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Adhesion Properties of Recycled High-Viscosity
Asphalt–Aggregate Interface under Dynamic Water Erosion

Kang Zhao, Shijie Song, Yang Wei *, Guofen Li * and Feng Guo

College of Civil Engineering, Nanjing Forestry University, Nanjing 210037, China; zkas@njfu.edu.cn (K.Z.);
shijiesong@njfu.edu.cn (S.S.); 18816210278@163.com (F.G.)
* Correspondence: wy78@njfu.edu.cn (Y.W.); lgf@njfu.edu.cn (G.L.)

Abstract: The drainage of asphalt pavement requires the use of a large amount of high-viscosity-
modified asphalt, which faces the service environment under dynamic water erosion. The feasibility
of recycling high-viscosity-modified asphalt should be investigated to facilitate sustainable infras-
tructure construction. This study used ultrasonic equipment to simulate dynamic water erosion
test conditions and tested the adhesion performance of different types of recycled high-viscosity
asphalt at various environmental temperatures. The adhesion energy index and microstructure of
recycled high-viscosity asphalt were analyzed using the contact angle test and AFM test. The results
demonstrate that the higher the environmental temperature, the worse the anti-stripping perfor-
mance of recycled high-viscosity asphalt. From the perspective of adhesion performance indicators, a
6% recycling agent dosage is more conducive to restoring the performance of aged high-viscosity
-modified asphalt. The AFM test showed that the microstructure of high-viscosity -modified asphalt
represented significant changes with an increase in the recycling agent content, and the change in
the adhesion force of recycled high-viscosity -modified asphalt was consistent with the results of
macroscopic adhesion performance tests. This study illustrates the applicability of implementing
regeneration technology for the recycling of aged drainage asphalt pavement.

Keywords: drainage asphalt pavement; recycled high-viscosity asphalt; dynamic water erosion;
ultrasonic numerical simulations; AFM; adhesion performance

1. Introduction

In order to ensure the application effect of drainage asphalt pavement, researchers
have developed different types of phase change materials to improve the high-temperature
stability of the mixture on the one hand and used a high-viscosity asphalt binder to
improve the overall road performance of the mixture on the other hand [1–6]. Generally
speaking, improving asphalt viscosity can be realized by adding modifiers, among which
Tafpack Super(TPS) high-viscosity-modified asphalt has been widely used because of its
excellent high-temperature stability, low-temperature crack resistance, strong cohesion,
and durability [7]. However, although higher viscous asphalt with better performance
is used to drain asphalt pavements, due to the design concept of an open-graded and
large void ratio (18–25%), pavements still have the disadvantage of rapid decay in surface
function, low strength, and poor durability, and are prone to diseases such as void blockage,
water damage, and fatigue cracking during service, and therefore, must be maintained
periodically [8].

In China, up to 70 million tons of waste asphalt pavement materials are produced
annually, and while the basalt aggregate used for the drainage of asphalt pavement has low
reserves and the high-viscosity-modified asphalt cost is high, the use of recycled technology
for pavement rehabilitation is particularly necessary [9–12]. On the one hand, researchers
used the recycling agent to regenerate aged high-viscosity asphalt and evaluate the conven-
tional performance of recycled asphalt. On the other hand, the mechanical properties and
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durability of recycled drainage asphalt mixtures were investigated at different old material
mixing levels (15–93%) [13]. Xu et al. [14] developed a naphthenic asphalt rejuvenator for
drainage asphalt pavements, which could improve the permeability and ductility of aged
high-viscosity asphalt; however, the adhesion between asphalt and aggregate is insufficient,
and asphalt can easily peel off from the surface of the aggregate in a humid environment.
Frigio et al. [13] found that the use of an asphalt-based recycling agent could improve the
strength and flexibility of recycled drainage asphalt mixtures, but the enhancement of its
resistance to water damage was very limited. The road performance of reclaimed drainage
asphalt mixtures with 30% old material basically meets the specification requirements,
but its water stability is slightly poor, and its long-term performance needs to be further
observed [15]. At present, recycled high viscous asphalt–aggregate interface adhesion per-
formance research is limited, and the high viscous asphalt regeneration effect and adhesion
performance recovery law have to be studied.

For vehicles traveling on the road surface, road surface water is under the action of
the vehicle load constantly in the drainage of an asphalt mixture between the gap in the
back and forth scouring, constantly abrading the asphalt in the connecting part between
the aggregate and the aggregate, and ultimately resulting in the loss of asphalt’s adhesion
ability. It has been shown that the dynamic water action caused by vehicle loading is
the main cause of water damage in asphalt mixtures, which is particularly significant in
drained asphalt pavements [16]. Due to the huge difference between the hydrostatic test
in the laboratory and the actual road used, many reclaimed roads experience different
degrees of water damage within a short period of time after being put into operation.
Therefore, in order to better investigate the scouring effect of vehicle loads on the asphalt–
aggregate interface in the presence of water, simulation tests need to be designed in the
laboratory [17,18]. A dynamic water pressure experimental simulator was designed for the
test using the idea of the pneumatic pressure approach, and the final results obtained show
that the main reason for the attenuation of the mechanical properties of asphalt mixtures is a
decrease in asphalt viscosity under the condition that the dynamic water scour is directional
and quantitative [19]. An ultrasonic dynamic water scour simulation device was used to
simulate the scouring effect of water on the asphalt–aggregate interface in the open road
and was combined with the image processing method to realize the quantitative description
of the adhesion properties of the asphalt–aggregate interface [20]. The ultrasonic dynamic
water scour simulation device is simple, and the ultrasonic cavitation phenomenon can
simulate the extrusion and dynamic water scouring effect of the vehicle load on the road
surface well on rainy days, which is especially suitable for the drainage of asphalt pavement.

In this paper, an ultrasonic dynamic water scour simulation device was used to study
the effects of the high-viscosity agent dosage, recycling agent dosage, and temperature
on the asphalt spalling rate on the aggregate surface and to analyze the anti-stripping
performance of recycled high-viscosity asphalt under the dynamic water scour condition.
The surface energies of asphalt and aggregate were measured and calculated using the
lay-drop method, and the adhesion properties of a recycled high viscous asphalt–aggregate
interface were evaluated using the parameters of the spreading coefficient, work of ad-
hesion, and the work of spalling and energy ratio. An Atomic Force Microscope (AFM)
(IBM, Armonk, NY, USA) was used to obtain the surface topography, force curve, and
other microscopic information from the recycled high viscous asphalt to study the effects
of the high viscous agent dosage and recycling agent dosage on the honeycomb structure,
roughness, and adhesion force of asphalt, and to reveal the mechanism of changes to the
adhesion properties of the recycled high viscous asphalt.

2. Materials Preparation and Test Methods

2.1. Materials

The technical indicators described in this paper for the study of matrix asphalt and
which Alpha (Jiangyin) Asphalt Co., Ltd. (Nanjing, China) used to provide the ordinary 70#
matrix asphalt are shown in Table 1. A high-viscosity modifier was selected for commonly
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used TPS materials the shape of the particle size was about 5 mm in the form of dark brown
spherical particles and could be melted at 130 ◦C or more in the asphalt. The regeneration
agent was the Anshan Shuangcheng brand asphalt regeneration agent, which is a yellow-
brown liquid at room temperature. In this paper, a basalt aggregate above a 13.2 mm screen
and below a 16 mm screen was obtained through the sieving test as the coarse aggregate
used in the adhesion performance test.

Table 1. Technical indexes of base asphalt.

Evaluation Indicators Test Results Technical Requirement

25 ◦C pin man degree (mm) 69.0 60~80
Softening point (◦C) 47.0 ≥46

10 ◦C elongation (cm) 28.0 ≥20
Solubility (%) 99.9 ≥99.5

Density at 15 ◦C (g·cm−3) 1.02 -
Flash Point (◦C) 272 ≥260

135 ◦C rotational viscosity (Pa·s) 1.30 ≤3
Film oven aging quality loss (%) 0.05 ≤0.8

Film oven aging residual needle penetration ratio (%) 74.1 ≥61
Film oven aging 10 ◦C residual elongation (cm) 10.0 ≥6

2.2. Preparation of Recycled High-Viscosity Modified Asphalt

Since the TPS dosage varies in different projects: the dosage of a high-viscosity modifier
was formulated as 10%, 12%, and 14% in this paper. In this paper, high-viscosity-modified
asphalt was prepared using the shear method; first, the 70# base asphalt was heated to
140 ◦C and kept at a constant temperature; then, a specified dosage of the high-viscosity
modifier was added and stirred evenly with a glass rod; finally, a high-speed shear was used
to continuously shear for 30 min at a rate of 4000 r/min until the modifier was uniformly
fused in the asphalt, and high-viscosity modified asphalt was obtained.

According to the “Standard test methods of bitumen and bituminous mixtures for
highway engineering” (JTG E20-2011) in the T 0609-2011 and T 0630-2011 preparation of
aging high-viscosity asphalt [21], at each time, 50 g of prepared high-viscosity asphalt was
poured into the metal specimen dish in the film oven (TFOT) at 163 ◦C under the condition
of 5 h of simulated asphalt with short-term aging. Short-term aging occurred after the end
of the further in the pressure aging vessel (PAV) in a 100 ◦C and 2.1 MPa environment to
maintain 20 h of simulated asphalt long-term aging.

In order to study the recovery effect of different rejuvenating agent dosages on the
adhesive properties of aged high viscous asphalt, the aged high viscous asphalt was heated
to a constant temperature of 170 ◦C, and then different ratios of the rejuvenating agent
(4%, 6% and 8%) were added, and the rejuvenated high viscous asphalt was obtained using
high-speed shear to mix at a rate of 2000 r/min for 30 min. The performance parameters
for different types of recycled high-viscosity asphalt were measured, the results of which
are shown in Table 2, and the recycled high-viscosity asphalt type named rules for R-high-
viscosity modifier dosing-recycling agent dosing.

The preliminary analysis of the needle penetration index can be seen in the same
regeneration agent dosage with an increase in the high-viscosity agent dosage; the needle
penetration roughly showed a gradual decline in the trend, indicating that the amount of
high-viscosity agent is directly proportional to the consistency of recycled high-viscosity
asphalt. This is due to the TPS high-viscosity modifier as a thermoplastic elastomer where
high temperatures and asphalt with full shear mixing occur in the fusion and dissolution,
resulting in recycled high-viscosity asphalt in the components of the change, and the force
between molecules increases, exhibiting high consistency and reduced fluidity [22]. Under
the condition of the same high-viscosity agent dosage with an increase in the dosage
of the reclaiming agent, the needle penetration roughly showed a gradual increase in
the trend, indicating that the dosage of the reclaiming agent is inversely proportional to
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the consistency of recycled high-viscosity asphalt. This is due to the fact that the main
component of the rejuvenating agent is light oils, which can supplement the aging of
asphalt in missing saturated and aromatic components, thus reducing the consistency of
recycled high-viscosity asphalt, increasing rheology as well as needle penetration.

Table 2. Basic performance parameter values for high-viscosity asphalt at different doses.

Type of Asphalt
Needle Penetration

(0.1 mm)
Softening Point

(◦C)
10 ◦C Elongation

(cm)

R-10-4 37.8 63.3 55.7
R-10-6 41.4 61.1 74.4
R-10-8 45.9 58.8 83.1
R-12-4 35.4 69.7 44.2
R-12-6 39.7 67.6 65.1
R-12-8 45.5 65.3 74.9
R-14-4 35.5 78.8 36.7
R-14-6 38.9 76.7 57.1
R-14-8 43.3 74.1 69.5

Taking the softening point as the analysis index, it can be found that under the
condition of the same regenerant doping, the softening point increased with the increase in
high-viscosity agent doping. Taking 4% regenerant doping as an example, the softening
point increased from 63.3 ◦C to 78.8 ◦C with the increase in high-viscosity agent doping
from 10% to 14%, and this increase was obvious. Taking the high-viscosity agent dosage
of 10% as an example, with the increase in recycling agent dosage, the softening point
of recycled high-viscosity asphalt decreases. Ductility is the main index to evaluate the
plasticity of asphalt. The inclusion of a high-viscosity agent on asphalt ductility has a
certain weakening effect, and the smaller the dosage of its ductility, the worse its plasticity
is. On the contrary, the dosage of the regeneration agent has a certain enhancement effect
on asphalt ductility.

2.3. Experimental Methods
2.3.1. Adhesion Test

In this paper, the YM-040PLUS (Fangao Microelectronics Co., Ltd., Shenzhen, China)
ultrasonic generator was used for the test; the maximum capacity of the machine was
10 L, there were 6 ultrasonic vibrators, the heating power was 300 W, the ultrasonic power
was 360 W, and the ultrasonic frequency was 40 KHz. Combined with the experimental
experience of the predecessors, this paper set the dynamic water scouring time as 90 min in
order to simulate the drained asphalt pavement in the harsh water damage environment in
service for 3 years [20]. This study used this instrument to conduct ultrasonic asphalt ag-
gregate adhesion tests on different types of recycled high-viscosity asphalt at temperatures
of 20 ◦C, 50 ◦C, and 80 ◦C with reference to the test steps provided in reference [23]. Three
parallel trials were conducted for each test condition. The spalling rate was used as the
evaluation index to analyze the effects of three factors, namely, temperature, high-viscosity
agent dosage, and recycling agent dosage, on the adhesion performance of a recycled
high-viscosity asphalt–aggregate interface.

2.3.2. Contact Angle Test

(1) Test methods

This test was carried out using a KRUSSS-type contact angle tester (KRÜSS Scientific
Instruments Co., Ltd., Hamburg, Germany), the main parts of which include an optical
system, a sample conditioner, a video acquisition system, and an image analysis system,
with a measurement range of 5◦ to 180◦ and an accuracy of ±0.1◦ [24]. Calculating the
surface energy of asphalt and aggregate requires three liquids with known surface-free
energy and its components. In this paper, distilled water, formamide, and glycerol were
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selected as the probing liquids, and the contact angles of the liquids on different recycled
high-viscosity asphalt and aggregates were measured using the lay-drop method. Three
parallel tests under equal conditions were performed for each measurement.

(2) Computational modeling

Surface energy is the work required to produce a new interface per unit area of a given
material in a vacuum. It is known from the analysis in the literature that the surface energy
of a substance (γ) is mainly composed of a polar component (γAB) and the dispersion
component (γLW), while the polar component includes Lewis acid (γ+) and Lewis base
(γ−), whose relationship is shown in Equation (1) [25].

γ = γLW + γAB = γLW + 2
√

γ+γ− (1)

According to the surface physicochemical theory, the liquid wraps and adheres to the
solid surface, and the surface energy change in the solid–liquid system is expressed by
Equation (2):

Wls = γl + γs − γls (2)

In this Equation, Wls is the liquid-solid adhesion work, γl is the liquid surface energy,
γs is the solid surface energy, and γls is the interfacial energy on the contact surface of the
solid–liquid system.

The free energy of the interface between a liquid and a solid is expressed by Equation (3):

γls = γl + γs − 2
√

γAB
l γAB

s − 2
√

γLW
l γLW

s (3)

In this Equation, γLW
l and γLW

s are the dispersion components for liquids and solids,
respectively, while γAB

l and γAB
s are the polar components of the liquid and solid, respectively.

According to Young’s equation, the relationship shown in Equation (4) is satisfied
between the contact angle of a liquid with a solid surface and its surface-free energy and
interfacial energy:

γlcosθ = γs − γls (4)

In this Equation, θ is the contact angle between the liquid and the solid.
Combining Equations (1)–(4) yields the Young–Dupre formula (Equation (5)):

Wls = γl(1 + cosθ) = 2
√

γLW
l γLW

s + 2
√

γ+
l γ−

s + 2
√

γ−
l γ+

s (5)

At room temperature, the asphalt is a solid. By measuring the contact angles between
three types of liquids with known surface energy parameters and solid asphalt surfaces, a
system of equations can be established according to Equation (5) to obtain the surface-free
energy component value of asphalt before substituting it into Formula (1), which can be
calculated from the surface free energy of asphalt where the solid surface energy calculation
is the same [26].

