.79 + 0.16A − 0.21B + 0.06C + 0.22AB + 0.0075AC − 0.04BC − 0.32A2 − 0.14B2 − 0.06C2 0.7921

3 VIM 3.73 + 0.84A − 0.09B + 0.17C + 0.74AB + 0.42AC − 0.04BC − 0.32A2 − 0.14B2 − 0.06C2 0.7956

4 VMA 3.73 + 0.84A − 0.09B + 0.17C + 0.74AB + 0.42AC − 0.04BC − 0.32A2 − 0.14B2 − 0.06C2 0.3241

5 Density 2270− 1.25A− 4.88B+ 78.88C− 2.50AB+ 12.50AC− 12.25BC− 12.87A2 + 17.38B2 + 30.87C2 0.7424

Note: The coefficients A, B, C refer to the linear response. AB, AC and BC are interactions between independent variables. A2, B2 and C2 is
a quadratic response involved in the process.

Based on the experimental design, the obtained VFB was in the range of 84.27–92.83%.
However, this data can only reach order 1, as evidenced by the test’s lack of fit in model 1,
the decision to fail to reject H0, which means that the model is suitable, or there is no lack
of a fit model. This result leaves no increase to the 2nd order in this model. While in RSM,
optimization will occur in order 2.

3.3. Optimization of PET Levels in Marshall Characteristics

Regarding the purpose of the study, Table 8 shows the optimizing results for PET
content as much as possible in Marshall characteristics. It is shown that the optimal PET
content used was at 3.84%, with a stationary point of 0.844. It is noted that the mixing time
could not affect the stability and density of the asphalt mixture since the PET is not melted
but crystalized in temperature of AC-WC mixture.
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Table 8. Minimum PET content.

Response Variable Optimal Response
Optimal A:

Asphalt Content (%)
Optimal B: PET

Content (%)
Optimal C: Mixing

Time (Minutes)

Stability 19.64 kN 5.73 2.07 29.29

MQ 4.91 kN/mm 5.76 3.46 22.85

VIM 3.40% 5.56 2.49 23.07

VMA 21.65% 5.69 3.84 22.54

Density 2223.06 kg/m3 5.40 2.67 18.89

4. Conclusions

The present study has observed the seven components of Marshall characteristics.
There are two components that RSM cannot optimize, i.e., Flow and Void Filled Bitumen
(VFB). Statistical tests cannot carry out the response flow because it does not have data
diversity and the VFB response matches the 1st order model. This result may be due to
the data range that is too small. Asphalt levels, PET plastic waste levels and mixing time
have different optimum points for each response of the AC-WC mixture using modified
Asbuton as the binder.

The RSM analysis results showed that optimum proportion of asphalt and PET con-
tents in the AC-WC mixture could achieve the values of stability and MQ, VIM, VMA and
density, meet with the technical specifications required by Indonesia Ministry of Public
Works. The results also show that the PET content could enhance the VIM in the AC-WC
mixtures, indicating the durability of the AC-WC mixtures against the water infiltration.
The findings suggested the PET and the modified Asbuton for AC-WC asphalt mixtures
would be potential for future application as environmentally friendly materials for asphalt
pavement technology.
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Abstract: Traditional natural river sand is used as a fine aggregate for concrete, but due to the severe
environmental situation in recent years, many places have asked for a ban or restriction on the
extraction of river sand. This has resulted in an increasing demand for concrete using machine-made
sand instead of natural sand. The estimation and prediction of the compressive strength of concrete
is very important in civil engineering applications. In this investigation, a Box–Behnken test model
was established to analyze the effect of stone powder (SP), pulverized fuel ash (PFA), and silica
fume (SF) contents on the compressive strength of manufactured sand concrete using response
surface methodology (RSM). A prediction model for the compressive strength of manufactured sand
concrete was developed using multiple regression analysis with SP, PFA, and SF content as factors
and compressive strength as the response value. In addition, the interaction of stone powder (SP),
pulverized fuel ash (PFA), and silica fume (SF) content was analyzed according to the response
surface and contour. The investigation showed that for single factors, SP had the greatest effect on the
compressive strength of the manufactured sand concrete, with PFA having the second greatest effect,
and SF the least; for the interactions, SP and PFA had the most significant effect, and the interaction
between SP and SF and PFA and SF had the same effect on the compressive strength.

Keywords: manufactured sand concrete; RSM; SP; PFA; SF; compressive strength

1. Introduction

With the high speed of economic development and the increased investment in in-
frastructure in countries around the world, the amount of concrete used has increased
dramatically [1,2]. Natural sand is a fundamental component of concrete, and with the in-
crease in concrete consumption, more and more river sand is being mined. The widespread
mining of river sand can have a negative impact on the surrounding environment; therefore,
some rivers have now banned the mining of river sand. Manufactured sand is gradually
replacing natural sand in building materials [3]. As shown in Figure 1, the consumption
of aggregates and the proportion of manufactured sand used in China has increased from
year to year over the last decade.

Manufactured sand is made from the crushing of sedimentary rocks and has some
unique components not found in natural sand [4,5]. Manufactured sand is able to avoid
the reactions between the active silica components of natural sand and the alkali metal
hydroxides of cement. Numerous publications have shown that some of the properties
of manufactured sand concrete are better than those of natural sand concrete [6–8]. Var-
ious mineral admixtures are an essential component to improve the performance of the
manufactured sand concrete [9]. SP may induce hydride precipitation, which increases
the strength of concrete by increasing the content of effective crystallization products [10].
PFA promotes deflocculation in the hydration of cement clinker to reduce water consump-
tion and fills pores to prevent agglomeration between cement particles. The addition of
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SF to concrete markedly improves the adhesion and cohesion of shotcrete and increases
the sequential forming thickness. In addition, some publications have shown that the
addition of SP, PFA, and SF to manufactured sand concrete can have a “superimposed
effect” on each other, reducing the heat of hydration of the concrete while improving its
mechanical properties [11–13]. Prakash [14], Beixing [15] et al. investigated the effect of SP
content in manufactured sand on the mechanical properties of concrete. Skaropoulou [16],
Schmidt [17] et al. showed that the SP content of manufactured sand has an important
influence on the durability of concrete. Wentao et al. [18] investigated the effects of PFA
alone, SP alone, and a combination of PFA and SP on the workability and strength of
manufactured sand concrete. Heng et al. [19] modified the concrete by incorporating PFA
into the manufactured sand. His design for shotcrete, with a PFA admixture of 40% and a
water-cement ratio of 0.37, reduced the water consumption while reducing the rebound rate
of the shotcrete. Jain [20] found that the addition of marble powder reduced the strength of
ordinary Portland cement. After curing the concrete with 20% marble powder for 28 days,
a maximum compressive strength of 54.5 MPa was achieved. Currently, most publications
report the effect of a single admixture of SP, PFA, and SF or both on the strength of manu-
factured sand concrete. However, no investigation of the combined effect of the three on
compressive strength has been reported.

Figure 1. Aggregate consumption and proportion of manufactured sand in China.

Response surface methodology (RSM) is a statistical method for solving multivariate
problems that enables experiments to be conducted using rational experimental design
methods with multivariate quadratic equations to be fitted as a function of the relationship
between factors and response values. The Box–Behnken experimental design in RSM has
been widely used in engineering applications since it was proposed [21], and research on
admixtures and concrete has recently become a hot topic. Zhang et al. [22] applied RSM to
the design of a recycled aggregate permeable concrete mix and found a suitable combination
of aggregate gradation and admixture mix. Natalia et al. [23] used the two-level central
composite design in RSM to optimize the ratio of water-to-binder, PFA-to-binder and
iron oxide nanoparticles-to-binder for Portland cement permeable concrete. Rajesh and
Kumar [24] used Box–Behnken design optimization with RSM to obtain concrete with good
hardening and functional properties. Khudhair et al. [25] used RSM to determine a model
for predicting the compressive strength of high-performance concrete formulated by a high
water reducing and setting accelerating superplasticizer as a function of the proportion of
the constituents used.
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A review of the literature reveals that the use of admixtures in manufactured sand concrete
is common. The effect of various admixtures on the properties of manufactured sand concrete is
an issue that needs to be addressed. Among these issues, the estimation and prediction of the
compressive strength of manufactured sand is very important in civil engineering applications.
At the same time, the RSM is able to fit the relationship between the factors and the response
values obtained. Therefore, in this investigation, the Box–Behnken design based on RSM used
SP, PFA, and SF admixtures as factors and compressive strength as response values to study the
effect of the three admixtures on compressive strength. A multivariate predictive regression
model for each factor was developed to analyze the magnitude of the effect of the factors. This
investigation can provide an experimental basis and theoretical guidance for the design of
manufactured sand concrete.

2. Experimental Materials and Methods

2.1. Experimental Materials
2.1.1. Cement and Water

In this work, ordinary silicate PO42.5 cement produced by Shandong Shanshui Cement
Group Co., Ltd. (Rizhao, Shandong) was used for the experiments and the quality was in
accordance with the GB175-2020 standard (General Purpose Silicate Cement in China) and
ASTM C150 (Standard Specification for Portland Cement). The chemical composition of
the cement is shown in Table 1. The specific surface area of the cement is 338 m2/kg, the
loss on burning is 4.54%, the initial setting time is greater than 45 min, and the final setting
time is less than 600 min.

Table 1. Chemical composition of concrete.

Constituents SiO2 Al2O3 Fe2O3 CaO MgO SO3

Content (wt%) 20.81 4.54 3.15 64.22 2 2.5

All water used for the experiments was from tap water, in accordance with the require-
ments of JGJ63-2006, Standard of Water for Concrete.

2.1.2. Manufactured Sand and Coarse Aggregates

In this work, all of the manufactured sand was obtained from the first phase of the
Qingdao underground railway, Line 6, project in Shandong Province. The underground
railway construction was carried out by blasting and the resulting stones were large and
needed to be crushed and sieved before they could be used. In this work, a jaw crusher
was used to crush the blocks and screen the manufactured sand according to the gradation
as shown in Figure 2.

Figure 2. Manufactured sand and gravel gradation.
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The coarse aggregate was made of durable gravel with a particle size of 5–10 mm,
in accordance with GB50086-2015 Technical Specification for Anchor-Shotcrete Support.
As shown in Figure 2, in this work both, the manufactured sand and gravel aggregate
grade lines are located between the upper and lower lines of the shotcrete technical stan-
dard grade.