(3) Evaluation indicators

a. Spreading factor

Wetting is the process by which a liquid droplet on a solid surface achieves contact
with the solid and continues to spread. It can be seen that wettability can be used to
evaluate the ability of bitumen to contact and spread on the aggregate surface; that is to
say, it can reflect the ability of asphalt-coated aggregates. Wettability can be calculated
by measuring the contact angle of a liquid on a solid. Meanwhile, the quantitative index
to evaluate the wettability is the spreading coefficient, which is defined as the amount
of surface-free energy reduction in a solid when it loses its bare surface and forms new
solid–liquid and liquid–air interfaces, expressed as follows:

Sa/s = γs − γas − γa (6)
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where: Sa/s is the spreading coefficient of asphalt (a denotes asphalt, s denotes aggregate),
γs is the surface-free energy of the aggregate, γa is the surface-free energy of asphalt, and
γas is the interface of free energy between asphalt and aggregate.

b. Adhesion

The work of adhesion is the free energy required to form a contact interface from
the contact between a liquid and a solid. The work of adhesion between the asphalt and
aggregate is expressed as follows:

Was = 2
(√

γLW
a γLW

s +
√

γ+
a γ−

s +
√

γ−
a γ+

s

)
(7)

where: Was is the adhesion work between the asphalt and aggregate, γLW
a , γ+

a , γ−
a are the

dispersion component, polar acid component, and polar alkali component of free energy
on the asphalt surface, respectively, γLW

s , γ+
s , γ−

s represent the dispersion component, polar
acid component, and polar alkali component for the surface-free energy of aggregates,
respectively.

c. Flaking work

The flaking work can be expressed in detail as:

Waws = 2γw + 2

(√
γLW

a γLW
s +

√
γ+

a γ−
s +

√
γ−

a γ+
s −√γLW

a γLW
w −√

γ+
a γ−

w −
√

γ−
a γ+

w −√γLW
s γLW

w −
√

γ+
s γ−

w −
√

γ−
s γ+

w

)
(8)

where: γw is the surface-free energy of water, γLW
w , γ+

w , γ−
w are the dispersion component,

the polar acid component, and a polar base component of the surface-free energy of water.

d. Energy ratio parameters

The adhesion between asphalt and aggregate increases with the increase in the spread-
ing factor Sa/s and work of adhesion Was and decreases with the increase in the work
of spalling Waws. As a result, researchers introduced the energy ratio parameter and the
energy ratio parameter to synthesize the adhesion between the asphalt and aggregate [27]:

E1 =
Was

|Waws| (9)

E2 =
Sa/s

|Waws| (10)

2.3.3. AFM Test

AFM has been widely used to determine the nanomechanical properties of soft mat-
ter systems with success [28]. The continuously recorded force–distance curves reveal
the adhesion properties between the tip and the most external sample surface and the
energy dissipation [29,30]. In this paper, Ra was calculated using the Nanoscope analysis
software 2.0 in the AFM technique as an indicator to assess asphalt surface roughness
on a microscopic scale. The test was carried out using Dimension Icon AFM produced
by Bruker, Germany, with the probe model RTESPA, the Quantitative Nanomechanical
(QNM)-SADER method was used to calibrate the probe, and the elasticity constant of the
probe was 5 N/m. The array of sampling points was set to 256 pixels × 256 pixels, the
sampling frequency was set to 1 Hz, and the constant peak force was set to 1 nN, with a
scanning range of 10 μm × 10 μm [31]. Three parallel tests under equal conditions were
performed for each measurement. The AFM test temperature was about 20 ◦C at room
temperature, and the asphalt specimens were prepared using the hot casting method.
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3. Test Results and Discussion

3.1. Study on the Interfacial Spalling Performance of Recycled High-Viscosity Asphalt Aggregate
under Dynamic Water Erosion Conditions

This paper uses the more common commercially available TPS high-viscosity modifiers
that improve high and low temperatures as well as the fatigue resistance properties of
asphalt and provide a sufficiently large bond between the aggregate and the aggregate.
As the performance of high-viscosity asphalt decreased during the service period, it is
important to use recycling agents to effectively restore its performance. In this paper, we
used the Anshan Shuangcheng brand asphalt rejuvenator, which is a mixture of various
resins, solvents, and multifunctional additives with low viscosity, stable properties, and
rich in lightweight components. In addition, the asphalt viscosity is greatly affected by
temperature; the asphalt viscosity at different test temperatures changes, which inevitably
leads to changes in the adhesion of asphalt and the aggregate surface. Therefore, this
paper simulated different weather temperature conditions on different recycled high-
viscosity asphalt dynamic water flushing tests to spalling rates as an evaluation index to
quantitatively analyze the effect of adhesion damage under different influencing factors,
the test results of which are shown in Figure 1. This figure shows the recycled high-viscosity
asphalt naming rules for the high-viscosity dosage-regeneration agent dosage.

Figure 1. Peeling rate test results.

As can be seen from Figure 1, there is a certain negative correlation between the flaking
rate and high-viscosity agent dosage when the recycling agent dosage is certain; that is to
say, the higher the high-viscosity agent dosage, the smaller the flaking rate of the reclaimed
high-viscosity asphalt–aggregate, which indicates that the increase in the high-viscosity
modifier could enhance asphalt adhesion. Taking the ambient temperature of 80 ◦C and the
recycling agent dosage of 6% as an example, with the increase in a high-viscosity modifier
dosage from 10% to 14%, the flaking rate of the recycled high-viscous asphalt–aggregate
interface decreased from 74.1% to 20.9%, which was a decrease of up to 71.8%. For the
reclaimed drainage pavement, whether the performance of aged asphalt could be effectively
restored or not, the dosage of its reclaimer in aged asphalt had a significant impact. From
the above figure, it can be seen that at a 20 ◦C, 50 ◦C, and 80 ◦C test temperature, when the
amount of high-viscosity agent was constant, the influence of the amount of regenerant
on the peeling rate showed a V-shaped distribution, indicating that the recycling agent
dosage of 6% for recycling high-viscous asphalt–aggregate interface adhesion is the best.
The reason for this may be that the insufficient dosage of the rejuvenating agent affects
the recovery effect of high-viscosity asphalt performance, while the excessive dosage of a
rejuvenating agent leads to an increase in the lightweight component of reclaimed asphalt,
which has an unfavorable effect on the adhesion of asphalt. With the increase in the test
temperature, the flaking rate of the recycled high-viscosity asphalt–aggregate interface
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gradually increased, indicating that the adhesion between asphalt–aggregate decreases
with the increase in temperature. This is mainly due to the fact that temperature affects the
viscosity of asphalt. The rheology of recycled high-viscosity asphalt gradually increases
with increasing temperature, and the viscosity of asphalt becomes smaller, resulting in
smaller adhesion between asphalt and asphalt and between the asphalt and aggregate,
and in the process of dynamic water flushing, asphalt is more likely to be stripped from
aggregate under the vibration of ultrasonic waves and cavitation, which ultimately leads to
the destruction and spalling of the recycled high-viscosity asphalt–aggregate interface.

3.2. Research on the Adhesion Performance of Regenerated High Viscous Asphalt Based on Surface
Energy Principle
3.2.1. Surface Free Energy Measurement

Based on the surface-free energy introduction in Section 2.3.2 of this paper, the set
of Equation (11) for calculating the surface-free energy of asphalt could be obtained by
combining Equation (5) and the three known liquid surface energy parameters:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
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In the formula,
√

γLW
a ,

√
γ−

a ,
√

γ+
a is the unknown quantity, substituting the surface-

free energy of distilled water, formamide, and glycerol, and each component, solving
the ternary system of equations, where the solution obtained is the surface-free energy
component of asphalt, where the results of the calculations are shown in Table 3:

Table 3. Asphalt surface-free energy and its components (mJ/m2).

Recycled High-Viscosity
Asphalt Types

Asphalt Surface
Free Energy

Asphalt Dispersion
Fraction

Asphalt Polarity
Component

Asphalt Polar
Acid Fraction

Asphalt Polar
Base Fraction

R-10-4 23.95 21.96 1.99 0.23 4.32
R-10-6 28.85 25.84 3.01 0.49 4.65
R-10-8 25.84 25.14 0.70 0.05 2.52
R-12-4 25.29 21.51 3.77 0.50 7.14
R-12-6 32.67 28.02 4.65 1.02 5.30
R-12-8 38.19 33.89 4.30 1.47 3.13
R-14-4 47.02 39.26 7.76 3.54 4.25
R-14-6 51.01 44.53 6.47 3.44 3.05
R-14-8 57.60 49.66 7.93 5.21 3.02

From Table 3, it can be seen that no matter which kind of asphalt is used, the value
of the nonpolar component accounts for about 85% of the free energy of the surface of
the asphalt, and the remaining polar component accounts for only 15%. Continuing to
analyze the two parts of the polar component, it can be found that the alkaline component
accounted for a very small percentage, only about 5%.

According to the same calculation method, the surface-free energy and components of
basalt aggregate can be obtained, and the results are shown in Table 4.

Table 4. Basalt aggregate surface-free energy and fraction (mJ/m2).

Aggregates
Aggregates

Surface Free
Energy

Aggregates
Dispersion

Fraction

Aggregates
Polarity

Component

Aggregates
Polar Acid

Fraction

Aggregates
Polar Base

Fraction

Basalt 233.01 56.61 176.40 15.82 491.73
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From Table 4, it can be seen that the surface energy of basalt aggregate was high, as
high as 233.01 mJ/m2, and when analyzing its surface energy component, it was found that
the polar component accounted for the main part, close to 75.7%. In the polar component,
it could be seen that the polar alkali component was as high as 491.7 mJ/m2, which is
consistent with the nature of basalt as an alkaline aggregate.

3.2.2. Evaluation of Interfacial Adhesion between Recycled High-Viscosity Asphalt
and Aggregate

(1) Spreading factor

There is a significant correlation between the wettability of asphalt on the basalt
aggregate and its adhesion effect. If the wettability of asphalt and aggregate is good and its
spreading coefficient is high, asphalt can spread well on the aggregate surface, resulting in
better adhesion performance between the two. On the contrary, if the wettability of asphalt
and the aggregate is poor, and it is more difficult for asphalt to spread on the aggregate
surface, then the spreading coefficient of the two is lower, and the adhesion performance
of the two becomes worse. From an energetic point of view explanation, asphalt is in
the process of wetting aggregate release energy where the size of the released energy is
the spreading coefficient Sa/s, the index of which can be quantitatively analyzed on the
wettability of the abstract. In this study, the spreading coefficient of nine types of recycled
high-viscosity asphalt on the surface of basalt aggregate is determined by Equation (6), and
the calculation results are shown in Figure 2.

Figure 2. Test results of spreading coefficient calculation.

As can be seen from Figure 2, the case of the high-viscosity agent dosage was un-
changed, with the increase in rejuvenating agent dosage, where the spreading coefficient
between the recycled high-viscosity asphalt and basalt first increased and then decreased,
all in the rejuvenating agent dosage of 6% to achieve the maximum value, which indicates
that, at this time, the recycled high-viscosity asphalt and basalt aggregates had the best
adhesion between the aggregates. The main reason for this is that, in a certain range,
a greater dosage of the recycling agent increases the recycled high-viscosity asphalt of
lightweight components in the content, improving the asphalt mobility and increasing the
spreading coefficient. However, an excessive amount of the rejuvenating agent may form a
gelatinous substance, resulting in a decrease in the spreading coefficient of recycled high-
viscosity asphalt. In addition, with the increase in the high-viscosity agent, the spreading
factor of reclaimed high-viscosity asphalt generally showed an increasing trend. However,
the spreading coefficient of recycled high-viscosity asphalt with 12% high-viscosity agent
at 6% recycling agent dosage is greater than that with 14% dosage, which might be due
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to the fact that the combination of the recycling agent and high-viscosity agent produces
better wettability and fluidity at a specific dosage ratio.

(2) Adhesion function

The energy required to strip asphalt from the asphalt–aggregate interface under dry
and anhydrous conditions is the work of adhesion. The work of adhesion can be calculated
from the parameters of surface energy and the fraction of bitumen as well as the aggregate.
If the work of adhesion is higher, it represents the greater adhesion strength between the
asphalt and aggregate. The work of adhesion between the asphalt and aggregate can be
determined by Equation (7), which is calculated, as shown in Figure 3.

Figure 3. Adhesion work calculation results.

From Figure 3, it can be seen that similar to the rule of change in the spreading
coefficient, when high viscous agent doping was certain, with the increase in rejuvenator
doping, the adhesion function increased first and then decreased. The reason for this
situation is that for the rejuvenating agent in a certain dosage range, the aging high-viscosity
asphalt performance has a good recovery effect, the adhesion performance increases and
the rejuvenating agent’s dosage further increases, leading to the rejuvenating agent in
the asphalt diffusion not being uniform, resulting in the components of the miscibility
appearing nonhomogeneous with damaged adhesion strength and the adhesion function
becomes smaller [32]. In addition, under different conditions, the adhesion function of
recycled high-viscosity asphalt becomes larger with the increase in a high-viscosity modifier
dosage. The reason for this is that the increase in the dosage of a high-viscosity modifier
can significantly increase the asphalt viscosity, thus improving asphalt’s adhesion.

(3) Flaking work

Water is one of the most important factors contributing to asphalt spalling, and the
spalling function measures the likelihood of adhesion failure due to asphalt stripping from
the aggregate in the presence of water. When water is present, there is a high likelihood
that asphalt can be replaced by water at the asphalt–aggregate interface, resulting in the
stripping of asphalt from the aggregate. From an initial asphalt–aggregate interface to a
later water–aggregate interface, the overall surface energy of the system is reduced. The
spalling work can be calculated by Equation (8), which is shown in Figure 4.

From Figure 4, it can be seen that the maximum value of the spalling work of the recy-
cled high-viscosity asphalt and aggregate appeared in the case of 10% high-viscosity agent
doping and 4% recycling agent doping for 156.01 mJ/m2 at the time that asphalt was most
prone to spalling. The curve shows that there was an optimum value for the recycling agent
dosage, and it was more difficult for the recycled high-viscous asphalt and aggregate at the
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inflection point to be spalled and damaged under the water environment. At a 6% recycling
agent dosage, the spalling work of recycled high-viscosity asphalt and aggregate was the
smallest, and the adhesion performance was the best. Further analysis can be found with
an increase in the high-viscosity agent dosage where the absolute value of the spalling
work between recycled high-viscosity asphalt and basalt aggregates gradually decreased,
indicating better-recycled high-viscosity asphalt—aggregate adhesion. This was due to the
increase in the high-viscosity agent, which enhanced asphalt’s adhesion performance.

Figure 4. Calculation results of flaking work.

(4) Energy ratio parameters

The spreading coefficient, the adhesion work, and the spalling work of different types
of recycled high-viscosity asphalt on basalt are calculated above. The adhesion function
is an indicator for evaluating the adhesion effect of asphalt–aggregate in the absence of
water, while the spalling function is an indicator to evaluate the adhesion effect of asphalt–
aggregate in the presence of water. However, in the actual use of the road, the two extreme
states of extremely dry or sufficient water seldom occur but appear more in the exchange
cycle of water and waterless conditions, so a single adhesion function or a single flaking
function cannot reasonably characterize the actual adhesion effect of the recycled high-
viscosity asphalt–aggregate interface. Therefore, in this paper, we need to comprehensively
consider the adhesion performance indexes under aqueous and anhydrous conditions;
therefore, two energy ratio parameters E1 and E2 are introduced for evaluation. The energy
ratio parameter E1 is the ratio of the adhesion work to the flaking work, and the energy
ratio parameter E2 is the ratio of the spreading coefficient to the flaking work, which are
calculated according to Equations (9) and (10), and the results are shown in Figure 5.

From Figure 5a, it can be clearly seen that the energy ratio E1 of different recycled
high-viscous asphalt was the smallest at 4% of the recycling agent dosage, which indicates
that the adhesion between long-term aged asphalt and aggregate was extremely poor, and a
sufficient recycling agent was needed to supplement the missing lightweight component of
recycled high-viscous asphalt. In addition, under the condition of high viscous agent dosage
determination, with the increase in the reclaiming agent, the energy ratio parameters, E1
and E2, increased and then decreased, which indicates that the optimal reclaiming agent
dosage selection should be paid attention to in the recycling of high-viscous aging asphalt.
Through the energy ratio parameters of recycled high viscous asphalt, the high viscous
agent dosage on the adhesion effect was not regular; the reason for this might be that the
regeneration agent and high viscous agent on the recycled high viscous asphalt adhesion
performance recovery effect had a synergistic effect.
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(a) 

(b) 

Figure 5. Calculation results of energy ratio parameters. (a) Calculation results of energy ratio
parameter E1. (b) Calculation results of energy ratio parameter E2.

3.3. Adhesion Characteristics of Recycled High-Viscosity Asphalt Aggregate Interface Based
on AFM
3.3.1. Microscopic Surface Feature Analysis

The two-dimensional surface morphology of the in-rejuvenated high-viscous asphalt
with different high-viscosity agent and rejuvenator dosages is shown in Figure 6.

The 2D scanning image obtained by AFM clearly shows that the image consists of
two main parts, namely the “bee-like structure” and the matrix phase. The area with
alternating black and white bee-like shapes is called the “bee-like structure”, and the area
around the “bee-like structure” is the matrix phase [33]. The number, maximum individual
area, average area, total area, and area ratio of the bee-like structures in the 2D scans were
counted using Image Pro-plus (IPP) software 6.0, and the results are shown in Table 5.
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Figure 6. Surface micromorphology of different types of regenerated high viscous asphalt.

Table 5. Statistical results of “bee-like structure” data of 2D images.

Asphalt
Type

Total
Number

Total Area
(μm2)

Individual Maximum
Area (μm2)

Average
Area (μm2)

Area Share
(%)

R-10-4 58 5.381 1.228 0.118 5.4
R-10-6 44 4.886 1.062 0.132 4.8
R-10-8 51 5.022 1.218 0.158 5.1
R-12-4 50 6.878 0.568 0.118 6.8
R-12-6 54 6.848 0.608 0.156 6.8
R-12-8 48 6.751 0.512 0.132 6.8
R-14-4 46 7.522 0.880 0.150 7.6
R-14-6 37 9.384 0.734 0.172 9.4
R-14-8 32 8.411 0.800 0.174 8.8

Analyzing the data in Table 5, it can be seen that with the increase in the high-viscosity
agent, the number of honeycomb structures in the recycled high-viscosity asphalt roughly
showed a decreasing trend, the total area of the honeycomb structure roughly showed an
increasing trend, the maximum area of a single honeycomb structure showed a roughly
decreasing trend, the average honeycomb structure area showed a gradually increasing
trend, and the proportion of the total area also showed an increasing trend. This indicates
that the adhesion capacity between the asphalt and aggregate was greatly enhanced with
the increase in the high-viscosity agent dosage.

3.3.2. Roughness

Asphalt surface roughness is related to asphalt adhesion and its self-healing proper-
ties. The higher the surface roughness, the better the adhesion between the asphalt and
aggregate [34]. The Ra results obtained from the AFM test are shown in Figure 7.
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Figure 7. Surface roughness of different types of recycled high-viscosity asphalt.

From Figure 7, it can be found that under the condition of 12% and 14% of high-
viscosity agent doping, the surface roughness of the recycled high-viscosity asphalt in-
creased from 5.7 nm and 3.91 nm to 6.24 nm and 4.35 nm, respectively, which increased by
0.54 nm and 0.44 nm, and the change fluctuation was very small. Under the condition of
10% high-viscosity agent dosing, the roughness decreased first and then increased with
the increase in reclaimer dosing and finally changed by only 0.39 nm. Therefore, it was
judged that the correlation between the reclaimer dosing and the roughness of the surface
of reclaimed high-viscosity asphalt was not obvious. In addition, as a whole, the surface
roughness was the largest at 12% high-viscosity agent dosing, and this roughness was
similar at 10% and 14% dosing, which is obviously inconsistent with the actual situation.
Therefore, this paper concludes that the use of roughness as an indicator for evaluating the
adhesion performance of recycled high-adhesion asphalt needs to be further investigated.

3.3.3. Adhesion

In order to further analyze the mechanical properties of recycled high-viscosity as-
phalt, the properties of its mechanical images were quantified using NanoScope Analysis
software 2.0, and the statistical results of the adhesion of different recycled high-viscosity
asphalt were obtained, as shown in Figure 8.

It can be seen from Figure 8, in the case of a certain amount of the high-viscosity agent,
with the increase in recycling agent dosage, that the adhesion of recycled high-viscosity
asphalt greatly increased and then slowly reduced. Taking the high-viscosity agent dosage
R = 14% as an example with the recycling agent dosage from 4% to 6% in the process, the
adhesion of the recycled high-viscosity asphalt increased by 56.1%; when the recycling
agent increased dosage from 6% to 8% of the process, the adhesion of the recycled high-
viscosity asphalt decreased by 0.81%. From this, the optimum rejuvenator dosage was
judged to be 6% based on the adhesion. In the case of a certain amount of the recycling
agent, the adhesion of recycled high-viscosity asphalt was positively correlated with the
increase in high-viscosity agent dosage. The higher the viscous agent dosage, the denser
the TPS high viscous agent in the uniform dispersion of matrix asphalt in the formation of
a crosslinked network structure, showing a more stable state; at the same time, the network
structure is also based on asphalt rheology’s ability to produce a damping effect, thereby
improving asphalt adhesion, and further increasing the viscosity of asphalt.
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Figure 8. Adhesion of different types of recycled high-viscosity asphalt.

3.4. Significance Analysis

The test results were analyzed using ANOVA using SPSS software 27 at a 95% con-
fidence level to compare the significance of the effect of different factors on the adhesion
performance parameters of the recycled high-viscosity asphalt, and the results are shown
in Table 6. It was found that the modifier dosage and high-viscosity agent dosage had no
significant effect on the energy ratio parameters E1 and E2 of the recycled high-viscosity as-
phalt, while almost all of the other adhesion performance parameters showed a significant
effect. This suggests that the energy ratio parameter itself might not be applicable to the
study of the adhesion characteristics of asphalt.

Table 6. Results of variance analysis.

Factor
Sum of Squared

Deviations
Degrees of
Freedom

Mean
Square Error

F-Value p-Value

(1) Spreading coefficient

Dosage of regeneration agent 2252 2 1126 25.33 0.005
Dosage of high-viscosity agent 553.8 2 276.9 6.229 0.059

(2) Adhesion work

Dosage of regeneration agent 1.979 × 104 2 9897 693.5 0.000
Dosage of high-viscosity agent 3988 2 1994 139.7 0.000

(3) Flaking work

Dosage of regeneration agent 5548 2 2774 153.0 0.000
Dosage of high-viscosity agent 1142 2 571.0 31.51 0.003

(4) Energy ratio parameter E1

Dosage of regeneration agent 1.560 2 0.780 4.274 0.174
Dosage of high-viscosity agent 3.552 2 1.776 4.402 0.021

(5) Energy ratio parameter E2

Dosage of regeneration agent 4.568 2 2.284 17.20 0.010
Dosage of high-viscosity agent 0.280 2 0.140 1.054 0.428

(6) Surface roughness

Dosage of regeneration agent 0.026 2 0.013 1.072 0.423
Dosage of high-viscosity agent 1.415 2 0.707 57.98 0.001

(7) Adhesion force

Dosage of regeneration agent 1001 2 500.7 170.7 0.000
Dosage of high-viscosity agent 1153 2 576.6 196.6 0.000
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4. Conclusions

(1) In the ultrasonic equipment, simulated dynamic water scour test conditions, different
high-viscous agent dosages of aging high-viscous asphalt with the addition of a
rejuvenating agent, the rate of spalling on the aggregate surface with the increase
in rejuvenating agent dosage decreased first and then increased. A 6% rejuvenating
agent dosage of the aging high-viscous asphalt was used with the anti-stripping
performance of the best restoration effect. In addition, simulating the adhesion
performance test under different weather temperatures, it was found that the higher the
temperature, the worse the anti-spalling performance of reclaimed high-viscous asphalt.

(2) Through the contact angle test, it was found that the spreading coefficient and ad-
hesion work of recycled high-viscous asphalt on the surface of the basalt aggregate
increased and then decreased with the dosage of the rejuvenating agent under anhy-
drous conditions, and the spalling work decreased and then increased under aqueous
conditions, which is consistent with the conclusion of the kinetic water scour test. By
calculating the adhesion performance indexes E1 and E2, it was found that the adhe-
sion performance of recycled high-viscous asphalt increased and then decreased with
the increase in the rejuvenating agent under the combined consideration of the state of
water and no water, while the influence of high-viscous agent dosage on the adhesion
effect was not regular, which could be due to the synergistic effect of the rejuvenating
agent and the high-viscous agent in the recovery of adhesion performance of recycled
high-viscous asphalt.

(3) The AFM test on different kinds of recycled high-viscosity asphalt “bee-like structure”
morphology had some differences with the increase in high-viscosity agent mixing; its
“bee-like structure” showed a number of reductions, the area of the trend increased,
and there was no obvious change pattern as the amount of regenerant increased.
There was no obvious connection between the roughness of recycled high-viscosity
asphalt and its adhesion performance, and the pattern of change in adhesion was
consistent with the results of the macro-adhesion performance test.
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Abstract: Effective notch stress (ENS) approaches have many application prospects in fatigue damage
assessments; however, an ENS can only be obtained by conducting complex and time-consuming
numerical analyses, deterring many engineers from applying such an approach. In terms of the
rib–deck weld in orthotropic steel decks (OSDs), predictive formulae for determining the ENS
concentration factors (ENS-based SCFs) have been proposed; however, the effect of asphalt surfacing
is not involved, which limits their applications in practical engineering. In the present study, refined
finite element (FE) models, including asphalt surfacing, were developed to obtain the ENS-based SCFs
which could be applied to practical engineering. Parametric analyses were conducted to investigate
the effect of the transverse loading position, the combined effect of the transverse loading position
and asphalt surfacing, and the effect of the temperature of the asphalt surfacing. The amplification
coefficients (kSCF, kSCF1, and kSCF2) were introduced to determine the ENS-based SCFs on the basis
of the predictive formulae without considering the effect of asphalt surfacing. Results show that
the ENS-based SCFs of the rib–deck weld is considerably affected by the transverse position of
wheel loading and the asphalt surfacing. The cubic polynomial function could be employed to fit
the numerical results of the ENS-based SCFs and amplification coefficients (kSCF, kSCF1, and kSCF2)
with high fitting precision. Predictive formulae for determining the ENS-based SCFs corresponding
to arbitrary transverse loading position and temperature of asphalt surfacing are proposed. The
validation investigation turns out that the relative error of the proposed formulae is within 10%,
indicating the feasibility of using this approach for engineering applications.

Keywords: orthotropic steel deck; rib–deck weld; effective notch stress; concentration factor;
predictive formula

1. Introduction

Orthotropic steel decks (OSDs) are easily subjected to fatigue cracking under cyclic
traffic loads [1]. As welded steel structures, there are various fatigable details in OSDs, e.g.,
rib–deck welds, butt welds, diaphragm–rib welds, and arc-sharped notches [2]. Among
them, the rib–deck weld has generated significant concern in recent years [3]; this is because
the propagation of fatigue cracks thereat will further threaten the durability of asphalt
surfacing [4–6]. In this case, fatigue damage assessments and life predictions have become
a hot issue in bridge engineering. For these purposes, several stress-based approaches have
been widely employed, e.g., the nominal stress approach, the hotspot stress approach, and
the effective notch stress approach [7]. The nominal stress approach is the simplest; however,
the assessing accuracy is limited since the structure-related stress concentration is not
considered [8–10]. Comparatively, the hotspot stress (HSS) approach has higher accuracy;
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however, such approach is limited to applications to the weld root, where most fatigue
cracks of the rib–deck welds are initiated [11]. Additionally, the notch stress induced by the
weld bead cannot be considered by employing the hotspot stress approach. Alternatively,
the effective notch stress (ENS) approach has broad application prospects as the notch stress
could be precisely considered. However, effective notch stress can only be obtained by
conducting numerical simulations (e.g., finite element modeling) [12], which deters many
engineers from applying such approaches in practical engineering. Exploring feasible ways
to efficiently determine the effective notch stress without conducting numerical simulations
is of great significance, which warrants further investigations.

Instead of complex and time-consuming finite element modeling, empirical formu-
lae obtained using parametric and regression analysis provide a feasible way to quickly
determine effective notch stress [13]. Some researchers have proposed various parametric
formulae to predict the effective notch stress concentration factor (SCF), which is defined by
the ratio of the effective notch stress to nominal stress. For instance, formulae for predicting
the ENS-based SCFs of the butt–weld joint [13,14], the welded cruciform joint [15], and the
T-butt welded joint [16,17] have been reported. ENS-based SCFs could be quickly obtained
by employing these formulae for implementing accurate assessment of fatigue damage
or life. In recent years, artificial neural networks (ANNs) and machine leaning have also
been employed to develop accurate predictive models [18,19]. In terms of the rib–deck
welded joint, Wang et al. [20] proposed predictive formulae for predicting ENS-based
SCFs, corresponding to three typical fatigue-cracking modes (i.e., root–toe, root–deck, and
toe–deck cracking modes) to improve the efficiency of the ENS approach. More details
will be introduced in Section 2; these form the basis of the present research. Notably,
the proposed formulae in [20] are only applicable and efficient when all of the geomet-
ric parameters of the rib–deck weld are accessible, while might be inapplicable due to
the absence of critical geometric parameters in practical engineering, e.g., the weld leg
lengths. In this case, predictive formulae for determining the ENS-based SCFs have been
proposed through an integration of the HSS measurements to improve the efficiency of
applying an ENS approach [21]. However, in these investigations, the effect of the asphalt
surfacing is not considered, which might affect the accuracy of assessments in practical
engineering applications.

This study focuses on the parametric formulae for predicting ENS-based while SCFs
considering the effect of asphalt surfacing. Firstly, predictive formulae for predicting the
ENS-based SCFs of a rib–deck weld, without considering the effect of the asphalt surfacing,
were reviewed; these form the basis of the present study. Subsequently, a refined finite
element model was developed to conduct the parametric analysis of the effect of the
asphalt surfacing, wheel loading position, and temperature. Next, new predictive formulae
were proposed based on the results of parametric analysis. Finally, the application of the
proposed formulae was presented to validate the feasibility and accuracy.

2. Review of Equations for Predicting the SCF

Rib–deck welds in OSDs are easily subjected to fatigue cracking, as shown in Figure 1,
where the crack has penetrated the deck plate and subsequent leakage and corrosion were
observed. To propose the predictive formulae for predicting the ENS-based SCFs, finite
element (FE) models simulating the rib–deck welded detail were developed. For detailed
geometric sizes of the FE model, please refer to [20]. Since the ENS-based SCF at a weld
root was the focus of the present study, the stress 20 mm away from the weld root was
selected to be the nominal stress [20]. Regarding the geometric parameters of the rib–deck
weld, six parameters were considered in the FE modeling, namely the thickness of the deck
plate (td), the thickness of the rib wall (tr), the angle between the deck plate and rib wall (θ),
the weld penetration rate (1 − tp/tr), the length of the weld leg at the deck plate (lw,d), and
the length of the weld leg at the rib wall (lw,r). For more details of the geometric parameters,
please refer to [20]. In parametric analysis, the tr was valued at 6, 8, and 10 mm, while
the relative value of td/tr was set to be 1.8, 2.0, and 2.5 to take in account the effect of the
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thickness of the deck plate and rib wall. The value of (1 − tp/tr) was increased from 0 (i.e.,
no penetration) to 0.8 at intervals of 0.1. The relative length of the weld leg (i.e., lw,d/tr and
lw,r/tr) was valued from 0.8 to 1.2 at intervals of 0.2. Additionally, the value of θ increased
from 70◦ to 80◦ at intervals of 5◦. Based on the results of the parametric analysis, a database
of the ENS-based SCFs in the presence of different geometric parameters was developed.
Finally, predictive formulae for determining the ENS-based SCFs were proposed based on
regression analysis, as expressed by Equation (1).

SCFENS =
28

∑
i=1

ci × fi(X1, X2, X3, X4, X5, X6) (1)

where SCFENS represents the ENS-based SCF at the weld root; X1 = 1 − tp/tr; X2 = tr/10;
X3 = lw,d/tr; X4 = lw,r/tr; X5 = 2θ/180◦; and X6 = td/tr. ci is the coefficient determined by
the regression analysis as listed in [20]. Results of the parametric analysis in [20] show that
the SCF is considerably affected by the weld penetration rate (X1 = 1 − tp/tr), the relative
thickness of the deck plate (X6 = td/tr), and the relative length of the weld leg at the rib
wall (X4 = lw,r/tr). Accordingly, the SCF is less affected by the thickness of the rib wall
(X2 = tr/10), the relative length of the weld leg at the deck plate (X3 = lw,d/tr), and the
angle between the deck plate and rib wall (X5 = 2θ/180◦). It is noted that the effect of
asphalt surfacing on the values of SCFENS is not considered in Equation (1), which is to be
investigated in the following sections.