2.1.3. Stone Powder (SP)

The SP content within a reasonable range can be give concrete good workability;
beyond this range, SP will have a negative impact. If the water-SP ratio is too large, it is
easy to produce segregation and water secretion. For concrete with a large water to cement
ratio, SP can be relied upon to reduce the water-SP ratio to improve cohesion and enhance
water retention and reduce segregation and water secretion. In addition, if the SP content
is too high, it will reduce the flowability of the concrete.

The SP in this work was obtained by sieving the crushed machine-made sand with a
particle size of less than <0.075 mm. Three levels of SP content were set at 5%, 10%, and
15% of the cement mass, respectively.

2.1.4. Pulverized Fuel Ash (PFA)

PFA can act as an activator and filler, allowing the structural density of the concrete to
increase. The morphological and micro-aggregate filling effects of PFA can improve the
flowability of concrete mixtures in the early stages of concrete mix formation. The PFAs in
the experiments in this work were all supplied by Class F, produced by Henan Hengyuan
New Materials Co. (Zhengzhou, China) The chemical composition of PFA is shown in
Table 2. The fineness, water requirement ratio, burn vector, and water content are 8.7%,
91%, 2.8%, and 0.2%, respectively, which meet the requirements of Grade I PFA for the
relevant parameter index. The PFA content in this work was set at three levels of 10%, 15%,
and 20% of the cement mass.

Table 2. Chemical composition of PFA.

Constituents SiO2 Al2O3 Fe2O3 CaO TiO2 K2O MgO

Content (wt%) 32.61 24.54 3.45 4.42 0.93 0.84 0.56

2.1.5. Silicon Fume (SF)

If the content of SF in the concrete is too small, the concrete performance is not much
improved, but if the content is too much, the concrete is too sticky and hard to form, and the
dry shrinkage deformation is large, showing poor frost resistance. The SF in this paper is
produced by Henan Hengyuan New Materials Co. and its chemical composition is shown
in Table 3. The density is 2.4 g/cm3 and the specific surface area is 75,000 m2/kg. Three
levels of SF are set, 2.5%, 5%, and 7.5% of the cement mass, respectively.

Table 3. Chemical composition of SP.

Constituents SiO2 Al2O3 Fe2O3 CaO SO3 K2O MgO Na2O

Content (wt%) 92.5 0.2 0.6 0.12 0.44 1.52 0.15 0.37

2.2. Experimental Methods
2.2.1. Concrete Mixing Ratio

The water to cement ratio for the concrete in this work is 0.5, where the cement, gravel,
manufactured sand, and water are configured in the ratio of 1:1.5:2.25:0.5. SP, PFA, and
SF as a percentage of the mass of the cement. According to the Box–Behnken experiment
design in the RSM, a total of 17 mix ratios are required at different contents, of which the
SP, PFA, and SF contents are shown in Table 4 as a percentage of the cement mass. The test
results are the average of the compressive strength of the three blocks.
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Table 4. SP, PFA, and SF contents.

No. SP PFA SF

1 5% 10% 5%
2 15% 10% 5%
3 5% 20% 5%
4 15% 20% 5%
5 5% 15% 2.5%
6 15% 15% 2.5%
7 5% 15% 7.5%
8 15% 15% 7.5%
9 10% 10% 2.5%
10 10% 20% 2.5%
11 10% 10% 7.5%
12 10% 20% 7.5%
13 10% 15% 5%
14 10% 15% 5%
15 10% 15% 5%
16 10% 15% 5%
17 10% 15% 5%

2.2.2. Concrete Block Making

Concrete blocks are made in accordance with the requirements of the Standard for
Test Methods of Mechanical Properties on Ordinary Concrete GB/T50081-2016 standard
for the production of specimen dimensions, and the mold size is 100 × 100 × 100 mm.
The concrete was prepared in accordance with the concrete ratios in Section 2.2.1 and the
additive content in Table 4. The gravel, manufactured sand, and cement are first mixed in a
concrete mixer for 1 min, after which water and other admixtures are added and mixed
for an additional 3 min. The mixed concrete was poured into the molds and placed on a
vibrating table for a period of 4 min. It should be noted that the vibration process resulted
in a reduction of concrete in the molds; therefore, concrete had to be continuously added
to the molds until it overflowed. Finally, the concrete was scraped off the molds, cured at
room temperature for 24 h, and then demolded. After demolding, the concrete blocks were
cured for 28 days according to the standards [26]. The concrete block-making process is
shown in Figure 3.

Figure 3. Concrete block-making process.

2.2.3. Compressive Strength Test

The test of compressive strength is performed by a digital display type pressure
tester (DYE-2000); the test content is evaluated for uniaxial compressive strength. The
test procedure is shown in Figure 4. The cubic block is placed on the base of the pressure
testing machine and the pressure is transmitted downwards to the concrete block through
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the upper plate. The loading speed of the force is hydraulically controlled at around
0.8 mm/min. The pressure tester records and outputs the maximum pressure value as the
compressive strength [27].

Figure 4. The test of compressive strength.

3. Results and Discussion

3.1. Box–Behnken Experiment Design and Significance Test
3.1.1. Box–Behnken Experiment Design

The Box–Behnken test factors and levels are shown in Table 5, using the uniaxial
compressive strength values as the response values and the SP content (X1), PFA content
(X2), and SF content (X3) as the investigating factors. The test results and analysis are
shown in Table 6.

Table 5. Factors and levels of Box–Behnken experiments.

Factors −1 0 1

X1 (SP content) 5% 10% 15%
X2 (PFA content) 10% 15% 20%
X3 (SF content) 2.5% 5% 7.5%

Table 6. Results and analysis of Box–Behnken experiments.

No. X1 X2 X3 Y/Compressive Strength (MPa)

1 5% 10% 5% 43
2 15% 10% 5% 45
3 5% 20% 5% 46
4 15% 20% 5% 44
5 5% 15% 2.5% 46
6 15% 15% 2.5% 41
7 5% 15% 7.5% 46
8 15% 15% 7.5% 44
9 10% 10% 2.5% 43

10 10% 20% 2.5% 38
11 10% 10% 7.5% 41
12 10% 20% 7.5% 39
13 10% 15% 5% 46
14 10% 15% 5% 48
15 10% 15% 5% 49
16 10% 15% 5% 47
17 10% 15% 5% 48

The least squares method was used to fit the experimental data, and a regression
model was developed as follows:
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Y = 47.6 − 0.87X1-0.62X2 + 0.25X3 − X1X2 + 0.75X1X3 + 0.75X2X3 + 0.45X1X1 − 3.55X2X2 − 3.8X3X3 (1)

R2 = 0.85 (2)

3.1.2. Significance Test

The standard quadratic regression equation (Equation (1)) was analyzed for variance,
and the results are shown in Table 7. The model was tested for significance using ANOVA.
The significance level was set at 0.05, i.e., when the p-value was less than 0.05, the indicator
was considered significant; when the p-value was greater than 0.05, the indicator was
considered insignificant. Table 7 shows that the p-value of the quadratic regression model
for compressive strength is less than 0.05, and the multivariate correlation coefficient R2 is
0.85. This indicates that the regression equation approximates the true surface well, and the
model can accurately predict the compressive strength of the manufactured sand concrete.

Table 7. Variance analysis of response surface experiments results.

Source Squares df Square Value Prob > F

Model 138.43 9 15.38 4.59 0.0285 significant
X1-SP 6.12 1 6.12 1.83 0.2184
X2-PFA 3.12 1 3.12 0.93 0.3663
X3-SF 0.50 1 0.50 0.15 0.7107
X1 X2 4.00 1 4.00 1.19 0.3107
X1 X3 2.25 1 2.25 0.67 0.4395
X2 X3 2.25 1 2.25 0.67 0.4395
X12 0.85 1 0.85 0.25 0.6294
X22 53.06 1 53.06 15.84 0.0053
X32 60.80 1 60.80 18.15 0.0037
Residual 23.45 7 3.35

Lack of Fit 18.25 3 6.08 4.68 0.0851 not significant
Pure Error 5.20 4 1.30

Cor Total 161.88 16

As shown in Table 7, the squares for SP, PFA, and SF were 6.12, 3.12, and 0.50, respec-
tively, which shows a significant effect on the compressive strength of the single factors:
SP has the greatest effect on the compressive strength of the concrete, PFA has the second
greatest effect, and SF has the least effect. Similarly for the interaction, SP and PFA had
the most significant effect on the compressive strength of the manufactured sand con-
crete, and the interaction between SP and SF and PFA and SF had the same effect on the
compressive strength.

3.2. Prediction Model Validation

The reliability of the prediction model is verified through experimentation. Four
sets of concrete blocks with different SP, PFA, and SF contents were created to measure
the uniaxial compressive strength and were then compared with the prediction model.
The content of SP, PFA, and SF used for the model validation experiments is shown in
Table 8. The block-making process and compressive strength testing of the manufactured
sand concrete blocks for the model validation experiments were the same as the methods
previously mentioned in Section 2.2. The compressive strength experiments, predicted
values, and relative errors are shown in Figure 5.
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Table 8. The SP, PFA, and AF content of the validation experiments.

No. SP PFA SF

1 7% 12% 2.5%
2 10% 15% 6%
3 12% 17% 2.5%
4 15% 20% 7%

Figure 5. Compressive strength experiments, predicted values, and relative errors.

As can be seen from Figure 5, the relative error between the experimental and predicted
values is less than 10%; therefore, the predictive model for the compressive strength of
the manufactured sand concrete developed in this investigation can be considered to
be credible.

3.3. Response Surface and Contour Analysis

The effect of the interaction between SP, PFA, and SF on the compressive strength was
analyzed using response surface and contour analysis based on the regression equation
for the compressive strength of the manufactured sand concrete. Another factor was
controlled for at an intermediate level when discussing the pattern of interaction effects on
compressive strength. The intermediate levels of SP, PFA, and SF content in this work were
10%, 15%, and 5% of the cement mass, respectively, as described in the previous section.