Figure 1. The rib–deck weld with fatigue crack penetrating the deck plate (imaged by Q.W.).

3. Finite Element Model for Parametric Analysis

To investigate the effect of the asphalt surfacing on the ENS-based SCFs of the rib–deck
weld, refined finite element models, including the global model and sub model, were
developed using ANSYS (Canonsburg, PA, USA), as shown in Figure 2. The global model
was composed of seven U-ribs (labelled from R1 to R7) and three diaphragms (labelled
from D1 to D3). Previous investigations have already shown that such FE model could
be employed to obtain the stress characteristics of the OSDs in practical engineering with
high accuracy. The thickness of the asphalt surfacing was set to be 60 mm which was
in accordance with the value in extensive practical engineering. Other main geometric
parameters were shown in Figure 3. The longitudinal length of the global model was
9000 mm, while the length between either two diaphragms was 3000 mm. The sub model
included the U-rib labelled R4 and half of R3 and R5 (see Figure 2). The rib–deck weld of
R4 was selected as the objective, and the notch with a radius of 1 mm was arranged at the
weld root for obtaining the ENS, following the recommendations by the IIW [7], to account
for the variation in the weld shape parameters, as well as the nonlinear material behavior
at the notch root.
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Figure 2. Finite element model simulating the OSD and asphalt surfacing.
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Figure 3. Main geometric parameters of the FE model (unit: mm).

The SOLID186-typed element, which was defined by 20 nodes having three degrees of
freedom per node, was employed to simulate both the OSD and asphalt surfacing with a
meshing size of 10 mm [2]. To improve the evaluating accuracy, the mesh of the objective
weld (i.e., arranged with a notch) was refined (see Figure 2), and the refined meshing size
around the notch was nearly 0.2 mm [20,21]. The elastic modulus and Poisson’s ratio of the
material of the OSD were 210 GPa and 0.3, respectively. As previous research has revealed,
the stress characteristics of the OSD were less affected by the Poisson’s ratio of the asphalt
surfacing; this was valued as 0.3 in the present study. While the elastic modulus of the
asphalt surfacing was to be assigned with different values to simulate the effect of the
temperature, as will be introduced in the following sections.

In terms of the boundary conditions, the displacement of nodes on the longitudinal
end of the deck plate and the U-rib was constrained to simulate the continuous structure
that is present in real-world engineering. The displacement of nodes on the transverse end
of the deck plate and diaphragm were also constrained. The displacement of nodes at the
bottom of the diaphragm was also constrained to simulate the continuous structure.

4. Modified Formulae for Predicting the SCFs

As illustrated before, the effect of the asphalt surfacing is not considered in the results
of the ENS-based SCFs predicted by Equation (1). Therefore, parametric analysis of the
effect of the asphalt surfacing, including the effect of transverse loading position and
temperature, was carried out in the present study to clarify the effect of the asphalt surfacing
on the ENS-based SCFs predicted by Equation (1). Notably, the effect of the transverse
loading position should be taken into account because vehicles generally pass through the
same cross-section following different transverse in-lane positions. As will be pointed out
in Section 4.1, the ENS-based SCF determined by Equation (1) corresponds to the same
transverse loading position, which cannot be directly applied to the evaluation in practical

22



Materials 2023, 16, 6760

engineering as the real transverse loading position is unclear. In this case, an additional
parametric analysis on the effect of the transverse loading position on the SCF should be
carried out based on the FE model. Once the modified formulae were proposed, the ENS-
based SCFs considering the effect of the asphalt surfacing could be efficiently obtained.

Furthermore, previous study reveals that the ENS concentration position is indepen-
dent of the transverse loading position, while being sensitive to the temperature of the
asphalt surfacing [2]. However, in terms of the full-penetrated rib–deck weld, the root–deck
crack (i.e., the target crack in the present study) will be generated due to fatigue damage
accumulation regardless of the variation in the transverse loading position and temperature
of the asphalt surfacing. In the following sections, parametric analysis was performed
based on the FE models with fully penetrated rib–deck welds. Therefore, the predicted
ENS-based SCF could be employed to evaluate the fatigue damage in the corresponding
concentration position, i.e., the proposed predictive formulae are applicable to the fatigue
evaluation of the root–deck crack.

4.1. Effect of the Transverse Loading Position

Firstly, to investigate the effect of single factor (i.e., the transverse loading position),
an additional FE model without the asphalt surfacing was developed. The double wheel
load model, with a loading area of 600 mm (transverse) × 200 mm (longitudinal), was
employed according to the Chinese standard “Specifications for Design of Highway Steel
Bridge” [22]. Five transverse loading positions were considered: x = 0, x = ±0.1 m, and
x = ±0.2 m. x = 0 meant that the wheel loading was applied right above the U-rib labelled
R4, as shown in Figure 4; x = 0.1 m meant that the wheel loading was 0.1 m right of the
symmetric axis of the sub model; x = −0.2 m meant that the wheel loading was 0.2 m left.

X

Y

x
x

x

Figure 4. Schematic diagram of the transverse loading position (unit: m).

Both the effective notch stress (ENS) and nominal stress were obtained using the FE
analysis; subsequently, the ENS-based SCF could be determined by the ratio of the ENS to
the nominal stress. Based on the FE analysis, values of the ENS-based SCFs corresponding
to different transverse loading positions were plotted in Figure 5a. Additionally, the SCFs
predicted by Equation (1) was also plotted. Based on the geometric sizes of the rib–deck
weld in FE model (i.e., td = 14 mm, tr = 8 mm, 1 − tp/tr = 1.0, lw,d = lw,r = 6 mm, θ = 78◦), the
predicted value was calculated to be 3.496.

As can be seen from Figure 5a, the ENS-based SCF is considerably affected by the
transverse loading position. The ENS-based SCF reaches the greatest value when the
wheel load is applied at the position of x = −0.1 m. The cubic polynomial function was
employed to fit the results with a final correlation coefficient (R2) of 0.997, as expressed by
Equation (2).

SCFENS = 7.28829 − 28.63279x − 79.15843x2 + 484.32571x3 (2)

where x represents the position of the wheel loading, as shown in Figure 4.
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It can also be seen that the ENS-based SCF is consistent with the value predicted
by Equation (1) when x = 0.125 m. On this basis, it is feasible to modify Equation (1)
by introducing the amplification coefficient (kSCF) to take into account the effect of the
transverse loading position. The kSCF could be determined by Equation (3).

kSCF = SCFENS,x/SCFENS,x=0.125 (3)

where SCFENS, x is the ENS-based SCF at arbitrary position of the wheel loading; SCFENS, 0.125
is the ENS-based SCF corresponding to the position of x = 0.125 m.

Values of kSCF were plotted in Figure 5b. The cubic polynomial function was also
employed to fit the results with a final correlation coefficient (R2) of 0.997, as expressed by
Equation (4). Clearly, the ENS-based SCF corresponding to arbitrary weld geometry and
transverse loading position could be determined by using Equations (1)–(4). Notably, the
obtained results are only applicable to the OSDs without considering the asphalt surfacing.

kSCF = 2.08475 − 8.19016x − 22.64257x2 + 138.53711x3 (4)
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F
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Figure 5. Effect of the transverse loading position on the ENS-based SCFs: (a) variation in the
ENS-based SCFs; (b) variation in the amplification coefficient kSCF.

4.2. Combined Effect of the Transverse Loading Position and Asphalt Surfacing

In practical engineering, the effect of asphalt surfacing is considerable. To investigate
the combined effect of the transverse loading position and asphalt surfacing, FE models
with a 60 mm thick asphalt surfacing were developed. The elastic modulus and Poisson’s
ratio of the asphalt surfacing were assumed to be 5058 MPa and 0.3, without considering
the variation in temperature. Values of the ENS-based SCF and kSCF1 were obtained, as
plotted in Figure 6. The cubic polynomial function was also employed to fit the results,
as expressed by Equations (5) and (6), and the final correlation coefficients (R2) were both
0.927. It could be seen that the ENS-based SCF considering the effect of asphalt surfacing is
generally greater than the one without considering such effect. This further demonstrates
that Equation (1) cannot be directly applied to practical engineering as the effect of asphalt
surfacing is not involved. Notably, while considering the effect of the asphalt surfacing,
there is no conflict between the increase in the ENS-based SCF and the decrease in the
weld stress. The reason is that the ENS-based SCF is defined as the ratio of the ENS to
the nominal stress, and both the ENS and nominal stress decrease when considering the
effect of the asphalt surfacing but the decrease in the nominal stress is more obvious. For
instance, when the wheel loading was applied at the position of x = 0.10 m, the ENS
and nominal stress were 31.8 and 7.6 MPa without considering the effect of the asphalt
surfacing, while the values decreased to be 25.0 and 5.1 MPa considering an such effect.
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It is obvious that both the ENS and nominal stress decrease, while the ENS-based SCF
increases (increased from 4.18 to 4.90 in terms of this example) when considering the effect
of the asphalt surfacing.
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Figure 6. Combined effect of the transverse loading position and asphalt surfacing: (a) variation
in the values of the ENS-based SCF, where AS represents the asphalt surfacing; (b) variation in the
amplification coefficient kSCF1.

It can also be seen that the ENS-based SCF, considering the combined effect of the
transverse loading position and asphalt surfacing, is consistent with the value predicted
by Equation (1) when x = 0.15 m. On this basis, another amplification coefficient (kSCF1)
was introduced to take into consideration the combined effect of the transverse loading
position and asphalt surfacing, as expressed by Equation (7). On this basis, an ENS-based
SCF which corresponds with arbitrary weld geometry and transverse loading positions,
used in practical engineering, could be determined by using Equations (1) and (5)–(7).

SCFENS = 9.63401 − 35.68153x − 118.19119x2 + 538.58958x3 (5)

kSCF1 = 2.75572 − 10.20639x − 33.80755x2 + 154.05881x3 (6)

kSCF1 = SCFENS,x/SCFENS,x=0.15 (7)

4.3. Effect of the Temperature of Asphalt Surfacing

In Section 4.2, the elastic modulus of the asphalt surfacing was valued as 5058 MPa,
which corresponded to a temperature of 20 °C according to Equation (8). Additionally, the
elastic modulus was set to be 16,290, 11,031, 2320, 1064, and 488 MPa to simulate the effect
of temperatures of −10, 0, 40, 60, and 80 ◦C, respectively. The loading position remained
unchanged (the wheel load was applied right above the U-rib, i.e., x = 0.0) to investigate
the effect of the temperature of asphalt surfacing. Values of the ENS-based SCF in presence
of different temperatures were determined by the FE analysis, as plotted in Figure 7a.
It could be seen that the ENS-based SCF decreases with the increasing temperature of
asphalt surfacing. Notably, the asphalt surfacing has a greater elastic modulus at lower
temperatures, decreasing fatigue stress. At low temperatures, even though the rib–deck
weld has a higher stress concentration, the stress range will be much smaller due to the
strengthened composite stiffness of the asphalt surfacing and OSD. Furthermore, since
the ENS-based SCF is sensitive to the transverse loading position (see Figure 6a), it is
believed that the curve in Figure 7a changes with the variation in the transverse loading
position. However, it is unnecessary to perform additional FE simulations to conduct
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the parametric analysis, since the predictive formulae for determining the ENS-based
SCFs, corresponding to an arbitrary transverse loading position and the temperature of
the asphalt surfacing, could be proposed based on the current database. If additional
simulations can be performed to expand the database of the ENS-based SCFs, the only
result would be that the relative error of the proposed formulae will decrease.
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Figure 7. Effect of the temperature of the asphalt surfacing: (a) variation in the values of the ENS-
based SCF; (b) variation in the amplification coefficient kSCF2.

The cubic polynomial function was also employed to fit the results, as expressed by
Equation (9), with a final correlation coefficient (R2) of 0.998. Taking the ENS-based SCF
at 20 ◦C (i.e., SCFENS = 7.173) as the reference, another amplification coefficient (kSCF2)
was introduced to determine the ENS-based SCF at arbitrary temperatures of the asphalt
surfacing, as expressed by Equation (10). The values of kSCF2 are plotted in Figure 7b.
The cubic polynomial function was also employed for nonlinear fitting, as expressed by
Equation (11). The final correlation coefficient (R2) was 0.998. To this end, the ENS-based
SCF corresponding to arbitrary weld geometry and temperatures in practical engineering
could be determined by using Equations (1) and (8)–(11).

E = 11031 × 10−0.01693T (8)

where E is the elastic modulus of asphalt surfacing and T is the temperature.

SCFENS = 13.56537 − 0.16886T + 7.66876 × 10−4T2 + 1.52388 × 10−6T3 (9)

kSCF2 = SCFENS,T/SCFENS,T=20 (10)

kSCF2 = 1.30223 − 0.01621T + 7.36178 × 10−5T2 + 1.46288 × 10−7T3 (11)

4.4. Validation of the Proposed Formulae

To validate the feasibility and reliability of the proposed formulae, an additional five
cases were considered, as listed in Table 1. Corresponding FE models were developed to
obtain the FE results, and predictive results were also obtained by employing Equations (5)–(11).
Both the numerical and predictive results were plotted in Figure 8 and Table 2. As can be
seen, the ENS-based SCFs obtained using FE analysis were 7.73, 11.08, 3.01, 8.85, and 7.31,
respectively, while those obtained by employing the proposed formulae were 8.12, 11.89,
3.25, 8.74, and 6.69, respectively. The relative errors between the numerical and predictive
results were 5.14%, 7.34%, 8.36%, −1.27%, and −8.48%, which were all within 10%. There-
fore, it is believed that the proposed formulae are acceptable for engineering applications.
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Additionally, to minimize the adverse effects of the relative error, the relative error should
be reasonably considered so as to obtain the distributing range of the evaluating results of
the fatigue damage.

Table 1. Cases for validation.

Case Transverse Loading Position (m) Temperature of the Asphalt Surfacing (°C)

1 x = 0.05 T = 5
2 x = −0.05 T = 15
3 x = 0.15 T = 25
4 x = −0.15 T = 35
5 x = 0 T = 50

SC
F

Figure 8. Comparison of the numerical and predictive results of SCFENS.

Table 2. Comparison of the numerical and predictive results.

Case Numerical Results Predictive Results Relative Error (%)

1 7.73 8.12 5.14
2 11.08 11.89 7.34
3 3.01 3.25 8.36
4 8.85 8.74 −1.27
5 7.31 6.69 −8.48

5. Conclusions

The prediction of ENS-based SCFs of a rib–deck weld in an OSD, considering the effect
of asphalt surfacing, was the focus of the present study. Based on the refined FE models,
parametric analysis was conducted to investigate the effect of the transverse loading
position, the combined effect of the transverse loading position and asphalt surfacing, and
the effect of the temperature of asphalt surfacing. On this basis, predictive formulae for
determining ENS-based SCFs for engineering applications were proposed by integrating
the parametric equations without considering the effect of asphalt surfacing. The following
conclusions can be drawn.

(1) ENS-based SCFs of rib–deck welds are sensitive to transverse loading positions, and
the greatest value corresponds to the loading position of x = −0.1 m. The ENS-based
SCF increases when considering the combined effect of the asphalt surfacing, while
the variation trend remains unchanged.

(2) ENS-based SCFs are considerably affected by the temperature of asphalt surfacing.
The lower the temperature is, the greater the ENS-based SCF is. And the ENS-based
SCF decreases with an increase in temperature.
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(3) Based on the numerical results of ENS-based SCFs, predictive formulae are proposed
to determine the ENS-based SCFs corresponding to arbitrary weld geometry, transverse
loading position, and the temperature of the asphalt surfacing. Validation research shows
that the proposed formulae could provide reliable results with a relative error within
10% (namely 5.14%, 7.34%, 8.36%, −1.27%, and −8.48% for the five cases, respectively),
which is believed to be acceptable for real-world engineering applications.

In future investigations, more cases considering variations in weld geometry, trans-
verse loading position, and temperature should be simulated to extend the database of
the ENS-based SCF so as to improve the predictive accuracy of the regressive formulae.
Additionally, the artificial neural network (ANN) and machine leaning method should also
be employed to propose more reliable models for the prediction of ENS-based SCFs.
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Abstract: The use of FRP materials to repair cracked/damaged steel structures has gradually been
adopted by researchers. This paper investigates the repairing effect of bolted FRP plates for cracked
steel plates based on experimental and numerical simulation methods. In the experimental inves-
tigation, the tensile strengths of six specimens, including three repaired specimens and three pure
cracked steel specimens, were evaluated. The test outcomes indicated that the bolt repairing method
significantly enhanced the tensile strengths of the cracked steel plates. As an example, the failure
of a pure steel plate with a 1 mm width crack occurred at 813 N, whereas after being repaired, a
tensile strength of 1298 N was observed. Based on finite element (FE) analysis, the influence of bolt
preloads and interfacial friction coefficients were verified. The stress-relative ratio for specimens was
contingent on the bolt preload magnitude and gradually decreased as the preload was augmented.
By exploring the repairing effect for varied friction coefficients, it was concluded that using a higher
bolt preload can aid in eliminating the performance discrepancy of the overall component caused by
interface treatment errors.

Keywords: cracked steel plate; fiber-reinforced polymer; repair; stress; pre-tightening force

1. Introduction

Steel elements are extensively employed in diverse fields, such as aerospace engi-
neering, civil engineering, marine engineering, etc. During practical application, owing to
external loads and working environment conditions, steel members are inevitably prone to
damage, cracks, and even failures [1–3]. In practical applications, preventing cracks from
spreading and evolving into through-thickness cracks is of the utmost importance, particu-
larly in the fields of bridge engineering, aerospace engineering, transportation pipelines,
and pressure vessels [4–6]. Recently, fiber-reinforced polymer (FRP) has been increasingly
used in the aviation industry, civil engineering, and energy industry sectors because of its
light weight, high strength, super fatigue resistance, and corrosion resistance [7–11]. The
technology of repairing/reinforcing structures with FRP materials has attracted more and
more scholars’ attention [12,13].

Typically, there are two techniques for repairing steel structures with FRP, namely
external bonding and bolting methods. For the bonding method, high-performance bond-
ing materials are employed to affix the FRP material onto the surface of the base material,
allowing both to distribute the force. On the other hand, the bolt connection method
utilizes bolts to establish a connection between the FRP and the base structure, resulting
in the FRP material being secured together with the structure as a whole [14–18]. For
actual reinforcement, considering the low durability and high-temperature sensitivity of
the bonding material and the fragility of the interface, the bolted connection method can be
regarded as a significant practical and competitive reinforcement method.

The study of bolted FRP-reinforced/repaired structures has been an area of research
interest. Hai and Mutsuyoshi [19] researched the structural behavior of double-lap joints
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composed of steel splice plates bolted and bonded to pultruded hybrid CFRP/GFRP lami-
nates, revealing that the bolted joint’s failure strength and failure mode were predominantly
influenced by the bolt-end distance. Feroldi and Russo [20] conducted experimental re-
search on the structural performance of FRP beam–column–plate bolted connections by
determining the initial stiffness and ultimate bending capacity for each connection and the
rotation in relation to ultimate strength. These results were then compared to numerical
predictions obtained through commercial code utilizing finite element analysis. Sweedan
et al. [21] investigated the interfacial behavior of mechanically anchored FRP laminates
for strengthening steel beams. The failure of test components was primarily controlled by
using a combination of various mechanisms, including bearing in FRP laminates, bending
in connecting bolts, folding in washers, and tearing of FRP laminates. Later, Satasivam
et al. [22] conducted an experimental study on the composite actions present in steel-FRP
composite beam systems utilizing novel blind bolt shear connections. They quantified
the shear stiffness, also known as the slip modulus, of the shear connection by subjecting
steel-FRP joints to tension loads. Abdelkerim et al. [23] investigated the static and fatigue
performance of FRP bolted joints and proposed a new hybrid steel-FRP bolt to prolong the
fatigue life of the composite joints. Recently, Olivier et al. [24] investigated the feasibility of
bolted connectors in hybrid FRP-steel structures via experimental analysis. The authors
confirmed the great application prospect of the bolted FRP-steel composite structure for
engineering structures and proposed novel preloaded connectors injected with steel-reinforced
resin for the bolted connections. The above-mentioned researchers undertook extensive studies
on the performance of FRP-steel bolted connections. These studies demonstrate the enormous
potential of FRP bolted repair/reinforcement of steel components.

However, the existing research mainly focuses on the conventional reinforcement
connection performance of typical components, and there is little research on FRP bolted
repair of cracked steel specimens in engineering. The research results introduced previously
have proven that FRP bolted technology has great potential for repairing/strengthening
steel components. The specific efficiency and influencing factors of this repair technology
need further research. Therefore, this study investigated the repair of cracked steel plate
specimens using the bolt connection method through experimental and simulating analysis. It
comprehensively analyzed the effects of crack size and bolt preload on the repairing performance,
providing a solid scientific basis for the application of FRP bolted steel specimens.

2. Repair Experiment

2.1. Materials

In this study, 3 mm thick Q355b steel, with a yield strength and Young’s modulus mea-
suring 364 MPa and 203 GPa, respectively, according to the manufacturer’s specifications,
was the primary material used for constructing the steel plates. The outer contour size of
the slotted steel plate was 150 mm × 100 mm. Prefabricated at specified positions, two
bolt holes featuring a 7 mm diameter were included on each steel plate. For this research
study, 6 mm diameter stainless-steel screw arbors were utilized. The Young’s modulus
and shear strength of the stainless-steel bolts were provided by the manufacturer, measur-
ing 202 GPa and 645 MPa, respectively. Tabulated in Table 1 are the material properties
adopted throughout the research, including those of the pultruded GFRP plates, reinforced
adhesive, and steel. These GFRP plates, possessing a thickness of 3 mm, were constructed
from E-glass fibers and unsaturated polyester resin.

Table 1. Mechanical properties of the GFRP, adhesive, and steel.

Mechanical Property GFRP Steel Plates Steel Bolts

Young’s modulus (GPa)
20.22 (longitudinal direction)
12.39 (transversal direction)
13.66 (thickness direction)

203 202
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Table 1. Cont.

Mechanical Property GFRP Steel Plates Steel Bolts

Strength (MPa)

537.86 (longitudinal
direction)

303.24 (transversal direction)
327.43 (thickness direction)

364 (yield strength)
542 (tensile strength) 645 (shear strength)

Poisson’s ratio 0.37 0.30 0.30

2.2. Manufacturing and Repairing Mechanism

Table 2 presents information regarding the tested specimens—consisting of three
repaired specimens (type I, II, and III)—and three reference specimens (reference I, II, and
III), which were pure cracked steel plates. To construct the repaired specimens, a cracked
steel plate, two FRP plates, and two steel bolts were integrated into their structural design,
as illustrated by the geometric features shown in Figure 1 and Table 2. It is worth noting that
no initial preload (i.e., pre-tightening force) was imposed on the bolts of the three bolted
repaired specimens analyzed in this study. To analyze the strain development throughout
the quasi-static tensile test, strain sensors were placed on the steel plates’ surface adjacent
to the crack tip. The test was carried out using displacement control mode at a constant rate
of 1 mm/min. Additionally, to monitor the stress changes in the region around the crack
tip during the stretching process, a strain gauge was positioned 3 mm in front of the tip, as
depicted in Figure 1. Furthermore, the tensile strength and failure characteristics of the six
specimens were obtained based on the quasi-static experiments, as illustrated in Table 2.

a  b  

a b

Width of gap: c

Diameter: 7

Area for bolting repair

P

P

Diameter: 6

30

Strain gauge

Figure 1. Geometry and load graph of the FRP steel bolted repaired specimen (unit: mm). (a) Cracked
steel plate. (b) FRP plate.

Table 2. Parameters for the specimens.

Specimen a and b and c/mm Tensile Strength/N Failure Mode

Type I 40 and 20 and 1 1298 Cracking of steel plate
+shear-out failure of FRP

Type II 40 and 20 and 2 1573 Cracking of steel plate
+shear-out failure of FRP

Type III 40 and 20 and 3 1750 Cracking of steel plate
+shear-out failure of FRP
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Table 2. Cont.

Specimen a and b and c/mm Tensile Strength/N Failure Mode

Reference I 40 and 20 and 1 813 Cracking of steel plate

Reference II 40 and 20 and 2 1038 Cracking of steel plate

Reference III 40 and 20 and 3 1204 Cracking of steel plate

Under tensile loading P, the repaired specimen experienced shear force (P) and a
bending moment (M) in the left section proximate to the reinforcement area (comprising
the upper and lower sections). Meanwhile, the local bolted area was subjected to surface
friction (Ff) between the FRP and steel plate as well as extrusion force (Fe) between the
screw and steel plate screw hole wall (which may occur only after slippage of the FRP and
steel plate), as shown in Figure 2. Based on the force transmission mechanism in Figure 3,
it is easy to conclude that the repaired specimen utilized the new force transmission path
(offered by the bolted combination area) to transfer a portion of the internal load. By using
this technique, the stress on the cracked area can be reduced, ultimately leading to the
safeguarding and reinforcement of the cracking region. The greater the internal loads
transferred, the more effective the repair/reinforcement will prove to be.

P

P

Extrusion force, Fe

Friction force , Ff

Extrusion force , Fe

M

M

Figure 2. Load transfer diagram of the repaired specimen.

 
a  b  c  

Steel plate

Crack FRP

Strain gauge
Shear-out failure

Cracking

Figure 3. Test setup and failure modes. (a) For reference specimen. (b) For repaired specimen.
(c) Composite failure modes.

3. Repair Performance Analysis

3.1. Testing Results

Figure 3 plots the tests and failure modes of the specimens, and the results of the
specimens labeled as reference I, II, and III in Table 2 reveal that the width of the steel plate
crack affected the specimen’s failure strength, with the narrower crack width resulting
in lower failure strength of the specimen. For instance, reference I had a tensile strength
of 813 N, whereas 1204 N was adopted by reference III. A similar trend was observed in
types I, II, and III. This demonstrated that the crack width exerted a vital influence on the
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specimen’s cracking strength. By comparing the reference specimen and its corresponding
repaired specimen, it was found that the adopted repairing method could significantly
improve the tensile specimen of the cracked steel plates. For example, the failure of the
specimen for reference I occurred at 813 N, whereas 1298 N of the tensile specimen was
adopted by the specimen of repairing type I. For the reference specimens, during the
loading process, because of the stress concentration effect in the crack area, the reference
specimen cracked rapidly, and as the load continued to be applied, the crack gradually
expanded until the overall failure of the plate. However, the damage of the repaired
specimens exhibited distinct characteristics: during the initial loading stage, due to the
bolting and anchoring effect of the FRP plate, the load-bearing capacity of the repaired
specimen was mainly supported by the FRP plate. As the external load gradually increased
to a certain value, shear-out failure of the FRP plate occurred and eventually caused the
failure of the steel plate due to cracking. Figure 4 plots the load–displacement curves of
specimens type I and reference I.
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Figure 4. Load–displacement curves of specimens type I and reference I.

3.2. Finite Element Models

Three-dimensional (3-D) finite element (FE) analysis using ABAQUS was employed
to investigate the repair efficiency of the bolted FRP method for cracked steel plates. The
bolted repaired model comprised one cracked steel plate, two FRP plates, and two bolts,
while the steel plate and steel bolt were assumed to be homogeneous and linearly elastic,
based on Table 1 values. Concurrently, the orthotropic linear elastic material model for
the FRP laminate plate referenced the longitudinal, transverse, and thickness modulus
values in Table 1. The sizes of the steel, FRP, and bolt models were established based on
the actual sizes of the bolted repaired specimens. The steel plate’s screw hole diameter
was 7 mm, and the FRP screw hole diameter was 6 mm, with a 6 mm diameter screw
arbor and 9 mm outer diameter nut. The steel plate, FRP plate, and bolt component (i.e.,
nuts and screw arbors) were simulated using eight-node linear brick elements (C3D8R)
suitable for complex nonlinear analyses of bolted specimens, as evidenced in Mandal and
Anupam [25] and Yang et al. [26]. Moreover, wedge elements were implemented to mesh
the prefabricated crack’s tip region and the center core portion of the bolting zones of
the steel plates. Finer wedge elements were applied near the bolt holes of the FRP plates
due to the high stress concentration. Each screw hole was divided into 32 units along the
perimeter. The mesh size of the overall model was approximately 2 mm, while hexahedral
elements represented the crack area of the steel plate with a mesh size of 0.1 mm to capture
the stress distribution of the crack tip accurately. Figure 5 illustrates one of the repaired FE
models’ layouts, and the model’s constraints were established according to actual stress
and deformation conditions.
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Figure 5. Repaired FE model.

An in-built master–slave algorithm was used to define the contact relationships among
various components of the repaired model. This study encompassed different contact
behaviors, such as the contact between the bolt and FRP, the contact between the bolt
and the steel plate, and the contact between the steel and FRP. These behaviors were
primarily characterized by their tangential and normal properties. The contact behaviors
in the normal direction were referred to as “hard contact” in this study, while the contact
behaviors in the tangential direction were expressed through the application of “Coulomb
friction force”. The finite sliding surface-to-surface discretization method was utilized to
simulate the relative sliding of different components and to prevent stress concentration.
McCarthy et al.’s [27] coefficients of friction of 0.1 and 0.3 for the bolt-to-FRP and steel-to-
FRP interfaces, respectively, were adopted.

To validate the accuracy of the FE model method, the results from the 3-D FE model of
the repaired specimen for type II (repaired by FRP plates without preload) and reference
II (pure steel plate with 2 mm crack) were compared with the results from experiments.
Figure 6 shows the comparison of the stresses of the measuring point of the crack tip (the
measuring location of the strain gauges is shown in Figure 1) under different tensile loads.
Upon comparison of the 3-D FE simulation analysis and experimental test stress values, it
can be observed that the results are substantially consistent. For instance, the monitored
stress level for the reference specimen under a 1000 N load was 126.88 MPa, whereas the
model stress for the same load was 119.13 MPa, with a relative error of 5.5%. Furthermore,
for the repaired specimen, the experimental stress under a 1000 N load was 79.61 MPa,
whereas the corresponding model analysis stress level was 81.78 MPa, with the relative
error amounting to roughly 2.7%. The comparison outcomes demonstrate that the 3-D FE
analysis approach employed can effectively and precisely capture the loading information
of the actual specimen.
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Figure 6. Comparison of the stresses of tests and FE models.

3.3. Stress Distribution of Reference II

Figure 7 exemplifies the stress distribution of reference II, which was subjected to a
tensile force of 1000 N. The stress cloud diagram reflects significant stress concentration
in the cracking tip, thereby suggesting that the specimen’s failure under tensile load was
initiated in the crack tip area. To facilitate a thorough analysis of the stress distribution
within the fracture tip region, the local polar coordinate system of the tip area was estab-
lished, and the stress values of the edge nodes in this region were extracted. Specifically,
the coordinate origin was defined as the center of the gap area (point O in Figure 7), while
the middle plane of the crack gap served as the coordinate plane.

 

O

Positive direction

Node:R

Figure 7. Stress distribution and location of calculated nodes.

Drawing on the calculated path’s definition in Figure 7, the stress of crack tip nodes
could be ascertained and are depicted in Figure 8. A detailed analysis of Figure 8 reveals
substantial variation in the stress value at the crack tip with the azimuth angle’s augmenta-
tion. Specifically, for 0◦ < θ < 90◦, the stress steadily increased with the increase in angle,
and an incremental increase in the stress value was observed with the augmentation in the
azimuth angle’s magnitude. For 90◦ < θ < 180◦, the stress value displayed an opposite trend,
with a gradual decrease in the stress values observed alongside an increase in azimuth
angle. Notably, for the node (referred to as node “R”) with an azimuth angle of 90◦, the
stress value reached its maximum of 358.15 MPa. According to the stress distribution law
of the crack notch, node R was used as the stress control point, and the subsequent analysis
was based on the stress information of this node.
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Figure 8. Stress distribution of the crack tip nodes for the reference model.