3.3.1. Effect of SP and PFA Interaction

Keeping the SF at an intermediate level, the response surface and contour in SP-PFA
are shown in Figure 6. As can be seen in Figure 6a, the entire response surface takes on
an “arch” shape when the SF is 5%. This indicates that the compressive strength tends to
increase and then decrease as the SP and PFA content increases, with a maximum value
existing. As can be seen from the contour lines in Figure 6b, the contour lines in the upper
right corner of the picture are more densely distributed, which indicates that when the SP
content and the PFA content are high, the change in PFA content has a greater effect on
the fluctuation of the compressive strength. It is worth noting that the higher and lower
contents described here correspond to the ranges set in this study. In the case of PFA, for
example, the content in this work is between 10% and 20% by mass of cement, so this is the
higher PFA content described to indicate a content close to, but not exceeding, 20%. The
same rule is followed in the subsequent discussion.

118



Appl. Sci. 2022, 12, 3506
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(b) 

Figure 6. Response surface and contour in SP-PFA. (a) Response surface. (b) Contour.

3.3.2. Effect of SP and SF Interaction

Similarly, keeping the PFA at an intermediate level, the response surface and contour
in SP-SF are shown in Figure 7. The response surfaces of Figures 6a and 7a both have
an “arch” shape. Unlike Figures 6b and 7b has a higher degree of symmetry above and
below the contour lines. In addition, as can be seen from the denseness of the contours
in Figure 7b that the change in SF content has a greater effect on the fluctuation of the
compressive strength when the SP content is high and the amount of SF is low. This means
that when the PFA content is 15% of the cement mass and the SF content is less than 3.5%
or greater than 6.5%, the effect of the change in SF content on the compressive strength
fluctuates more than if the SF content is greater than 3.5–6.5%.
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(a) 

 
(b) 

Figure 7. Response surface and contour in SP-SF. (a) Response surface. (b) Contour.

3.3.3. Effect of PFA and SF Interaction

When the SP is at an intermediate level, the response surface and contour in PFA-SF
are shown in Figure 8. As can be seen from Figure 8a, the highest values exist across the
response surface and are in the center, corresponding to a compressive strength of around
48 MPa for the manufactured sand concrete block. This indicates that in this study, the
manufactured sand concrete exhibited a high compressive strength when the SP, PFA, and
SF contents were all at intermediate levels. As can be seen in Figure 8b, the contours are
centrosymmetric and equally spaced between the surrounding contours. This shows that
equal variations in PFA and SF content have the same fluctuating effect on the compressive
strength when the SP is at an intermediate level. In addition, the top leftmost corner of the
contour in Figure 8b shows a compressive strength of less than 42 MPa, which is due to the
high SF content and the low PFA content.
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(a) 

 
(b) 

Figure 8. Response surface and contour in SFA-SF. (a) Response surface. (b) Contour.

4. Conclusions

An investigation of the compressive strength of manufactured sand concrete con-
taining stone powder (SP), pulverized fuel ash (PFA), and silicon fume (SF) using the
Box–Behnken experiment design in the response surface method (RSM) provides the
following conclusions:

(1) A prediction model of the compressive strength of manufactured sand concrete
with SP, PFA, and SF content was developed using multiple regression analysis
with SP, PFA, and SF content as factors and compressive strength as the response
value; the multiple correlation coefficient R2 of the prediction model was 0.85. The
prediction model for the compressive strength of concrete using manufactured sand
was validated experimentally, and the validation results showed that the prediction
model was credible, with a relative error of less than 10% between the experimental
and predicted values.

(2) The statistical values of the single factors were analyzed and the degree of significance
of the single factors on the compressive strength showed that SP content had the
greatest effect on the compressive strength of the manufactured sand concrete, with
PFA having the next greatest effect, and SF having the least effect. For the interactions,
SP and PFA content had the most significant effect on the compressive strength of the
manufactured sand concrete, while the interactions between SP and SF and PFA and
SF had the same effect on the compressive strength.
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(3) Response surface and contour analyses were carried out where the SP, PFA, and SF
contents were kept at moderate levels (10%, 15%, and 5% of cement mass, respec-
tively). The results show that the compressive strength tends to increase and then
decrease with increasing SF and PFA content, with a maximum value. The maximum
compressive strength of the concrete was found when the SP, PFA, and SF contents
were all at intermediate levels.
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Abstract: To solve the problems in determining the interactions among particles and between particles
and pipe walls in pneumatic conveying systems in field tests, this article studied the two-phase
flow motion characteristics of shotcrete in pipes based on a CFD–DEM coupling model and field
measurement. The movement of the shotcrete, which is affected by the gas phase in the pipe,
was simulated for different bend angles, and the velocity of the shotcrete material and pressure
distribution within the pipeline were determined. The simulation results show that at the ideal
wind pressure, the inelastic collisions among the particles and between the particles and pipe wall
cause the accumulation of shotcrete material in the outside area of the bent pipe section, which may
block the pipe; nevertheless, the blockage is prevented by the turbulent and secondary flows, which
disperse the particles to different degrees. In addition, the wear amounts caused by particles in pipes
with different bend angles were quantified. With increasing bend angle, the wear points gradually
diffuse radially toward the outside wall of the bent pipe. Additionally, the wear loss decreases and
then increases with increasing bend angle. The particle velocity exhibits the minimal loss at a bend
angle of 90◦. It was concluded that the energy loss of the aggregate particles in the elbow of the pipe
is approximately 30 times that in a horizontal, straight pipe. The results of this study can provide
guidance in the construction field and for numerical simulations of the pneumatic conveying process
of shotcrete.

Keywords: shotcrete materials; pneumatic conveying; CFD–DEM; pipe block; bend angle

1. Introduction

Significant progress has been made in the theoretical and equipment research fields
and the process of improvement and development of shotcrete applications. The wet-
concrete spraying technology has been widely promoted and applied to above-ground
and underground support structures [1–3]. Pumping is the most important pipeline trans-
portation method for wet shotcrete in coal mines. The movement of the shotcrete material
is characterized by the interactions among the particles and between the particles and
pipe wall during pneumatic conveying in the rubber hose after pumping. In addition,
determining the shotcrete material motion, material blockage, and wear of the bent pipe
in the pipeline transportation process in a field test is difficult [4–6]. Thus, the pneumatic
conveying process in the section of spraying concrete requires further investigation.

In the wet-shotcrete support project, the concrete material is usually pumped and
pneumatically conveyed to the working face by a wet spraying machine (Figure 1). Pneu-
matic conveying is affected by many factors such as workability of concrete, environmental
conditions, pipe assembly, actual pressure, and pump outlet speed; therefore, the field
situation is more complex. Identifying the relevant factors, introducing them into nu-
merical models, and evaluating their impacts on conveying performance are crucial and
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challenging. Therefore, the numerical simulations do not focus on the entire wet spraying
system; instead, they are limited to the local area of the concrete flow, i.e., the piping units.
The continuous spraying of underground concrete causes the bending deformation of the
rubber hose. The impact of the shotcrete material on the bent pipe, their collision, and the
shotcrete accumulation have adverse effects on the long-term use of the rubber hose and its
spraying performance. Therefore, the movement characteristics of shotcrete material in the
pipeline during pneumatic conveying must be studied.

Figure 1. Setup for wet-shotcrete spraying.

Owing to the rapid advances in computer technology, numerical simulations have
been widely used in the pneumatic conveying field. The discrete element method (DEM)
is a numerical method that is used to simulate a great number of mutually interacting
particles based on their equation of motion in a system. The DEM is usually coupled with
computational fluid dynamics (CFD) in the study of gas–solid two-phase flows [7–12]. For
example, Zhao [13] combined the CFD and DEM to simulate numerically the pneumatic
conveying process in a horizontal channel and to study the effects of the wall roughness
and random effects of turbulence on the particle diffusion. Du [14] used the CFD–DEM to
simulate numerically the flow characteristics of gas–solid two-phase flows in a pneumatic
conveying pipe with a bent section. Moreover, Oesterle [15] established a transport equation
for the interface of gas–liquid coupled multiphase flow and used the numerical simulation
software Fluent to simulate the velocity and pressure distributions at the interface between
slug and gas–liquid two-phase flows.

Shotcrete is a mixture of cement slurry and has aggregates with a certain viscosity.
Wu, Knut, and Li [16–18] used the DEM to model concrete materials with good accuracy.
Moreover, Zhang [19] and Karakurt [20] established DEM models for self-compacting
concrete in the filling state of the rock-fill structure and verified the model with experiments;
in addition, they studied the workability and feasibility of the self-compacting concrete.
Remond [21] developed a hard-core soft-shell model to simulate the concrete flow and
determined the relationships among the main parameters of the mechanical model and the
macroscopic rheological properties of the concrete numerical model; however, the concrete
material was greatly simplified in the simulations. Hærvig [22] proposed a method for
predicting the collisions of viscous particles based on the Hertz method to reduce the
particle stiffness in the DEM simulations; this model improves the Johnson–Kendall–
Roberts model (JKR model) and reduces the calculation cost; thus, the movement of a
great number of viscous particles can be simulated. Ji [23,24] conducted a field test to study
the pressure decrease and flow characteristics of solid–gas two-phase flow in a horizontal tube;
the pressure decrease was measured with a pressure transmitter. In addition, they verified
the test results with the coupled CFD–DEM and analyzed the effect of the pressure decrease
on the bent section; however, the model was greatly simplified in the simulation, and the
accelerated transportation stage of the conveyed material was not investigated.
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Much effort has been devoted to investigating the flow characteristics of shotcrete
in experiments [25–29]; nevertheless, the multiphase flow characteristics have not been
thoroughly clarified. Because of the limiting experimental conditions, the microscopic
mechanism of the particle–fluid interactions has not been fully understood. Although the
coupled CFD–DEM has been applied in the modeling of pneumatic conveying processes,
the pneumatic conveying process of shotcrete has rarely been studied, and simulations
of the entire pneumatic conveying motion of shotcrete materials based on the CFD–DEM
coupling model has not been reported.

In this study, the coupled CFD–DEM was used to simulate numerically the pneumatic
conveying of shotcrete material in a rubber hose and to determine the characteristics of the
gas phase flow field. Furthermore, the motion characteristics of the concrete material were
studied, and the mechanical properties of the particles for different rubber hose structures
were compared.

2. Governing Equations

In the pneumatic conveying process of wet-shotcrete materials, the movement state of
wet-shotcrete materials and gas in the pipeline is extremely complex. To ensure the feasibility of
simulation, shotcrete materials are usually discretized, as studied by Jiang, Chen [30–32], et al.
Therefore, the process is simplified as gas–solid two-phase flow in this paper.

2.1. The Continuous Phase Model

The gas flow is treated as a continuous phase, the equation for conservation of mass,
or continuity equation, can be written as follows

∇ ·
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where Sm is the mass added to the continuous phase from the dispersed second phase, ρ

is fluid density,
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v is fluid velocity, p is the static pressure, τ is the stress tensor (described

below), and ρ
→
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→
F are the gravitational body force and external body forces, respectively.

→
F also contains other model-dependent source terms such as porous-media and user
defined sources.

In this paper, the transportation model selected was the standard k − ε model. The
turbulence kinetic energy, k and its rate of dissipation, ε are obtained from the following
transport equations [33–35]:
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In these equations, Gk represents the generation of turbulence kinetic energy due to the
mean velocity gradients, Gb is the generation of turbulence kinetic energy due to buoyancy,
YM represents the contribution of the fluctuating dilatation in compressible turbulence to
the overall dissipation rate, C1ε, C2ε, and C3ε are the turbulent Prandtl numbers for k and ε.
Sk and Sε are user-defined source terms.
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2.2. Discrete Phase Model

The DEM was used to determine the particle phase of the shotcrete material. Based
on the force that is acting on the shotcrete material particles, the particle velocity of the
shotcrete material can be obtained with Newton’s second law. The particle moves in the
fluid by translational and rotational motions, and the force acting on the particle comprises
several components. The equation of the equilibrium state of the shotcrete particles can be
expressed as follows:

mi
dVi
dt

= FD,i + FC,i (5)

Ii
dωi
dt

=
n

∑
i=1

Ti (6)

where mi is the mass of particle i, Vi the velocity of particle i, Ii the moment of inertia of
particle i, ωi the angular velocity of particle i, FC,i the collision force of particle i, FD,i the
drag force acting on particle i, and Ti the torque acting on particle i.

2.3. CFD–DEM Coupling Model

In each time step, the DEM is used to calculate the position and velocity of each particle.
After the iterative DEM calculation, the porosity and particle–fluid interaction force per
unit volume in the fluid grid are calculated. The resulting data are used to calculate the
fluid flow field and drag force of the fluid acting on the individual particles. Subsequently,
the iterative CFD simulation is run until the value of the result converges; the result is
applied to the discrete elements to obtain information about the particle motion in the next
time step. The coupled, iterative CFD–DEM calculation process is shown in Figure 2.

Figure 2. Flowchart of coupled, iterative CFD–DEM calculation.

The CFD–DEM gas–solid two-phase flow is embodied in the drag force between
the gas–solid phases, and the gas–solid phase is coupled by the force acting between the
two phases. In this study, the gas drag toward the particle phase and its reaction force were
considered. Therefore, the commonly used Wen–Yu drag model was applied:

βWen–Yu =
3
4

CD
ρgεgεs

∣∣Ug − Us
∣∣

dp
ε−2.65

g (7)

CD =

{
24

Rep

(
1 + 0.15Re0.687

p

)
, Rep< 1000

0.44, Rep ≥ 1000
(8)

where Rep is the Reynolds number of the particle (Rep= ρgεgεs
∣∣Ug−Us

∣∣dp/μg), dp the
particle diameter, CD the drag coefficient, β the phase momentum exchange coefficient, ρg
the fluid density, εg the fluid volume fraction, εs the solid volume fraction, Ug the fluid
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velocity, Us the minimal spouting velocity, F the drag force acting on the particle, and μg
the dynamic viscosity of the fluid.

2.4. Particle Contact Model

The JKR contact theory is the extension of the Hertz contact theory. It assumes that the
adhesion effect only occurs on the contact surface. When two particles do not adhere to
each other, their contact radius a0 is expressed with the Hertz contact theory; otherwise,
the external load is N, and the contact surface radius is a > a0.

To determine the effect of the adhesion force on the contact properties, Johnson [36]
applied the Griffith energy method to determine the surface energy Us = −πa2Δγ, where
the total energy UT of the system is a function of the contact area A. When dUT

dA = 0, UT is
in the equilibrium state. The equivalent load force N1 of the two particles affected by the
external load N and surface adhesion can be determined as follows:

N1 = N + 3πR∗Δγ +

√
(3πR∗Δγ)2 + 6πR∗ΔγN (9)

The corresponding contact surface radius is as follows:

a3 =
3R∗

4E∗

[
N + 3πR∗Δγ +

√
(3πR∗Δγ)2 + 6πR∗ΔγN

]
(10)

The amount of overlap α of the two particles can be calculated with Equation (11):

α =
a2

R∗ −
(

2πaΔγ

E∗

)1/2
(11)

The increase in the normal force ΔN with respect to the increase in the amount of
overlap Δα can be written as follows:

ΔN = 2aE∗Δα

(
3
√

N − 3
√

Nc

3
√

N −√
Nc

)
(12)

Based on Equation (12), there are two conditions:
For Δγ = 0, Equation (12) can be simplified to the Hertz contact force a3 = 3R∗N

4E∗
without considering the adhesion of the particles.

For N = 0, the two particles adhere to each other, and the radius of the contact surface
can be expressed as follows:

a3 =
9πΔγ(R∗)2

2E∗ (13)

When (3πR∗Δγ)2 + 6πR∗ΔγN ≥ 0, Equation (1) can be solved. The result is presented
in Equation (14):

N ≥ −3πR∗Δγ

2
(14)

Thus, when the external load N is negative (the two particles attract each other), the
radius of the contact surface decreases; for N ≥ − 3πR∗Δγ

2 , the particle adhesion is in a
critical state, and when the pull force increases again, the two particles separate. The
maximal pull force Nc required for separating the two particles is expressed as follows:

Nc =
3πR∗Δγ

2
(15)

3. Geometric Model and Meshes

Rubber hoses provide flexibility to the pneumatic conveying process of concrete
materials. However, bent pipe structures with different angles suffer from internal wear
and unstable particle movement. The geometric model in Figure 3 consists of the horizontal
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pipes L1 and L2 and the bent-pipe structure R. The definite mass flow rate can be obtained
based on the horizontal pipe L1. The bend angles were set to 30◦, 45◦, 60◦, 90◦, 120◦, and
150◦. For the particle phase, the self-developed DEM code is merged into CFD, a coupling
scheme is used between the CFD and DEM, and the explicit time integration method is
used to calculate the motions of particles in the DEM. A compromise between efficiency
and accuracy is made: spherical particles with diameters of 5 and 8 mm were used to
represent the coarse aggregate covered with cement slurry. Based on field tests and related
reports in the literature [37,38], the gas flow velocity was set to 64 m/s, and the initial
particle velocity was 1.5m/s; subsequently, the particle was accelerated to a stable velocity
for relatively stable flow. The applied particle parameters and operating conditions are
listed in Table 1 [39–42].

Figure 3. Geometric model and grids of a longitudinal section of bent pipe (bend angle of 90◦).

Table 1. Basic parameters.

Item Index Unit Value

DEM

Pipe diameter D m 0.06
Horizontal tube length L1 m 5
Horizontal tube length L2 m 2.5

Curvature radius of bent pipe R m 0.2
Coefficient of static friction - 0.68

Coefficient of rolling friction - 0.15
Coefficient of restitution - 0.55

Density (particles) kg/m3 2300
JKR surface energy J 16

Poisson ratio - 0.25
Time step s 2 × 10−5

CFD

Density (air) kg/m3 1.225
Viscosity kg/(m·s) 1.7894 × 10−5

Pressure outlet Pa 101325
Time step s 2 × 10−3

Viscous model - k-epsilon model

The number of meshes has a great influence on the accuracy of the transient simulation
results of the airflow field. Therefore, mesh independence studies are necessary to ensure
that both discretization and rounding errors are within acceptable limits and that the mesh
used does not significantly affect the simulation results. Three discrete grids with different
densities are generated by ICEM, which are denoted as fine meshes, better meshes, and
medium meshes, respectively. In all three cases, the mesh quality is above 0.5.

Using these three meshing cases as shown in Figure 3 (A—A section), the air velocities
were compared and analyzed. Figure 4 shows the comparison results of velocity at cross-
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sections of the roadway. It can be observed that the simulation results of airflow velocity
using three different kinds of grids show similar variation trends. The velocities using
better meshes were very close to the values using fine meshes, but the results using
medium meshes were quite different from the results using the other two different meshes.
Therefore, it can be considered that better meshes have already met the requirement of
meshing independence.

Figure 4. The comparison of the velocity among three meshing cases (bend angle of 90◦).

4. Calculation Results and Analysis

4.1. Verification of Simulation

The gas power source adopts the air compressor with a rated power of 5.5 kW, maximum
conveying air volume of 700 m3/h, and rated pressure of 0.5 MPa to convey air. The inlet
apparent gas velocity is controlled by the vortex flowmeter, which changes from 48 to 64 m/s.
The field experiment is carried out with an SPB-7 wet concrete sprayer, and the pressure drop
in the process of pneumatic conveying is measured by the differential pressure method. The
layout diagram of the field test pressure transmitter is shown in Figure 5.

Figure 5. Layout diagram of the field test pressure transmitter.

The CFD–DEM coupling method can effectively observe the microscopic features that
cannot be observed in the experiment, but the results must be consistent with the experimental
results. This paper measured the pressure drop per unit length of the shotcrete in the 90◦ bent
pipe at different air velocities when the concrete delivery volume was 4 m3/h through field
experiments, and simulated experiments using the same parameters, as shown in Figure 6.
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Figure 6. Variation in pressure drop with air velocity.

The simulation results were compared with the experimental results to verify the
accuracy of the numerical method. The calculation results show that in the stable stage of
pneumatic transportation of shotcrete, with the increase in airflow velocity, the pressure
drop increases. The simulation results are in good agreement with the experimental results,
the numerical values are consistent with the experimental values, and the errors are less
than 10%. It shows that the model can be used for experimental calculation.