Figure 9 illustrates a stress comparison between the type II repaired specimen and
the reference I specimen under a tension of 1000 N. Upon examining the data from
Figure 9, it becomes apparent that the variation in the stress at the crack tip following re-
pairing/strengthening with double-sided FRP plates mirrors that of the reference specimen.
Nevertheless, upon scrutinizing the joint stresses of the two models at identical positions
(for instance, the node, R), it becomes evident that the bolt repair of the FRP plates effec-
tively mitigates the stress concentration at the crack tip in the specimen. As a consequence,
the extreme stress level occurring near the tip following strengthening measures amounts
to 238.68 MPa, which is significantly lower than the value of the reference specimen model
(358.15 MPa), and the reduction range of 119.47 MPa was calculated accordingly.
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Figure 9. Comparison of the stress distribution of the repaired and reference model.

3.4. Effect of Preload of the Bolts

It is worth noting that the tested specimens were manufactured without preload of
the bolts; therefore, to investigate the pre-tightening effect of the bolts on the repaired
specimens, FE analysis was carried out. To effectively simulate the pre-tightening effects of
bolts on repairing efficiency, researchers adopted the in-built Bolt Load option in ABAQUS.
Figure 10a offers an insightful comparison of the stresses of node R in the repaired specimen
with various preload conditions under a 1000 N tensile load. It is essential to mention
that the reinforced specimens shared the same type II steel plate. The valuable insights
in Figure 8 demonstrate that the pre-tightening force of bolts played a crucial role in
influencing the stress magnitude within a specimen’s crack area. As the pre-tightening
force increases, the stress levels within the crack area gradually trend upwards. For
instance, for specimens possessing 5000 N preloads, the maximum stress values at point R
approximate 110.84 MPa, yet when the preload is augmented to 10,000 N, the maximum
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stress reduces to 91.54 MPa. The change in the von Mises stress for node R can be modeled
kinetically with a cubic function curve, as Figure 10a shows, where S is the von Mises stress
of node R and Pt is the pre-tightening force of the bolts.
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Figure 10. Comparison of the stresses for different preload conditions. (a) Stresses of node R.
(b) Stresses of FRP plates.

Figure 10b plots the comparison of the stresses of FRP plates for different preload condi-
tions. From Figure 10b, it is discovered that, despite the effectiveness of bolt pre-tensioning
in reducing stress concentration in the steel plate crack area, it inadvertently leads to stress
concentration within the FRP plate itself, notably in the bolt hole region. Stress concen-
tration in the FRP plate stems from two factors: firstly, the robust pre-tensioning action
of the bolts, whereby the FRP plate bears more tensile load, and secondly, the initial pre-
tensioning of the bolts increases the stress in the hole of the bolt. However, despite the stress
concentration of the FRP plates, the magnitude of the forces involved does not surpass the
failure strength of the FRP material itself. For instance, the stress threshold for the FRP
plate in the 10,000 N preloaded specimen was about 238.25 MPa, which is considerably
smaller than the failure strength of the FRP plate. Therefore, it may be deduced that within
the predefined preloading limit (preloading force should not exceed 10,000 N), a higher
preloading force will help repair and reinforce cracks in steel plates.

3.5. Effect of Crack Size

Previous research [28,29] has established the significance of crack size (mainly referring
to the crack width) in defining the fracture performance of steel components. As a result, we
conducted an analysis of repair/reinforcement based on FRP materials for steel plates with
varying crack widths while simultaneously scrutinizing the impact of bolted connection
repair under different pre-tightening forces on the failure performance of the specimens.
Based on the test results for the repaired specimens in Table 2, the tensile strengths of
the joints were significantly influenced by the crack widths, with a narrower crack width
implying larger tip stress intensity. Figure 11 plots the stress of node R for the repaired
model with different crack widths under a 1000 N tensile load. Based on the results in
Figure 11, the stress of the crack tips was found to be significantly affected by the crack
widths. For instance, for the type I specimen (1 mm width crack prefabricated in the steel
plate) with 0 N pre-tightening force, the stress of node R was calculated as 324.35 MPa,
whereas a stress of 217.66 MPa was found for type III. In addition, when the larger pre-
tightening force (for example, 10,000 N) was applied through the bolts, the reinforcement
effect of FRP on the steel plate was quite prominent, so the stresses at the crack tips of steel
plates with different crack widths were close to each other; for example, the stresses of the
three types of specimens were 94.67 (type I), 91.54 (type II), and 89.67 MPa (type III).
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Figure 11. Stresses for node R for the three repaired models.

3.6. Effect of Interfacial Friction Coefficient

Taking into account that the bolted repaired specimens studied previously were based
on a coefficient of friction of 0.3 for the steel-to-FRP interfaces, this coefficient was confirmed
by a study on bolted structures on conventional surfaces [27]. However, considering that
surface treatment can be used to change the friction properties of a steel structure during
the repair/strengthening process, it is necessary to investigate the effect of the friction
coefficient of the interface on the mechanical performance of bolted repair components.
Therefore, to explore the impact of the steel-FRP interfacial friction characteristics of type II
repaired specimens on its tensile performance, a study on the mechanical properties of the
specimens under varying friction coefficients was conducted. Three friction coefficients of
0.3, 0.5, and 0.7 were adopted, and the corresponding stresses of node R for each repaired
specimen under a 1000 N tensile load are plotted in Figure 12.

Based on Figure 12, the mechanical performance of the specimen will be affected by the
interface friction coefficient. For example, for the repaired specimen under the same preload
(for example, a preload of 5000 N), as the interface friction coefficient increased (from 0.3
to 0.7), the stress of node R gradually decreased from 110.84 to 86.03 MPa accordingly,
indicating that a larger interface friction coefficient is more conducive to the unloading of
the steel plate, which means that a larger interface friction coefficient of FRP-steel plates is
more conducive to repair the cracked steel plates. Therefore, for the application of bolted
FRP plates to repair cracked steel plates, it is advisable to increase the friction coefficient of
the interface as much as possible through surface treatment.

In addition, by examining the data presented in Figure 12, it is evident that the
performance of the repaired specimens was significantly influenced by changes in the
friction coefficient at lower preloads (for preloads below 4000 N). For instance, at a preload
of 1000 N, the analysis results for the three friction coefficients were 198.78 (0.3), 153.06 (0.5),
and 125.85 MPa (0.7), respectively. Yet, for the working conditions featuring higher preloads
(such as when the preloads were 10,000 N), closed values of 91.54 (0.3), 86.75 (0.5), and 81.06
MPa (0.7) were calculated. This phenomenon shows that under the higher preload, slip
movement between the FRP and steel plates did not occur. Therefore, it can be concluded
that for bolted reinforcement/repair structures, the use of a higher bolt preload can help
to eliminate the performance difference of the overall component caused by interface
treatment errors. That is to say, to ensure the performance safety of the bolted repair
structure, it is advisable to increase the pre-tightening force of the bolts (preferably using
high-strength pre-tightening bolts).
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Figure 12. Stresses of node R for different friction coefficients.

4. Conclusions

This study provides insights into the repairing behaviors of cracked steel plates based
on bolted FRP plates through experiments and FE analysis. The results of this study reveal
the repair effectiveness and the influence factors (i.e., pre-tightening forces and friction
coefficients) of this repair method. The results highlight the importance of considering
preloads and friction coefficients in the design of bolted repair for steel components. The
following conclusions can be drawn:

1. By comparing the reference specimen (i.e., the pure cracked steel plate) and its corre-
sponding repaired specimen (which was bolted with FRP plates), it was found that
the bolted repairing method could significantly improve the tensile strengths of the
cracked steel plates. Moreover, by examining the failure characteristics of the six
specimens, composite failure modes—which included the cracking of the steel plate
and bearing failure of the FRP—were observed in the repaired specimens.

2. The bolt repair of the FRP plates effectively mitigated the stress concentration at the
crack tip in the specimen. As a consequence, the extreme stress level occurring near
the tip following strengthening measures amounted to 238.68 MPa for the bolted
specimen with a 2 mm width crack, which is significantly lower than that of the
reference specimen (pure cracked specimen with a 2 mm width crack).

3. The discussion of the effect of the preloads of the bolts revealed that the pre-tightening
force of bolts played a crucial role in influencing the stress magnitude within a
specimen’s crack area. As the pre-tightening force increases, the stress levels within
the crack area gradually trend upwards, and the change in the von Mises stress for
node R can be modeled kinetically with a cubic function curve.

4. The mechanical performance of the specimen will be affected by the interface friction
coefficient, and as the interface friction coefficient increases (from 0.3 to 0.7), the stress
of node R gradually decreases accordingly. In addition, based on the discussion on
the working conditions featuring higher preloads (such as when the preloads were
10,000 N), it was concluded that the use of a higher bolt preload can help to eliminate
the performance difference of the overall component caused by interface treatment
errors. It is worth noting that this study mainly studied the repairing/strengthening
effects of bolted specimens of FRP and cracked steel plates; however, the relaxation
effects of bolted structures under vibrational loads may result in different perfor-
mances, and the influences of relaxation effects require additional investigation in
future studies.
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Abstract: This study explores the mechanical properties, as well as the water-reducing and setting
delay mechanism, of a novel xylonic acid-based water reducer applied to cementitious materials.
Four xylonic acid water reducers were synthesized in this study: XACa (PX) from pure xylose,
XACa (HS) from hemicellulose hydrolysate, XANa (PX) from pure xylose, and XANa (HS) from
hemicellulose hydrolysate. These were generated through the whole-cell catalysis of Gluconobacter
oxydans bacteria, using pure xylose and hemicellulose hydrolysate as substrates. The findings
indicate that the xylonic acid-based water reducer can attain a water-reducing capability between 14%
and 16% when the dosage (expressed as a mass fraction of cement) is roughly 0.2%. In initial and final
setting tests, XACa (PX) demonstrated a pronounced retarding influence at admixture levels below
0.15%, reaching its apex at 0.10%. This delayed the initial setting time by 76% and the final setting
time by 136% relative to the control group. However, a slight pro-setting effect was noted beyond a
0.2% dosage. In the compressive and flexural tests of concrete, under the same slump, the XA group
improved its mechanical properties by 5% to 10% compared to the SodiuM lignosulfonate (SL) group.
In the air content and chloride ion migration resistance tests, the XA group reduced the air content
by 38% compared to the SL group, but also increased the data of rapid chloride migration (DRCM)
by 16%. Characterization studies revealed that the carboxyl and hydroxyl groups in xylonic acid
undergo chemisorption with the Si-O bonds on the surface of cement particles. These groups interact
with the Si-O bonds on cement particles, contributing to water-reducing effects and delaying the
setting process by impeding Ca2+ ion aggregation in the calcium-silicate-hydrate gel. Its significant
water-reducing effect, adjustable setting time, and excellent mechanical and durability properties
suggest its viability as an alternative to lignosulfonate series water-reducing agents.

Keywords: xylonic acid; water reducer; slow setting mechanism; water reducing mechanism

1. Introduction

The use of concrete admixtures is one of the most effective and widely adopted strate-
gies for enhancing the workability of concrete [1,2]. At present, the widely used concrete
water reducing agents on the market are mostly naphthalene-based water reducing agents,
polycarboxylic acid water reducing agents, and simple combinations of the two with other
admixtures such as early strength agents, with a small portion being lignosulfonate-based
water reducing agents. The dispersion mechanism of a polycarboxylate water-reducing
agent on cement is a dual mechanism of electrostatic repulsion and steric hindrance [3].
Although the effect is outstanding, its cost is high, and there is no unified standard for its
compound formula, which has mixed quality. With respect to the naphthalene-based water-
reducing agents, hydrophilic groups dissociated from them are directionally adsorbed on
the surface of cement particles [4], making it easy to associate with water molecules in the

Materials 2023, 16, 7096. https://doi.org/10.3390/ma16227096 https://www.mdpi.com/journal/materials43



Materials 2023, 16, 7096

form of hydrogen bonds to form water, prevent direct contact between cement particles, and
provide lubrication between particles. Although naphthalene-based water-reducing agents
are relatively cheap, with the rise of large-scale construction such as highway bridges,
mechanical mixing and pumping of concrete have exposed a fatal drawback: rapid loss
of slumps. Both production processes will pollute the environment to varying degrees.
Environmentally friendly lignosulfonate, as an anionic surfactant, has good adsorption and
dispersion properties. When added to cement slurry, it can dissociate into macromolecular
anions and metal cations. Anions with negative charges adsorb on the surface of positively
charged cement particles [5–9], which can generate a certain electrostatic repulsion and
disperse the cement particles. As “low-carbon development” has gradually become a
global consensus for economic development, which has led to heightened demands for
environmentally friendly additives in terms of raw materials and production processes.

Currently, the predominant biomass water reducer in use is lignosulfonate. Derived
as a by-product of the sulfite process in wood pulp papermaking, lignosulfonate carries
the advantages of being environmentally friendly and cost-effective. Nevertheless, it is not
without its shortcomings, such as a low water-reducing efficiency and a high level of air
entrainment and retardation, factors that constrain its broader application.

In addition, Maimaiti [10] treated waste cellulose to obtain microcrystalline cellulose
(MCC), then with BS to obtain SBC, which was experimentally proved to be a retarded water
reducer. As the degree of polymerization (DP) of MCC rises, the degree of substitution of
SBC and concrete fluidity decrease, but the fluidity of concrete is not negatively correlated
with the DP of MCC. Only when the DP of MCC < 96 and the degree of substitution > 0.375,
SBC has the water-reducing ability, and the water-reducing and dispersing effect is best
when DP = 45. The retardation effect may be due to the fact that the BS in SBC did not
react completely with the -OH in cellulose, which made these groups form complexes with
the inorganic particles in cement to cover the surface of the cement particles, and it is also
possible that the -OH in cellulose is bonded with the water molecules to form hydrogen
bonds, which formed a solventized water film on the surface of the cement particles and
prevented the hydration reaction from proceeding. Rouzi [11] prepared a cellulose-based
water reducer (CS) in a dichloromethane solution using cellulose cotton paddle meal as
the base material and chlorosulfonic acid as the sulfonating agent. When the tension of
the ratio of sulfonating agent and cellulose is 0.6, the water reducer obtained at room
temperature for 3 h has the best performance. The surface CS aqueous solution decreases
with an increase in the concentration of CS water reducer, and it has a certain air-entraining
effect on the concrete. CS water reducer is adsorbed on the surface of cement particles,
which makes the surface of cement particles have the same charge and then produces a
repulsive effect resulting in the dispersion of cement particles, resulting in a water-reducing
and dispersing effect. All of the above biomass water reducers have the problems of low
water-reducing efficiency (no more than 10%) and difficulty going into production. Finding
more efficient and environmentally friendly water-reducing agents is still necessary.

In the current research on xylonic acid-based (XA) water-reducing agents, Zhou’s [12]
experiment roughly explored the water-reducing efficiency and setting time of XA. Com-
pared with Zhou’s experimental results on water-reducing efficiency and air content after
the addition of XA water-reducing agent, the relevant data are roughly the same as in
this article. However, in terms of setting time, Zhou obtained experimental results that
the setting time increases to 15 h with the increase of the addition amount between 0 and
0.40%. In the initial stage of this article, the initial and final setting times of cement paste
are different from the results of Zhou, which makes it necessary to conduct more accurate
and systematic experiments on the XA water-reducing agent to verify its performance.

Lignocellulose, a biomass resource with an approximate global annual yield of 180 bil-
lion tons [13], chiefly comprises cellulose, hemicellulose, and lignin. It possesses benefits
such as carbon neutrality, economic viability, and broad availability. In order to fully exploit
the potential of straw-based biomass resources, it is imperative to transform cellulose and
hemicellulose into their corresponding monosaccharides for microbial conversion into
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resource-derived products [12,14–18]. This study employed sulfuric acid treatment as a
means to eliminate lignin, thus liberating more cellulose and hemicellulose, disrupting the
straw structure, augmenting the contact surface between microorganisms or enzymes and
straw, and enhancing the conversion efficiency of straw-like biomass.

In this investigation, the studied xylonic acid (XA) water reducers were synthesized
using pure xylose (PX) and xylose-rich hemicellulose hydrolysate (HS) as substrates. XA
bears a chemical structure akin to gluconate, a well-known water-reducing and retarding
agent in the cement and concrete industries. Consequently, XA, with its hydroxyl and
carboxyl groups, offers potential as a novel concrete admixture. Characteristically, the
xylonic acid water reducer is non-toxic, non-hazardous, eco-friendly, and biodegradable
throughout its entire production process, inclusive of both raw materials and catalysts.
When contrasted with lignosulfonate-based biomass water reducers, the xylonic acid water
reducer presents remarkable benefits such as low gassing, minimal admixture requirement,
high efficiency, control over setting time, and extensive application prospects [19–21].

This manuscript offers a succinct overview of the production methodology of xylonic
acid water reducers and probes their water-reducing efficiency and optimal admixture
quantity through experimental investigation. The outcomes hint at the potential substi-
tutability of sodium lignosulfonate (SL) water reducers with these new developments.

2. Experiment

2.1. Experimental Materials

The cement is P.O 42.5 Hailuo brand ordinary silicate cement, which is produced by
Nanjing Longtan Town Cement Factory; its specific gravity is 3.1. The fine aggregate is
medium sand with a fineness modulus of 2.8, and the coarse aggregate is basalt with a
grain size of 15–25 mm.

In the compressive strength test of mortar, which is to select the better reducers, W/C
is 0.284. In the compressive and flexural strength tests of concrete, the ratio of cement,
fine aggregate, and coarse aggregate in the concrete mixture is 1:1.5:2.55. Maintaining
uniformity of slumps by varying the dose of water-reducing agent and the amount of water
used. The water absorption of coarse aggregate is 1.24%.

Four distinct xylonic acid water reducers, specifically XACa (PX), XACa (HS), XANa
(PX), and XANa (HS), were generated via whole-cell fermentation of the strain Gluconobac-
ter oxydans after neutralization with NaOH and Ca(OH)2 to reach a pH conducive to
the strain’s survival. The hemicellulose hydrolysate was derived from the treatment of
agricultural residues such as corn stover and corn cobs with sulfuric acid. Gluconobacter
oxydans, a bacterium of significant industrial relevance, is known for its production of
aldehydic acids like xylogluconic acid (XA), which are utilized in this investigation. The
pH of XA water reducers is 7~8. The specific gravity of XA water reducers is 0.35.

Water-reducing agents are listed in Table 1:

Table 1. The water reducers.

Particulars XACa (PX) XANa (PX) XACa (HS) XANa (HS) SL

Category Xlonic acid Sodium
lignosulfonate

Molecular formula C5H10O6 C20H24Na2O10S2
Reaction materials Pure xylose Hemicellulose hydrolysate Lignin + Na2SO3

Reaction environment Ca(OH)2 NaOH Ca(OH)2 NaOH NaOH
Recommended dose 0~0.2% 0~0.3%

Efficiency of water reduction 0~16% 0~11%

Other functions Promoting/retarding hydration,
air-entraining

Retarding
hydration,

air-entraining
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The basic properties and mineral composition of the cement are shown in Tables 2
and 3. The particle size distribution of aggregates is listed in Tables 4 and 5.

Table 2. Chemical composition and content of cement.

Component LOI Al2O3 CaO MgO Fe2O3 SO2 SO3

Content (%) 2.98 5.85 70.45 1.24 2.97 19.00 2.83

Table 3. Physical and mechanical properties of cement.

Water Consumption of
Standard Consistency (%)

Setting Time (min) Compressive Strength (MPa) Flexural Strength (MPa)
Initial Final 3 d 28 d 3 d 28 d

28.6% 328 362 27.8 54.2 5.4 8.6

Table 4. Particle size distribution of coarse aggregates.

Material
Specifications

Proportion (%)
Percentage Passing (%)

31.5 26.5 19 16 13.2 9.5 4.75 2.36

20~30 mm 45 98 67.4 3.9 0.8 - - - -
10~20 mm 55 100 100 96.9 75.0 6.9 5.3 0.6 -

Table 5. Particle size distribution of fine aggregates.

Material
Specifications

Fineness
Modulus

Percentage Passing (%)

2.0 1.6 1.0 0.5 0.16 0.08

Medium sand 2.8 100 93 67 23 13 1

2.2. Methods
2.2.1. Determination of Water Consumption and Setting Time for Standard Consistency of
Cement Paste

The determination of the setting time for the cement paste adhered to the GB 1346-2001
(Chinese Standard) [22], The initial setting standard was defined when the probe of the
Automatic Vicatometer descended by (34 ± 2) mm, and the final setting was marked when
the probe penetrated the cement surface by (3 ± 1) mm.

2.2.2. Characterization of Cement Paste Samples

The cement paste with the same standard consistency was prepared and cured for 24 h
in a constant temperature and humidity curing oven. A small portion was taken out and
immersed in ethanol for an additional 24 h to halt the hydration reaction. Subsequently, it
was transferred to an oven for drying. The surface appearance of the cement was observed
using an environmental scanning electron microscope (Environmental Scanning Electron
Microscope, Quanta 200, FEI, Hillsborough, OR, USA). Another portion was pulverized,
milled to a 200-mesh consistency, and similarly placed in ethanol to stop the hydration
process for 24 h. Subsequently, the XRD patterns of cement hydrates were measured using
a multifunctional X-ray diffractometer (XRD Ultima IV, Rigaku, Tokyo, Japan)after an
additional 24 h of suspension in ethanol.

2.2.3. Compressive Strength Test of Mortar

The experiment was conducted adhering to the guidelines of JGJ/I 70-2009 (Chinese
Standard) [23]. The samples were prepared to a size of 70.7 mm × 70.7 mm × 70.7 mm for
the test, with a lateral compression test being executed (Pressure Testing Machine, HTC-
1068, Shenzhen Wance Test Equipment Co., Shenzhen, China) following a maintenance
period of 7 days.
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2.2.4. Compressive and Flexural Strength Test of Concrete

The experiment was conducted adhering to the guidelines of GB 50204-2015 (Chinese
Standard) [24]. The samples were prepared to sizes of 100 mm × 100 mm × 100 mm for the
compressive test, and 100 mm × 100 mm × 400 mm for the flexural test, with the lateral test
being executed (Pressure Testing Machine, HTC-1068, Shenzhen Wance Test Equipment
Co., Shenzhen, China) following a maintenance period of 7 and 28 days.

2.2.5. Concrete Air Content Test

In alignment with GB 50203-2011 (Chinese Standard) [25], a concrete air content
meter(Direct Reading Concrete Air Content Tester, LC-615A, Jianyanhuace (Hangzhou)
Technology Co., Hangzhou, China) was utilized. The concrete mix was evenly loaded into
the measurement bowl and vibrated for 15–30 s until it became compact. The surface was
then scraped to be flat, ensuring no air bubbles were present. The bowl was covered and
filled with water until it reached the outlet, at which point the tap and exhaust valve were
closed. The bowl was pressurized with air until the gauge pressure exceeded 0.1 MPa,
precisely regulated with a trimmer valve. After actuating the valve lever 1–2 times, the
pressure gauge reading was recorded. Utilizing the calibration curve, the value of air
content A1 was ascertained, and the aggregate air content C was determined using the
water pressure method. The final air content A was calculated as A = A1 − C.

2.2.6. Concrete Resistance to Chloride Ion Permeability Test

The examination was conducted in conformity with GB/T 50082-2009 (Chinese Stan-
dard) [26], utilizing the Rapid Chloride Migration Coefficient Method (RCM)(Concrete
Chloride Ion Diffusion Coefficient Tester, CABR-RCM, Jianyan Building Materials Co.,
Beijing, China). A cylindrical specimen with a diameter of (100 ± 1) mm and a height
L = (50 ± 2) mm was initially placed in a Ca(OH)2 vacuum saturator for 24 h. Subsequently,
it was enclosed in a rubber sleeve and introduced into the RCM experimental apparatus.
Each sleeve was injected with 300 mL of NaOH solution with a concentration of 0.3 mol/L,
while the cathodic experimental tank was filled with 12 L of NaCl solution with a con-
centration of 10%. Upon connecting the power supply’s positive and negative terminals
and energizing for t = 24 h, the energizing voltage U and temperature T were recorded.
The specimen was dissected along the diameter of the circular surface, followed by the
application of an AgNO3 solution. The average value of chloride ion penetration depth Xd
was noted, and the non-stationary chloride ion migration coefficient DRCM of the concrete
was calculated using the prescribed Equation (1).

DRCM=
0.239 ∗ (273 + T)L

(U − 2)t

⎛
⎝Xd − 0.238

√
(273 + T)LXd

U − 2

⎞
⎠ (1)

3. Results and Discussion

3.1. Influence of Different Xylonic Acid Water Reducer on Water Consumption

XACa (PX), XACa (HS), XANa (PX), and XANa (HS) were prepared using pure xylose
and hydrolysate as reaction substrates, with calcium carbonate and sodium hydroxide as
neutralizing substances, respectively. The water-reducing effects were evaluated based on
the water consumption required to reach standard consistency, and the results are presented
in Figure 1.
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Figure 1. Effect of XA dosage on the water reduction rate.

From Figure 1, it is evident that the water-reducing capacity of xylonic acid water
reducer gradually increases with higher dosages until reaching a saturation point. When
the dosage is below 0.2%, the water consumption of cement to achieve standard consistency
decreases with an increasing dosage of xylonic acid water reducer. However, at dosages
ranging from 0.2% to 0.3%, the rate of increase in water-reducing capacity slows down.
Beyond 0.3% dosage, all four water reducers exhibit maximum water-reducing effects. The
water-reducing effects of the four xylonic acid water reducers are comparable, with XACa
(HS), obtained by neutralizing Ca(OH)2 with hydrolysate as the substrate, exhibiting the
highest water-reducing effect. However, considering the effective content determination of
the powder formulation and test errors, the effects of the four xylonic acid water reducers
were considered equivalent for the time-setting.

3.2. Impact of Xylonic Acid (HS) Water Reducer Dosage on the Setting Time of Cement Paste

The initial and final setting times of cement paste were investigated by introducing
xylonic acid water reducers at dosage levels ranging from 0% to 0.30% in increments of
0.05%. The tests were conducted using standard consistency water consumption (water-
cement ratio of 0.284), 99% humidity in the curing chamber, and 20 ◦C. The results are
presented in Figure 2.

Figure 2. Effect of XA dosage on setting time: (a) XACa (HS); (b) XANa (HS).
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From Figure 2, it can be observed that both XACa (PX) and XANa (PX) exhibit a
retarding effect on the cement paste at a dosage of 0.05%. The retarding effect of XACa
(PX) reaches its peak at 0.10%, increasing the initial setting time by approximately 76%.
Conversely, the retarding effect of XANa (PX) shows a decreasing trend, and at 0.15%, it
demonstrates a pro-setting effect, reducing the initial setting time by around 79%. With
increasing dosage, the retarding effect of XANa (PX) remains consistent, while the retarding
effect of XACa (PX) gradually diminishes and ceases after reaching 0.20%.

3.3. Impact of Xylonic Acid (PX) Water Reducer on the Setting Time of Cement Paste

Similarly, the effects of XACa (PX) and XANa (PX) on the final setting time of cement
slurry are shown in Figure 3.

Figure 3. Effect of XA dosage on setting time: (a) XACa (PX); (b) XANa (PX).

Align with their initial setting effects. At a dosage of 0.05%, both water reducers
extend the final setting time by approximately 128%. At a dosage of 0.10%, XACa (PX)
exhibits a slightly improved retarding effect, while the retarding effect of XANa (PX) starts
to decrease. With further dosage increases, XANa (PX) demonstrates a setting-promoting
ability at 0.15%, followed by XACa (PX) at 0.25%. Additionally, XANa (PX) exhibits
coagulation-promoting ability at 0.25%. Notably, XANa (PX) displays a stronger pro-setting
ability, reducing the final setting time of cement paste by 47% at 0.30%. Zhou [12] obtained
experimental results that the addition amount is between 0% and 0.40%, and the final
setting time extends to 15 h with the increase of the addition amount. This may be due to
the different purity of xylic acid compared to this article.

When the dosage of xylonic acid is sufficiently high, it promotes the generation of a
large amount of Ettringaite (referred to as AFt), consumes a significant amount of mixing
water, rapidly thickens the slurry, and, together with the bridging effect of AFt, accelerates
cement setting. Conversely, with lower dosages of xylonic acid, the generation of AFt is
limited, resulting in delayed formation of tricalcium silicate (C3S) hydration and calcium
silicate hydrate (CSH) gel, thus slowing down the cement setting process. This hypothesis
was verified in subsequent characterization experiments.

The test results of xylonic acid obtained using hydrolysate as the substrate raw material
demonstrate similar effects, where low dosages retard coagulation and high dosages
promote coagulation. However, the coagulation time of both hydrolysate groups is slightly
shorter than that of the pure xylose group. This can be attributed to trace impurities present
in the hydrolysate, including but not limited to acids (formic acid, acetic acid, levulinic
acid, butyric acid, and 4-hydroxybenzoic acid) and aldehydes (5-hydroxymethyl furfural,
furfural, vanillin, butyraldehyde, and 5-hydroxybenzaldehyde), which hinder the reaction
between xylonic acid and cement mineral components, thereby partially inhibiting the
promoting effect of xylonic acid on C3A hydrolysis.
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Comparing the retarding effect of xylonic acid with lignosulfonate water reducers
with certain retarding effects (Figure 4), it was found that the retarding effect is similar,
but the dosing stage of the performance is different. With the increase in SL dosing, the
retarding effect also increases.

Figure 4. Effect of SL dosage on setting time.

SL has been utilized as a retarding agent for oil well cement for decades. Although
the exact mechanism by which lignosulfonate delays silicate formation is not yet clear,
it is speculated that this mechanism is a combination of adsorption and nucleation [27].
According to studies, sulfonates and hydroxyl groups can be adsorbed on the CSH gel
layer of hydrated cement. This means the sulfonates and hydroxyl groups existing in the
lignosulfonate can be mixed into the CSH gel layer, resulting in changes in the morphology
of the CSH gel and a more impermeable structure. This will result in a waterproof effect,
slowing down further hydration. The more sulfonates and hydroxyl groups it provides,
the tardier the hydration proceeds, which led to the proportional linear result in the
figure above.

3.4. Effect of XA Dosage on the Compressive Strength of Mortar

The influence of four xylonic acid water reducers on the compressive strength of
test blocks with mortar exhibited varied performance, as depicted in Figure 5. At a low
admixture of 0.05%, the compressive strength improved; however, it decreased to some
extent as the admixture increased. At the optimal admixture of 0.2%, the hydrolysate group
demonstrated superior performance with minimal strength reduction. Notably, XACa
(HS) even exhibited a slight increase in compressive strength. This can be attributed to
the retardation effect of xylonic acid at low to medium doping levels, which slows down
the hydration rate and leads to lower 7-day strength formation. Considering the results of
the aforementioned experiments, it is evident that the HS group outperformed the others.
Therefore, subsequent experiments in this study employed two hydrolysates as xylonic
acid water reducers.

In the case of the SL group, the compressive strength of mortar consistently decreased
with increasing dosage. At its optimal admixture of 0.2~0.3%, the 7-day compressive
strength decreased by approximately 30%. This decrease can be attributed to the air
entrainment side effect of SL, which inversely impacts the compressive strength of mortar
as air content rises.
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Figure 5. Effect of XA dosage on compressive strength.

3.5. Effect of Different Water Reducers on the Compressive and Flexural Properties of Concrete

Concrete compressive and flexural tests were conducted at 7 days and 28 days, using
the water-reducing capacity of each water reducer obtained from the previous cement paste
experiments (XA for 0.2% and SL for 0.3%), while maintaining a concrete mix slump of
100 mm. Analysis of the data in Figure 6 reveals significant improvements in the mechanical
properties of concrete with XANa (HS) and XACa (HS) at the same slump level. Compared
to the blank group, the xylonic acid water reducer demonstrated enhancements of approxi-
mately 35% and 27% in the 7-day and 28-day compressive strengths of concrete, respectively.
Moreover, the flexural strength of concrete exhibited improvements of approximately 25%
and 8% at 7 days and 28 days, respectively. Comparatively, the overall improvement over
the SL water reducer ranged from 5% to 10%. In terms of compressive strength, the results
are not compared with Zhou’s results due to different concrete mix ratios.

Figure 6. Effect of different reducers on the compressive and flexural strengths: (a) compressive
strength; (b) flexural strength.