4.2. Gas Phase Flow Field

Figure 7 presents the global distribution of the gas phase static pressure during the
pneumatic conveying process of the shotcrete material. The evident pressure loss within
the rubber hose can be noted by comparing Figure 7, Figure 8a, and Figure 9. The pressure
distribution in the horizontal, straight pipe section is relatively uniform compared to that
near the bent pipe section. The pressures in the inside and outside areas of the bent pipe
section are significantly different. The pressure in the outside area is high, and the pressure
in the inside area is low, which is due to the centrifugal inertial force; in addition, the
viscosity of the fluid on the pipe wall increases the fluid velocity on the wall surface.
Moreover, both fluid velocities in the inside and outside areas are lower than that in the
bent-pipe center, and the centrifugal inertial force of the fluid in the pipe center is greater
than that in the inside and outside areas. The fluid in the pipe center flowing from inside to
outside increases the external pressure, i.e., the pressure on the outside wall is much higher
than that on the inside wall of the bent pipe. In addition, the gas velocity near the wall
surface is relatively low, and the slow-flowing particles near the left and right boundaries
move from the outside to the inside along the pressure decrease direction; the backflow at
the central axis of the bent pipe results in a secondary flow. Subsequently, the secondary
and main flows merge and move along the flow direction of the pipeline. The secondary
flow limits the hitting velocity of the solid phase toward the outside wall of the bent pipe,
and the central part of the outer surface of the bent pipe experiences more wear.
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Figure 7. Global distribution of static pressure in pipelines with different bend angles.

According to Figure 8b, during the flow of the shotcrete material through the pipeline,
the pressure in the straight pipe section in front of the bent pipe tends to decrease at
a constant speed; behind the bent pipe section, the pressure decreases significantly for
various bend angles. The pressure decrease in the 90◦ bent pipe is the lowest, whereas
the other bent pipes show no evident pressure difference. During pneumatic conveying,
the particle velocity within the pipeline varies significantly (Figure 9). Furthermore, the
pressure difference affects the gas flow velocity distribution near the bent pipe, and the
higher pressure pushes the gas phase to the side with the lower pressure. There are a higher
pressure and a lower flow velocity in the outside area of the bent pipe part, and lower
pressure and a higher flow velocity in the inside area of the bent pipe part.

4.3. Flow Field of Particle Phase

Figure 10 presents the particle velocity and particle distribution within the pipe under
the action of a high-pressure gas flow. The particles within the horizontal pipe flow in a
suspension state, and the particle packing density is not uniform. Under the action of a
high-pressure gas flow, the particles have a higher density when they are just picked up by
the gas flow. With the continuous generation of particles in the inlet, the pipe cross-section
decreases, and the windward side of the particles increases. In addition, the packing density
decreases continuously as the particles move forward. After entering the bent pipe, the
particles accumulate near the midline of the outside area of the bent pipe; they form a
rope-like structure (particularly in the 30◦ and 90◦ bent pipes), which is usually called “the
particle rope” [43]; this typical phenomenon in gas–solid two-phase flows in bent pipes is
mainly due to the inertia among particles and the inelastic collisions between the particles
and wall surface. Under the actions of the subsequent turbulence and secondary flows, the
particle rope starts to disperse gradually. The comparison of the particle flow characteristics
in the three bent pipes shows that when passing through the 150◦ bent pipe, the particles
disperse under the action of turbulence before forming the particle rope; this indicates the
strong effect of the different angles of the bent pipes on the dispersion of the particle rope.
Furthermore, after the particles pass through the bent pipe structure, their velocities recover
at different times. The particles accumulate significantly later for a bend angle of 30◦ than for
the other bend angles. Hence, the greater resistances among the particles and between the
particles and pipe wall causes the particle velocities to recover more slowly. In addition, the
particle accumulation at a bend angle of 30◦ is more severe and may block the pipe.
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Figure 8. Distribution of static pressure in bent pipes with different bend angles. (a) z = 0 distribution
cloud map of global static pressure in bent pipes with different bend angles. (b) Line chart of the
global distribution of static pressure with respect to distance.

134



Appl. Sci. 2022, 12, 3530

Figure 9. Distribution of gas phase velocities in 30◦ and 45◦ bent pipes.

Figure 10. Distributions of moving concrete particles in 30◦, 90◦, and 150◦ bent pipes.

Figure 11a–c shows the variations in the velocities of individual concrete particles of
different sizes in pipes with different bend angles over time. The particles comprise coarse
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aggregates with diameters of 5 and 8 mm (their surfaces are covered with cement slurry)
and agglomerates of particles of different sizes. The values of 10 particles of each type were
averaged to eliminate the accidental effect of particle sizes. According to Figure 11a–c, the
particle velocity suddenly changes behind the bent pipe, and the 5 mm particles exhibit
a greater acceleration than the other two particle types; hence, they enter the bent pipe
section first. This is because although the particle with a large particle size has a larger area
under the action of air, it can obtain more acceleration, but the resistance of air to particles
is relatively high. Obviously, the resistance has a greater impact on the particle at an air
velocity of 64 m/s.

Figure 11. Variation in velocity of a single particle concerning time (Particle 1 represents the coarse
aggregate with 8 mm diameter, Particle 2 represents coarse aggregate with 5 mm diameter, and
Particles 1 and 2 represent agglomerates with two diameters). (a) Bend angle of 30◦. (b) Bend angle
of 90◦. (c) Bend angle of 150◦.

The different bent pipe structures have great effects on particle velocity. The particle
velocity decreases by approximately 73% behind the 30◦ bent pipe and by approximately
15–35% behind the 90◦ and 150◦ bent pipes. This is because the particle in the 30◦ bent pipe
is not affected by the gas phase, and its velocity continues to decrease. When the particle
leaves the bent pipe section, it is picked up again by the airflow and accelerated under the
actions of turbulence and secondary flows. When the particle passes through the 90◦ bent
pipe, its movement is not heavily affected by the turbulence and secondary flows; thus, the
particle velocity does not increase further and stabilizes. In addition, the turbulence and
secondary flows in the bent pipe act as a resistance to the particles. Because the 90◦ bent
pipe provides the lowest resistance, the particle velocity experiences the lowest loss.

The CFD–DEM model provides detailed data about particle movement and collisions.
Figure 12 presents the main wear areas and wear effect of the concrete particles on the bent
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pipe with different bend angles. The results show that within the same time interval, the
45◦ bent pipe experiences significant wear, and its maximal depth of wear is 0.042 mm. In
addition, the main wear position diffuses radially toward the outside wall of the bent pipe
with an increasing bend angle. This is because the wall roughness promotes particle–wall
collisions. The reflection angle at a rough wall is much greater than that at a smooth wall.
The rougher wall causes more particles to diffuse radially along the outside wall of the
lifted bent pipe, while the higher axial velocity causes the particles to suspend uniformly.
Thus, when the particles hit the bent pipe, they are uniformly distributed across the curved
section of the bent pipe, thereby causing elliptical wear; these results are consistent with
those presented by Solnordal [44].

Figure 12. (a–f)Amount of wear and main wear position of particles in bent pipes with different angles.

Figure 13 shows the numbers of particle–pipe wall contact times and normal contact
forces of the shotcrete particles in the pipes with different bend angles. With increasing
bend angle, the number of particles–pipe wall contact times and normal contact force first
increase and then decrease. At a bend angle of 45◦, both values exhibit a maximum, which
is consistent with the results of Xu [45]. In addition, in pneumatic conveying, the normal
contact forces of most particles affect the bent pipe; it is assumed that the 45◦ bent pipe is
subjected to stronger impact and wear.
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Figure 13. Number of particle–pipe wall contact times in the pipe in 0.5 s.

Figure 14 presents the variation in the particle energy loss concerning time. When
the particles enter the bent pipe, the particle–pipe wall collisions significantly increase the
energy loss. As the particle rope gradually forms, the number of particles–pipe wall contact
times decreases, and the energy loss gradually decreases and stabilizes. The particle energy
loss is not correlated with the bent pipe structure, and the particle energy loss in the bent
pipe is approximately 30 times that in the straight pipe.

Figure 14. Variation in particle energy loss concerning time.

5. Conclusions

In this paper, the flow characteristics of wet-shotcrete materials in the horizontal hose
were simulated, and a CFD–DEM model suitable for simulating the flow characteristics of
wet-shotcrete materials was developed to study the flow of wet-shotcrete materials in the
horizontal hose. In addition, the accuracy of the numerical simulation results was verified
through the on-site pressure drop experimental test. The main conclusions are as follows:
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(1) The pipeline exhibits a significant pressure loss and pressure difference at the inside
and outside walls of the bent pipe. The pressure gradient force leads to a secondary
flow, which limits the hitting velocity of the solid phase toward the outside wall of the
bent pipe. In addition, the central part of the outer surface of the bent pipe experiences
more wear.

(2) The bending angles have a great effect on the particle velocity. The particle loss
decreases first and then increases with increasing bend angle. Owing to the inertia and
inelastic collisions among the particles and between the particles and pipe wall, the
concrete material particles accumulate in the outside area of the bent pipe section in the
pneumatic conveying process, which may block the pipe. Nevertheless, the turbulence
and secondary flows cause the aggregated particle rope to disperse gradually. The
particle velocity decreases by more than 73%, and the particle is accelerated behind
the 30◦ bent pipe section owing to the turbulence and secondary flows. When the
bend angle is 90◦, the turbulence and secondary flows have less effect on the particle
movement behind the bent pipe, and the particle loss is minimal.

(3) With increasing bend angle, the number of particles–pipe wall contact times and the
normal contact force firstly increase and then decrease; both reach a maximum at a
bend angle of 45◦. The wear impact on the 45◦ bent pipe is stronger than those on the
other bent pipes, and the main wear position diffuses radially toward the outside wall
of the bent pipe with increasing bend angle. Furthermore, the particle energy loss in
the bent pipe is approximately 30 times that in the straight pipe.
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Abstract: To study the crack evolution law and failure precursory characteristics of deep granite rocks
in the process of deformation and failure under high confining pressure, granite samples obtained
from a depth of 1150 m are tested using a TAW-2000 triaxial hydraulic servo testing machine and a
PCI-II acoustic emission monitoring system. Based on the stress–strain curve and IET function, the
loading process of the sample is divided into five stages: crack closure, linear elastic deformation,
microcrack generation and development, macroscopic fracture generation and energy surge, and
post-peak failure. The evolution trend and fracture evolution law of the acoustic emission signal
event interval function in different stages are analyzed. In particular, the signals with an amplitude
greater than 85 dB, a peak frequency greater than 350 kHz, and a frequency centroid greater than
275 kHz are defined as the failure precursor signals before the rock reaches the peak stress. The
defined precursor signal conditions agree well with the experimental results. The time–frequency
analysis and wavelet packet decomposition of the precursor signal are performed on the extracted
characteristic signal of the failure precursor. The results show that the time-domain signal is in the
form of a continuous waveform, and the frequency-domain waveform has multi-peak coexistence
that is mainly concentrated in the high-frequency region. The energy distribution obtained by the
wavelet packet decomposition of the characteristic signal is verified with the frequency-domain
waveform. The energy distribution of the signal is mainly concentrated in the 343.75–375 kHz
frequency band, followed by the 281.25–312.5 kHz frequency band. The energy proportion of the
high-frequency signal increases with the confining pressure.

Keywords: rock mechanics; deep granite; acoustic emission; precursory characteristics; time–
frequency analysis

1. Introduction

The rapid developments of science and technology, the increasing energy demand,
and hundreds of years of exploitation are presently leading to the gradual exhaustion of
energy resources on the earth’s surface [1]. Theoretically, the available metallogenic space
in the earth’s interior is distributed from the surface to 10,000 m below the surface. To
cater to the requirements of social development, deep mining on the earth is a strategic
scientific and technological matter that calls for research focus [2]. The deep rock exists
in an environment of high temperature, geostress, and pore water pressure, and its mi-
crostructure and macroscopic properties largely differ from those of shallow rock [3]. In
the deep mining process, specific damage phenomena such as rockburst and spalling may
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occur [4,5]. To ensure the safety and stability of deep rock mass in the mining process,
investigating the development law of crack initiation, propagation, and failure in deep
rocks during loading is beneficial to understand the change law of deep rocks and obtain
the rock failure precursor information in actual construction [6].

Solid materials such as rocks store strain energy in their internal structures. When
rocks are subjected to external loads, their internal strain energy will be released rapidly
in the form of elastic waves, referred to as acoustic emission (AE) [7–9]. AE information
analysis methods in the rock fracture process mainly include parameter analysis and
waveform analysis. Parameter analysis is the most commonly used AE signal analysis
method [10–17]. Typical AE parameters include event number, absolute energy, duration,
and rise time. In addition to these basic parameters, b-value [18–20], average frequency (AF)
value (AE counts/duration), and RA value (rise time/amplitude) [21–23] can also represent
the failure mode and damage process of rocks or concrete materials. However, parameter
analysis only provides a simple description of waveform characteristics. By comparison,
waveform analysis is an in-depth analysis based on the time–frequency domain of the
signal and explains the failure mechanism and precursors from the waveform spectrum
characteristics of the signal. In recent years, waveform analysis has been studied extensively.
Xu used Fourier transform to analyze microseismical signals and concluded that the
rockburst signal is the superposition of low-frequency and high-frequency signals [24].
D.g.aggelis discussed the acoustic emission characteristics of different fracture modes and
concluded that tensile failure signals prefer higher frequency and shorter waveform than
shear failure signals [25]. This study analyzed the acoustic emission data of sedimentary
limestone and found that a large number of high-amplitude and low-frequency events
occurred near the failure of the rock sample [26]. Li studied the two characteristic frequency
bands of the AE waveform obtained from a marble tensile test [27]. Zhang used the peak
frequency of AE signals as a parameter to classify them by fuzzy C-means and studied the
distribution of different signals in the loading process feature [28]. Wang studied the AE
frequency-domain characteristics of granite under freezing–thawing cycles and revealed
that the rock structure degrades when subjected to high frequency–temperature cycles,
showing the characteristics of relatively high number of low-frequency signals and small
intervals [29].

Most of the studies on AE characteristics during rock deformation and failure focus
on the time- and frequency-domain parameter variability of AE signals from shallow rocks.
Therefore, to analyze the mechanical properties and failure precursors of deep granite
under high confining pressure, this study uses the time–frequency evolution of acoustic
emission signals in the triaxial test of granite obtained from 1150 m depth underground in
Sanshandao Gold Mine, Laizhou, Shandong Province, China. Based on the time–frequency
characteristics of AE signals and mechanical tests, the AE signal distribution and the
deformation and failure process of deep granite under different confining pressures are
studied. Furthermore, the failure precursor signal before peak stress is defined. The
research results provide some theoretical guidance for rock failure prediction in the actual
construction of acoustic emission technology.

2. Test Process and Design

A triaxial compression test was conducted on granite samples to study the AE infor-
mation, precursor characteristics, and energy distribution of the samples during loading
deformation and failure under high confining pressure. The granite samples were all
excavated from 1150 m underground in Sanshandao Gold Mine in Laizhou, Shandong,
China. All samples were collected from the same rock mass, with uniform mass and
without obvious joint layers, thereby avoiding the effect of varied samples on the test
results. According to the method recommended by ISRM, the sample was prepared into a
cylinder with a diameter of 50 mm and a height of 100 mm, maintaining the unevenness
error of both ends of the sample less than 0.05 mm and the diameter error along the sample
height less than 0.3 mm. In general, when the deformation ratio of the testing machine
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is inconsistent with that of the granite sample in the loading process, the friction at the
sample end will limit the end deformation of the sample, thus affecting the mechanical
properties, such as the stress distribution of the sample. To eliminate this sample end effect,
we polished both ends of the sample with 400 grit emery paper, reducing the friction of
the end faces. The in situ stress measured at −1150 m is 30 MPa. To simulate the real
rock occurrence environment and conduct the control test, the confining pressure in this
test was preset to 10, 20, and 30 MPa. The size of each granite sample was measured and
recorded as shown in Table 1.

Table 1. Mechanical parameters of deep granites.

Specimen Height/mm Diameter/mm Weight/g Density/g/cm3 Confining Pressures/MPa

A1 100.81 50.04 518 2.613

10
A2 100.53 50.05 509 2.575
A3 100.28 50.21 514 2.590
A4 100.96 50.14 523 2.625

B1 100.30 50.03 516 2.617

20
B2 100.21 50.31 512 2.572
B3 100.46 50.07 521 2.635
B4 100.75 50.02 516 2.608

C1 100.08 50.19 525 2.653

30
C2 100.65 50.00 513 2.597
C3 100.12 50.22 517 2.608
C4 100.36 50.06 515 2.609

The test equipment includes a rock mechanics loading system and an AE system
(Figure 1). The loading system adopts a TAW-2000 triaxial hydraulic servo testing machine.
During the loading process, the preset confining pressure value was first applied, and then
the axial pressure on the rock sample was gradually increased until its failure under the
constant confining pressure. In the later stage of loading, to obtain a clear post-peak curve,
the loading rate was reduced at 0.008 mm/s until the sample was destroyed. For AE signal
acquisition, the PCI-II acoustic emission monitoring instrument and its software were used.
Vaseline was smeared on the end of the AE monitoring probe to ensure the coupling effect
between the probe and the sample. The sampling evaluation rate of the AE monitoring
system was set at 1 MSPS, the acquisition threshold was 40 dB, and the front gain was
40 dB to eliminate the effect of external noise.

   
(a) (b) (c) 

Figure 1. Rock mechanics test system and acoustic emission test layout. (a) PCI-II acoustic emission system; (b) TAW-2000
triaxial hydraulic servo testing machine; (c) the layout of acoustic emission monitoring probe.
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3. Experimental Phenomena and Mechanism Analysis

The peak strength, peak strain, and elastic modulus of granite samples A1 to C4 were
obtained under confining pressures of 10, 20, and 30 MPa applied until sample failure. The
samples under the same confining pressure show similar mechanical properties; hence, in
this paper, we mainly analyze samples A1, B1, and C1. Figure 2 shows the stress–strain
curves and cross-sections of these samples.

 
Figure 2. Stress–strain curve obtained from the triaxial test.

As shown in Figure 2, the deep granite samples mainly show elastic deformation until
the peak stress, after which their strength decreases rapidly, indicating strong brittleness
under different confining pressures. These rocks originate in an environment of high
geostress, temperature, and hydraulic pressure, and under the action of low confining
pressure, the main fracture surfaces of the rock samples exhibit obvious scratch marks, and
many rock fragments are observed. Moreover, the opening degree of the main fracture is
relatively large, which shows obvious signs of tension and distortion. This is mainly due to
the secondary shear failure caused by the concentration of slip stress on the fracture surface
after failure. As the confining pressure increases, the main fracture surface develops from
the end to the sample’s side. Under high confining pressure, the fracture surface of the rock
sample is rough, which indicates a volume expansion phenomenon of the micro drum.

The fracture morphology of the three rock samples under triaxial compression was
observed by scanning electron microscopy (SEM).

As shown in Figure 3, the granite samples’ fracture morphology is extremely com-
plex, with their surfaces showing diverse morphology consisting of defects. The whole
rock mass comprises layers, which consist of defects between them. Further, rock de-
bris accumulates on the defects. The fracture boundary is locally concentrated due to
brittle fracture. The fracture of granite is characterized by cleavage fracture, which is
mainly fluvial cleavage, with obvious scratches and slip marks. The fault is predominantly
composed of intracrystalline cracks (with rock debris accumulation on the surface) and
intergranular cracks.
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(a) (b) (c) 

Figure 3. SEM scanning image. (a) A1, (b) B1, (c) C1.

Many primary fractures of different sizes exist in granite. When subjected to splitting
load, the microcracks begin to sprout at small-sized cracks and hard components. With
increasing load, these microcracks and main cracks begin to expand and connect into main
cracks. The cracks propagate completely and produce an obvious fracture surface until
the rock is destroyed. Therefore, the fracture surface of granite has various shapes and
obvious surface cracks. Thus, cracks formed through cracks of varied size will produce a
large amount of rock debris on the surface.

4. Analysis of Micro-Scale Failure Evolution of Deep Granite Based on IET Function

A large number of microcracks are randomly distributed in natural granite. When an
external load is applied to the granite sample, the primary microcracks cause local stress
concentration inside the sample, which further promotes the occurrence and propagation of
internal microcracks. The expansion and aggregation of microcracks lead to the production
of macroscopic cracks and local failure surfaces until the failure produces a large number of
AE signals. These signals contain the evolution information of internal failure and fracture
in the process of rock deformation and failure [20,30].

As all the samples were obtained from the same core, their stress–strain curves indicate
that the axial stress–strain relationship and the AE event curve of all samples under different
confining pressures shows similar trends. This reflects that the distribution of microcracks
in the deep granite samples is basically similar, with no remarkable difference between the
samples.

According to the deformation characteristics, the loading process of rock can be
classified into five stages: (1) crack closure, (2) linear elastic deformation, (3) crack initiation
and stable crack growth, (4) critical energy release and unstable crack growth, and (5)
failure and post-peak behavior [31,32]. During rock loading, the AE event rate of each
fracture level differs considerably. The AE event monitoring method has been widely used
to classify and verify the degree of rock cracking [33,34]. To further explore the evolutionary
relationship between the AE event number and the fracture degree, this study adopts the
IET function F(τ) proposed by Triantis and Kourkolis [35,36].

The calculation method is as follows:
(1) Define a sliding time window with N impact event intervals

(ti−1, ti+N−1) (1)

(2) Calculate the moving average of N event intervals in the specified time window:

τi =
ti+N−1 − ti−1

N
(i = 2, 3, . . .) (2)
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special:

τ1 =
tN − t1

N
(i = 1) (3)

(3) For a given time window:

F(τ) = τ−1
i (i = 1, 2, 3, . . .) (4)

In this test analysis, we adopted n = 50, as explained by Triantis and Kourkolis. Here,
N represents the resolution of AE characteristics and does not majorly affect the analysis
results [36].

Figure 4 shows the stress–strain–F(τ) evolution curves for the three granite samples.
For sample A1, the value of the event interval function is extremely low and the curve

is close to the horizontal axis within 0–2087 s, implying less AE activity. According to
Z. Moradian [31], a small amount of AE activity is mainly caused by the compaction of
primary pores or shear slip on the primary failure surface.

Within 784–1869 s, the stress curve of the rock sample is approximately a straight line,
indicating that the rock is in the elastic loading stage. The microcracks close and destroy
the cementation points on the rough grain surface of some fracture surfaces, and the F(τ)
value increases slightly.

Within 1869–2087 s, the stress curve of the rock sample still shows a straight-line
form, but with slightly decreasing slope. This is because the loading rate is reduced to
0.008 mm/s to obtain a clear post-peak curve in the loading stage. At the same time,
the later value of F(τ) in this stage increases significantly, which indicates that the rock
sample undergoes the formation and development of microcracks and the phenomenon of
microcrack nucleation. This is the fracture generation and development stage.

Within 2087–3455 s, the stress curve no longer shows linear development, the stress
value gradually increases to the maximum value, and a series of U-shaped evolution paths
of the function F(τ) appears. The U-shaped evolution path of F(τ) is the path in which
F(τ) decreases, then stays at a relatively low level, and finally increases with time. In this
time period, the sample shows stable crack propagation, and the minority of macroscopic
crack extension is limited because of the expansion of the macroscopic crack generation.
The expansion of the macroscopic cracks of the frontier forms the surface for new strain
energy dissipation. This strain energy is used to maintain the new microcrack generation at
a high speed, which subsequently leads to the reduction of F(τ). After a series of cracking
events occur, the value of F(τ) returns to a high level.

After 3455 s, the rock sample moves to the post-peak failure stage, and F(τ) initially
remains at a high level, showing a typical unstable crack growth form. The function value
F(τ) also shows a continuous and compact U-shaped evolution trend. The continuous
occurrence of large F(τ) values indicates rapid increase in the AE activity simultaneously.
Further, the accumulated energy of the granite sample begins to release during the loading
process, and the internal cracks of the sample are connected under the action of sustained
external force. This allows the rock sample to slide along the internal main fracture surface
of the sample, resulting in local shear tensile failure and, finally, in the macroscopic failure
of the sample.

According to the AE signal value F(τ) and the stress–strain curve of granite un-
der compression, the loading process of the granite sample is divided into five stages:
(1) crack closure, (2) linear elastic deformation, (3) microcrack generation and development,
(4) macroscopic fracture generation and energy surge, and (5) post-peak failure. In stages
1 and 2, the rock sample experiences the compaction of primary pores, shear slip on the
primary failure surface, relative slip between grains, and destruction of the rough particle
surface at the microscale. After the end of the elastic loading stage, the stress–strain curve
of the sample is no longer linear; the stress rapidly reaches the maximum value and a
large number of microcrack propagation aggregates produce macroscopic cracks. In the
post-peak stage, all three samples show high brittleness. In this stage, the large crack is
quickly connected and formed. With continuously increasing loading, the main fracture
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surface inside the sample slides, causing local damage to the granite interior and complete
damage eventually.

 

Figure 4. Stress–strain F(τ) evolution curves of granites. (a) A1, (b) B1, (c) C1.
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5. Research on the Frequency-Domain Characteristics of AE Signals

The inhomogeneity and defects in the rock cause stress concentration in the loading
process. Internal microcracks cause and expand or intensify plastic deformation, resulting
in the rapid release of strain energy stored in the rock and subsequent AE. In practice,
thousands of AE events occur when a sample is loaded until it breaks. Thus, the ex-
perimental and practical construction efficiency could be greatly improved by extracting
characteristic signals from many AE signals that explain different degrees of rock fracture
and determining the AE frequency-domain precursors of rock fracture.

5.1. Discussion on AE Signal Distribution and Peak Stress Precursor

The peak frequency of the AE signal is a characteristic parameter of the signal in
the frequency domain. It is defined as the peak value observed in the power spectrum.
The frequency centroid is also a frequency feature calculated, in kilohertz, as the sum
of magnitude times frequency divided by the sum of magnitude, as equivalent to the
first moment of inertia. As shown in Figure 5, the amplitude represents the maximum
amplitude of the signal waveform, which is usually expressed in dB.

Figure 5. Configuration of peak frequency and frequency centroid.

In addition to using AE parameters to predict fracture precursors, this section studies
the failure mechanism and precursory characteristics of critical failure by statistical analysis
of the distribution of peak frequency, frequency centroid, and amplitude in the deformation
and failure process of granite samples.

5.1.1. Frequency-Domain Distribution of AE Signals and the Definition of Prediction Signals

To study the variation of crack degree and peak AE signal frequency by the triaxial
compression test under different confining pressures of the deep granite samples A1, B1,
and C1, the relation scatter plots of amplitude, peak frequency, and frequency centroid
with respect to normalized axial stress (σ1/σmax) were drawn, as shown in Figures 6–8,
respectively, to acquire the frequency domain distribution law of deep granite AE signals
and the precursory characteristics before reaching peak stress.
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Figure 6. Relationship between amplitude distribution and normalized axial stress. (a) A1, (b) B1, (c) C1.

   

Figure 7. Relationship between peak frequency distribution and normalized axial stress. (a) A1, (b) B1, (c) C1.

   

Figure 8. Relationship between frequency centroid distribution and normalized axial stress. (a) A1, (b) B1, (c) C1.

The figures indicate that during the test, the AE signals with an amplitude of 35–80 dB
account for the majority. The peak frequency presents an obvious stratification phe-
nomenon, while the distribution of frequency centroid band shows the law from thin
to wide. In general, the distribution characteristics of the three AE parameters show
some similar regularity during the test. Therefore, the study of the frequency-domain
characteristics of AE signals before loading to the peak stress in the triaxial test can more
comprehensively grasp the change patterns of fracture corresponding to various AE signals.
It can better define the AE signals of rock failure prediction before loading to the peak
stress from the perspective of the frequency domain.

The amplitude distribution of AE signals clearly shows that the number of AE signals
is less in the crack closure stage and the early stage of linear elastic deformation. The
corresponding results can also be obtained in the distribution of the other two signals. The
maximum amplitude in each stage shows a similar trend with stress; it increases with
increasing stress, before reaching the peak stress. Beyond this, the amplitude distribution
breaks in the range of 35–80 dB and some signals larger than 80 dB begin to appear.
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The peak frequency spectrum can be divided into three parts: low-frequency band
(0–200 kHz), medium-frequency band (200–350 kHz), and high-frequency band
(350–500 kHz). The low-frequency signals exist in the entire testing process. The fre-
quency band around 75 and 160 kHz begins to widen with stress. When the normalized
axial stress value reaches 50–60%, a large number of medium-frequency signals begin
to appear and are concentrated around 225 and 300 kHz. Compared with the low- and
medium-frequency signals, the practical significance of high-frequency band signals is
more obvious. These signals appear almost at the same time when the amplitude crosses
80 dB, and only a little earlier than the time the stress peak is reached. Therefore, the
appearance of signals with a peak frequency greater than 350 kHz has a strong correlation
with rock failure.

As shown in Figure 5 and the concept of frequency centroid mentioned above, the
higher the energy of AE signals in a certain frequency band, the closer the frequency
centroid value will be to that frequency band. The frequency centroid distribution diagram
shows that the AE energy is mainly concentrated in the frequency band of 150–175 kHz
at the beginning of crack closure. With increasing stress, the AE energy is concentrated at
approximately 225 kHz until the peak stress is reached. The frequency centroid shows the
same characteristics as the values of amplitude and peak frequency. That is, its bandwidth
widens, and most importantly, more signals larger than 275 kHz appear.

Hence, according to the above results, the failure precursor signal can be considered
to be the signal with an AE amplitude greater than 85 dB, a peak frequency greater than
350 kHz, and a frequency centroid greater than 275 kHz; hereinafter, this signal is referred
to as the P-signal. Comparison of the stress value corresponding to the P-signals with the
peak stress of the granite samples reveals that the stress corresponding to the P-signals
under the three confining pressures is 97%, 96%, and 98% of the peak stress values of the
granite samples, respectively, and they occur 212, 370, and 393 s ahead of the occurrence of
the peak stress in the test.

5.1.2. Time–Frequency Domain of the P-Signals

In Section 5.1.1, P-signals, with large peak frequency, frequency centroid, and ampli-
tude, are defined as the precursor signals for rock instability and failure. Then, the P-signals
in each confining pressure test were extracted and filtered, and the detailed frequency-
domain information of the P-signals was obtained according to the fast Fourier transform
(FFT). The time and frequency domain waveforms of the P-signals under different con-
fining pressures are shown in Figures 9 and 10, respectively. The P-signals under each
confining pressure show extremely similar characteristics; that is, the primary dominant
frequency of the P-signal is concentrated near 375 kHz, while the secondary dominant
frequency is mostly concentrated at 310 kHz. The frequency-domain signal shows the
phenomenon of “multi-peak coexistence,” dominated by the primary frequency.
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(a) (b) (c) 

Figure 9. Time domain waveform of the P-signals of each sample. (a) A1.No.17715, (b) B1.No.8200, (c) C1.No.6375.

   
(a) (b) (c) 

Figure 10. Frequency domain waveform of the P-signals of each sample. (a) A1.No.17715, (b) B1.No.8200, (c) C1.No.6375.

This phenomenon shows that the selection of the P-signals is not strongly affected
by the test environment but is mainly determined by the physical properties of rock.
This means that the P-signals defined in this paper have strong representativeness and
applicability.

5.2. Wavelet Packet Energy Analysis of AE Signals

Traditional analysis methods such as the FFT are not suitable to analyze typical non-
stationary signals such as AE signals owing to the defects of the algorithm itself. By contrast,
wavelet analysis is a localized analysis in the time and frequency domains, and it can not
only present the frequency-domain analysis of the signal in local time but also describe
the time-domain information corresponding to the frequency-domain information. Based
on wavelet analysis theory, wavelet packet analysis introduces the concept of optimal
basis selection, which has higher time–frequency resolution than wavelet analysis [37].
Therefore, wavelet packet analysis has greater advantages in the time–frequency domain
analysis, feature extraction, and AE signal energy analysis.

The concept of the frequency centroid described in the previous section clarifies that
the frequency centroid will be close to the dominant energy band of the signal. Therefore,
in this section, we use wavelet packet analysis to further analyze the energy of the P-
signals to obtain the energy distribution characteristics of the P-signals in each band. More
importantly, we verify the practicability of peak stress prediction by the P-signals.

5.2.1. Wavelet Packet Frequency Band Decomposition of the P-Signals

The AE signals generated in the loading process of a rock sample are abruptly oc-
curring non-stationary signals with complex characteristics. Wavelet packet analysis can
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effectively identify these signals and further decompose their high-frequency and low-
frequency components. Then, the corresponding frequency band is adaptively selected
according to the characteristics of the decomposed signals. According to the sampling law,
if the sampling frequency of the AE system is 1 MHz, the Nyquist frequency is 500 kHz.
Rock is a type of anisotropic and heterogeneous material, with random microstructural
planes. Different wavelet bases provide different results. Various wavelet bases have
been applied to wavelet packet analysis, such as Symlets basis, Morlet basis, and Meyer
basis [38–42]. In view of the complexity and diversity of AE signals, wavelet bases with
symmetry and tight support should be selected [43,44]. In this paper, the db3 wavelet basis
function of Daubechies wavelet series was selected and the AE signals were decomposed
to the fourth layer. A total of 16 sub-bands (labeled 1–16) with a band length of 31.25 kHz
were obtained. The specific range of each frequency band is shown in Table 2.

Table 2. Corresponding labels to band ranges.

Sub-Band Label Frequency Band Range/kHz

1 0~31.25
2 31.25~62.5
3 62.5~93.75

. . . . . .
16 478.75~500

5.2.2. Energy Distribution of Each Sub-Band

When the AE signal is decomposed to the fourth layer, the analyzed signal is recorded
as S4,j, and its corresponding energy is E4,j; then, the energy of each frequency band can be
expressed as

E4,j =
∫ ∣∣S4,j(t)

∣∣2dt =
m

∑
k=1

∣∣∣xj,k

∣∣∣2 (5)

where m is the number of discrete sampling points of the signal; xj,k represents the ampli-
tude of S4,j discrete points of the signal.

That is, if the total energy of the analyzed signal is E0, then

E0 =
24−1

∑
j=0

E4,j (6)

The percentage of the energy of each sub-band of the signal in the total energy of the
analyzed signal is calculated as follows:

Pj =
E4,j

E0
(7)

Based on the above formula, the energy ratio distribution of the AE signal in each
sub-band after wavelet packet decomposition can be obtained.

5.2.3. Energy Distribution of the P-Signals

In Section 5.1, the frequency-domain characteristics of the P-signals obtained by FFT
are extracted. In this section, the P-signals of granite samples under each confining pressure
are extracted by the wavelet packet energy analysis method, and the proportions of all P-
signals in the sub-bands of granite samples under various confining pressures are obtained,
as shown in Figure 11.
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Figure 11. Percentage of energy in each frequency band of the P-signals.

Figure 11 shows that the frequency band energy of the P-signals under various confin-
ing pressures is mainly concentrated in the No. 10–13 frequency band (281.25–406.25 kHz),
accounting for more than 50% of the total signals. This result confirms the rationality of
defining the signal with frequency centroid greater than 275 kHz as the P-signal. The
No. 12 frequency band (343.75–375 kHz) accounts for the highest proportion of the single
frequency band. This result validates the definition of the P-signal as the signal with a peak
frequency greater than 375 kHz. The No. 10 frequency band (281.25–312.5 kHz) occupies
the second-highest proportion of all frequency bands because the second peak frequency
of most signals is concentrated in this area. However, the energy proportion of the single
frequency band is less than 25%. As the confining pressure increases, the energy proportion
of low-frequency signal decreases.

The energy proportions of all the P-signals under various confining pressure values
in each frequency band obtained through the wavelet packet analysis are the same as the
conditions proposed in the previous section for defining P-signals. That is, the results
confirm that the peak frequency and frequency centroid of the precursor signals should be
greater than 350 and 275 kHz, respectively.

6. Discussion

The geological conditions of deep well construction engineering are complex, and the
surrounding rocks are prone to rockburst, spalling, and other geological disasters; these
conditions are quite different from those of shallow rocks. The deformation characteristics
and mechanical behavior of deep rock under high confining pressure serve as effective
indicators for the construction safety of deep shaft structures. As a non-destructive testing
technology, the use of the AE signal monitoring technology to determine the deformation
and failure characteristics of rock has been extensively studied. This method works on
the principle that the damage and failure of brittle rock are attributed to the process of
the initial compaction and closure of internal microcracks, followed by the nucleation of
the microcracks and gradual development of large-scale cracks, resulting in macroscopic
failure [30]. Therefore, this paper focused on the physical and mechanical properties
of granite in the deep strata of Sanshandao Gold Mine in Laizhou. The loading failure
process of deep granite was first divided into five distinct stages according to the AE IET
function. Then, test results demonstrated that the deep granite shows extremely strong
brittle characteristics under different confining pressures in the triaxial test.
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In practical engineering, the surrounding rock stress field is redistributed after the
excavation of deep rock mass, resulting in regional stress concentration and other phe-
nomena. If the appropriate support is not applied in a timely manner, the rock mass will
eventually be damaged. In this paper, the effect of rock depth on rock strength, deformation,
and AE characteristics was further revealed by the triaxial tests under different confining
pressures. The test results showed that the deep granite has higher compressive strength
and elastic brittleness than the shallow rock [3,4]. For the granite samples with lower
confining pressure, under the same loading conditions, first, the macroscopic fracture is
generated and energy is increased, and the phenomenon of high AE rate occurs in the early
and middle stages. This indicates that the development of internal cracks in rock is more
active under low confining pressure. Under high confining pressure, some natural pores
and microcracks are compacted in advance by the confining pressure, so the AE rate is
extremely low in the early stage. High confining pressure also results in the accumulation
of a large amount of energy in the stage of macroscopic fracture generation, and energy is
rapidly released in the post-peak stage at an extremely high rate. These results suggest that
the greater the buried depth, the higher the strength and elastic brittleness of the rock, and
the redistribution process of the stress field after the excavation of the deep well causes
different mechanical responses to the rock in the area.

In this study, we analyzed the frequency-domain characteristics of AE signals in the
entire loading process to determine the early warning AE signals, which can reveal the
critical state of rock failure. During the loading process, the rock undergoes microcrack
nucleation and crack growth, followed by the formation of large-scale cracks and a fracture
surface, eventually resulting in rock failure [30]. To better describe the AE signal when
the rock reaches the peak stress, the relationship of the peak frequency, amplitude, and
centroid frequency with axial stress was studied under the test conditions. The P-signals
related to the frequency-domain characteristics were defined exactly. The test results
showed that the peak stress of rock rapidly reaches the critical point of loading after a large
number of P-signals appear. Next, the energy distribution of the P-signals was studied
accurately by wavelet packet analysis, and the feasibility of the P-signal definition was
verified. According to the inverse relationship between AE frequency and crack size [29,41],
it can be inferred that with increasing confining pressure, the proportion of small cracks in
granite increases.

However, in practical engineering, environments with high temperature and high
pore water pressure clearly affect rock’s physical and mechanical properties as well as AE
characteristics. In this study, the high confining pressure environment was simulated under
in situ conditions. To further study the effect of high temperature and high pore water
pressure on the mechanical properties of rock and the characteristics of precursory AE
of rock under the coupling conditions of multiple factors closer to the actual engineering
environment, it is necessary to conduct in-depth processing and analysis using a true
triaxial testing machine with THMC coupling effects in the future.

7. Conclusions

This study systematically investigated the damage and failure evolution law and
frequency-domain distribution characteristics of AE signals of deep granite under tri-axial
loading tests. Further, the conditions for the prediction signals before peak stress were
defined. The important conclusions are summarized as follows:

(1) The AE IET function could effectively identify the deformation and failure degree
of rocks, and the loading process was divided into five stages. In the early stage of loading,
the function fluctuated in a low region; however, the rapid increase in its value in the later
stage indicates the generation of macroscopic cracks and rock fracture.

(2) The AE signals with amplitude greater than 85 dB, peak frequency greater than
350 kHz, and frequency centroid greater than 275 kHz were defined as the precursor signals
before the occurrence of the peak stress. The signals are applicable to all samples under
different confining pressures and have good universality and applicability.
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(3) Through wavelet packet analysis, the frequency domain was divided into 16 sub-
frequency bands of 31.25 kHz. The energy proportion of the characteristic signal was mainly
concentrated in the 343.75–375 kHz frequency band, followed by the 281.25–312.5 kHz
frequency band, and these were related to the distribution of the primary peak frequency
and the secondary peak frequency of all signals. These results agree well with the selection
standard of the precursor signals.
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