The improvement of compressive strength and flexural strength of concrete by three
types of water-reducing agents is an inevitable result of the reduction of the water-cement
ratio, and the enhancement of compressive strength is more obvious than the enhancement
of flexural strength. This is because there are many cracks in the normal microscopic level
of the concrete, and this kind of crack is unavoidable and randomly distributed [28]. The
damage to concrete is due to the development of cracks, which tend to close instead of
developing under compression, while cracks develop under tension, leading to concrete
damage. This effect can be significantly improved by adding reinforcement.
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3.6. Effect of Various Water Reducers on Air Content and Resistance to Chloride Ion Penetration
in Concrete

The entrainment of air in concrete serves as a vital parameter that receives differential
evaluation across distinct application contexts. On one side, the deliberate inclusion of gas
can subtly augment the flexural strength of concrete and notably enhance its durability.
This process, which introduces a myriad of minute air bubbles uniformly distributed at
an optimal gas content and suitably spaced, effectively elongates the migration route of
chloride ions, thereby establishing a blockade against chloride ion penetration. As a result,
the concrete’s resistance to chloride ion infiltration is fortified [29,30]. Furthermore, its
resilience against freeze–thaw cycles also sees significant improvement. However, on the
flip side, the presence of excessive entrapped air can precipitously diminish the concrete’s
strength and potentially instigate engineering mishaps.

As illustrated in the accompanying Figure 7, the xylonic acid water reducer consistently
introduces less air into the concrete compared to the SL group as the admixture level
increases. This reduction in air content subsequently leads to a decrease in the resistance to
chloride ion penetration during the chloride ion penetration resistance experiments [29,31].
The results are basically consistent with Zhou.

Figure 7. Effect of reducer type and dosage on the air content of concrete.

In the experiment assessing the resistance to chloride ion penetration (Table 6), the
rapid chloride migration coefficient method (RCM) was employed. The results indicated
that the migration coefficient of xylonic acid, dosed at 0.2%, was significantly lower than
that of the control group and slightly lower than that of the SL group. Thus, the xylonic
acid water reducer can be considered a viable alternative to SL as a water reducer in
environments where a water reducer with a lower chloride ion content is required.

Table 6. Effect of different additives on the air content and DRCM of concrete.

Additive Dosing (%) Slumps (mm) W/C Air Content (%) DRCM (×10−12 m2/s−1)

Blank 100 0.60 0.8 20.18
0.1%XACa(HS) 100 0.57 1.2 18.02
0.2%XACa(HS) 100 0.52 1.6 14.71
0.1%XANa(HS) 100 0.57 1.2 17.98
0.2%XANa(HS) 100 0.52 1.6 14.57

0.15%SL 100 0.57 1.5 17.33
0.3%SL 100 0.54 2.6 12.38
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3.7. Microscopic Characterization

The intensity of the characteristic peak of calcium hydroxide (CH) in the control
group demonstrated similar levels to the 0.2% XANa (HS)-doped samples, while it was
significantly higher than that observed in the 0.05% XANa (HS) samples, as indicated by
the XRD plots (Figure 8).

♦

♦

♦
   ♦  

♦

Figure 8. XRD of three dosage XANa(HS).

Electron micrographs further confirmed these findings (Figure 9), revealing increased
formation of AFt and CH in the 1-d cement paste with 0.2% XANa (HS) compared to
the control group. Conversely, the 1-d cement paste with 0.05% XANa (HS) exhibited
considerably less AFt, and no CH formation was observed.

Figure 9. SEM of three dosage XANa(HS): (a) 0.2%; (b) 0.05%; (c) blank.

Based on the micro-level characterization conducted through SEM and XRD analyses,
it was determined that the addition of a higher dosage of xylonic acid water reducer
accelerated the formation of AFt and CH during the 1-d cement hydration process in
comparison to the control group. Conversely, the addition of a lower dosage of xylonic acid
water reducer slowed down AFt formation and hindered the formation of CH [32,33]. This
effect was attributed to the inhibitory role of the lower xylonic acid dosage on the hydration
of C3S and its binding with Ca2+ ions, preventing the formation of CH as a crystalline
nucleation agent. In contrast, the higher xylonic acid dosage promoted the initial hydration
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process of C3A, accelerating AFt formation and enabling the rapid development of a certain
strength within three hours. Additionally, it facilitated the formation of an AFt-phase
film on the surface of cement particles. As the AFt-phase film thickened and generated
crystallization pressure, it eventually ruptured, leading to the subsequent formation of a
new AFt phase in the damaged region. This cyclic process resulted in a denser structure.
The early end of the induction period accelerates the formation of CH. Consequently, the
cement paste with 0.2% xylonic acid water reducer exhibited higher compressive strength
compared to the control group, despite having the same water-cement ratio. Conversely,
the lower dosage of xylonic acid delayed AFt formation and interacted with Ca2+ ions in the
CSH gel [34], preventing their aggregation and retarding CSH growth, thereby requiring
more than 600 min to achieve initial setting.

According to Figure 10 (based on the Pellenq model [35]), carboxyl and hydroxyl
groups exhibit a propensity to chemically adsorb to the Si-O bonds present on the sur-
face of cement particles [34,36]. Additionally, hydrophilic groups combine with water
molecules [33–35], resulting in cement particles and water sharing similar groups. This
interaction between identical groups provides a lubricating effect among cement particles,
while the hydrophilic end of the xylonic acid molecule interacts with water, reducing
surface tension [37–39]. Consequently, water molecules diffuse and disperse more effec-
tively in the concrete mixture, improving the fluidity of the cement slurry and acting as a
water-reducing agent.

Figure 10. Schematic diagram of the water reduction and retarding mechanism.

4. Conclusions

In the present investigation, four variants of xylonic acid-based water-reducing
agents—XACa (PX), XACa (HS), XANa (PX), and XANa (HS)—were synthesized leveraging
whole-cell catalysis of Gluconobacter oxydans, employing pure xylose and hemicellulose
hydrolysate as substrates. The main conclusions obtained can be summarized as follows:

(1) Findings demonstrated that these xylonic acid water-reducing agents delivered a
water reduction efficiency in the range of 14% to 16% when the dosage approximated
0.2%. Experiments determining the initial and final setting times of cement paste
demonstrated that XA manifested a significant retarding influence at doses below
0.15%, peaking at 0.10%. It extended the initial setting time by 76% and the final
setting time by 136% relative to the control group. However, at dosages of 0.2% and
beyond, it demonstrated a minor acceleration effect.

(2) In tests assessing the mechanical properties of mortar, the XA(HS) group exhibited
superior compressive strength compared to the XA(PX) group at equivalent dosages.
Moreover, the XA(HS) group exhibited commendable performance in compressive
and flexural, air-entrainment, and chloride ion penetration resistance experiments,
showcasing performance akin to SL.

(3) The adsorption of the carboxyl and hydroxyl groups in xylonic acid onto the Si-
O bonds on the cement particle surface escalated the fluidity of the cement paste.
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Moreover, the chemisorption of hydroxyl and carboxyl groups with the Si-O bonds on
the cement particle surface provided water-reducing functionality, thereby influencing
the formation of CSH and delaying the setting process.

(4) The XA(HS) group demonstrated significant water-reducing effects, the capacity to
regulate setting time, and satisfactory outcomes in mechanical durability tests, thus
indicating its potential to supplant lignosulfonate-based water-reducing agents.

Given that the experiments conducted in this article are very limited, more appli-
cation experiments are needed in the future to verify the practical application feasibility
of XA water-reducing agent, such as the dry shrinkage of concrete after addition and its
compatibility with steel bars or steel fiber composite materials.
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Abstract: To investigate the retarding effect of bonding the shape memory alloy (SMA) patches
on crack propagation in steel plates, both numerical and experimental analyses were conducted
in the present study. A compact tension (CT) model was developed to clarify the feasibility of
bonding the SMA patch to the reinforcement of the mode I, mode II, and mode III cracks. On this
basis, parametric analysis was conducted to investigate the strengthening parameters, i.e., the
bonding area, the thickness, and the strengthening angle of the SMA patch. Subsequently, fatigue
tests on the unreinforced steel plate and cracked steel plate strengthened by the SMA patches
were conducted. The monitored stress variation, crack propagation behavior, and fatigue fracture
surfaces were analyzed. Findings are meaningful to the application of the SMA reinforcement
method in practical engineering.

Keywords: steel plate; fatigue crack; strengthening; SMA; fatigue life

1. Introduction

Steel structures (e.g., marine steel structures and steel bridges) are easily subjected to
fatigue cracking under cyclic dynamic loading [1]. Fatigue cracks are permanent damage to
steel members, which significantly threaten the durability, service performance, and safety
of steel structures [2]. It is necessary to take effective measures to strengthen or repair the
cracked steel components once the crack has been detected.

Many strengthening measures have been developed to retard the crack propagation in
steel structures, such as drilling stop-hole [3,4], hammer peening [5,6], attaching additional
steel patches [7], etc. In bridge engineering, bonded/bolted steel plate reinforcement and
bonded carbon/glass fiber reinforced polymer (CFRP/GFRP) reinforcement have been
widely used [8–11]. In terms of the strengthening methods by attaching additional elements,
the theoretical basis of these solutions is that a second load path could be obtained by
the additional elements attached to the cracked steel components. Subsequently, the load
transferred by the cracked steel component could be considerably reduced, thus reducing
the stress intensity factor (SIF) at the crack tip and retarding the crack propagation. On
this basis, it is obvious that the crack propagation rate would be further reduced if the
prestress was applied to the attached element. Furthermore, it has already been proved
that a complete crack arrest could be achieved in the presence of the introduction of an
adequately high level of prestressing.

However, cracked steel components are usually relatively small, and it is rather
difficult to conduct the prestressing process of attached elements (e.g., fiber-reinforced
polymer (FRP) plates). In recent years, the investigation and application of shape memory
alloys (SMA) in civil engineering have raised great concern [12,13]. In contrast to the
traditional strengthening method (e.g., attaching the steel or FRP elements), the prestressing
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effect could be achieved by taking advantage of the SMA materials. The SMA material
has a unique thermomechanical response in which deformed SMA patches can return to
their original geometry after thermal activation [14]. Once the deformed SMA element
(before thermal activation) is attached to the cracked component, the prestress, induced by
the recovery forces after thermal activation, could be applied to the cracked component;
thus, the crack could be retarded or even arrested by the prestressing effect of the SMA
element [15].

Some investigations have been conducted to investigate the performance of cracked
components reinforced by the SMA materials. Wang et al. [16] conducted fatigue tests on
cracked steel plates strengthened by CFRP and iron-based SMA (Fe-SMA) strips, revealing
that the bonded prestressed Fe-SMA strips are much more effective than CFRP strips,
extending the fatigue crack growth life by a factor of 3.51. Izadi et al. [17] revealed that
a prestressing level within the range of 330–410 MPa could be achieved, resulting in
compressive stresses within the range of 35–72 MPa in the cracked steel plates. Results
also demonstrated that considerable compressive stresses could be applied to the cracked
steel plate, reducing the tensile stresses and SIFs at the crack tip, subsequently resulting in
a significant decrease in the crack propagation and a complete crack arrest in some cases.
Chen et al. [18] investigated the durability of steel structures strengthened by Fe-SMAs
when subjected to harsh service conditions via fatigue tests. Wang et al. [19] investigated
the behavior of the Fe-SMA-to-steel bonded joints through lap-shear tests, revealing that no
debonding or degradation was observed for the adhesively bonded Fe-SMA-strengthened
specimen and demonstrating the reliable performance of the strengthening solution under
service loads. Vujtech et al. [20] conducted an application of an iron-based SMA (Fe-SMA)
for the prestressed strengthening of a bridge, revealing that the recovery stress of the
Fe-SMA strips resulted in a compressive stress of approximately −33 MPa in the lower
flange of the bridge girder. Additionally, the long-time monitoring showed that the main
loss of the prestressing force caused by relaxation occurred within the first 30 days after
activation and was approximately 20% of the original prestress. Li et al. [21] conducted
a systematic study on the static behavior of adhesively-bonded Fe-SMA-to-steel joints in
applications adopting iron-based Shape Memory Alloys (SMAs).

At the same time, CFRP/SMA composite patches have been proposed to improve
the reinforcement effect on cracked components further. For instance, Qiang et al. [22]
proposed to repair the fatigue crack at the diaphragm arc-shape cutout by employing
SMA/CFRP composite patches, indicating that the fatigue notch factor was reduced by
30.76% after bonding SMA/CFRP composite patches, and the initiation and propagation of
fatigue cracks could be effectively postponed. Fatigue tests conducted by Deng et al. [23]
indicated that the crack propagation rate could be considerably reduced by applying the
SMA/CFRP composite strengthening, and the load capacity and stiffness of notched steel
beams could be significantly improved. Kean et al. [24] performed a numerical study of
the fatigue life of SMA/CFRP patches retrofitted to central-cracked steel plates, indicating
that the increase in the Young’s modulus, prestress level, and width could significantly
improve the fatigue life of central-notched steel plates. Similar investigations have also
been reported [25,26].

In general, some investigations have been conducted, focusing on the fatigue perfor-
mance of cracked steel components strengthened by the SMA patches or the SMA/FRP
composited layers. The retarding effect of attaching SMA elements on cracked steel com-
ponents is proved. However, the mode I crack condition is considered in most of the
investigations, while fewer investigations have focused on the retarding effect on differ-
ent cracking types, which is the focus of the present study. In terms of the experimental
investigations, the crack propagation behavior and the fatigue life before and after strength-
ening are the main focus. However, the stress variation in the SMA and reinforced steel
component and the fatigue fracture surfaces of the reinforced steel plates were not clear.

In this study, numerical and experimental investigations were performed to illustrate
the performance of cracked steel plates strengthened by Fe-SMA patches. CT models were
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first developed to clarify the retarding effect on different types of fatigue cracks. On this
basis, parametric analyses were conducted to investigate the effects of strengthening area,
thickness, and position of the Fe-SMA patch and the strengthening angle. Finally, fatigue
tests were conducted to investigate the stress variation, crack propagation, and fatigue
failure characteristics of cracked steel plates strengthened by the Fe-SMA patches.

2. CT Model-Based Feasibility Analysis

2.1. Finite Element Model

The fatigue crack could be divided into three basic types: mode I cracks subjected to
in-plane tension, mode II cracks subjected to in-plane shear, and mode III cracks subjected
to out-plane shear. Under different loading conditions, the SIF at the crack tip could be
adopted to identify the mode I, mode II, and mode III cracks, namely labeled KI, KII, and
KIII. To investigate the feasibility of attaching Fe-SMA reinforcement to different cracking
types, the CT model recommended by the American Society for Testing and Materials
(ASTM) was developed by ABAQUS 6.14 Documentation (Dassault Systemes Simulia Corp,
Providence, RI, USA) since the basic three types of fatigue cracks could be easily simulated.
The extended finite element method (XFEM) embedded in ABAQUS was employed to
obtain the SIF at the crack tip. A mesh size of 5 mm was employed to model the CT model,
and the Fe-SMA patch was modeled with a mesh size of 2 mm [27]. The element type
of C3D8R, including 8 Gaussian integral points with a size of 0.5 mm, was used to deal
with the stress concentration at the crack tip, considering the accuracy and efficiency of the
calculation. The geometric sizes of the CT model are plotted in Figure 1. The thickness of
the CT model was set to 5 mm. The crack was simplified to be a rectangle with a length of
50 mm.

 
Figure 1. Schematic view of the CT model (unit: mm).

Steel and Fe-SMA are usually strain-hardening materials; thus, elastic/plastic prop-
erties should be considered in practical engineering. However, in this section, the CT
model was considered to be in a linear elastic state, and the steel and Fe-SMA were simply
assigned a linear elastic constitutive relation. The elastic modulus and Poisson’s ratio of
the steel were set to be 2.06 × 105 MPa and 0.3, and values of the Fe-SMA patch were set to
be 1.70 × 105 MPa and 0.36, respectively. It is difficult to simulate the thermal activation
process of the Fe-SMA patch using finite element (FE) modeling. As an alternative method,
the prestressing level of the Fe-SMA patch was modeled by introducing a predefined stress
field in the initial step. The predefined stress field was then redistributed in the subsequent
load step in ABAQUS, leading to the compressive stress in the strengthened component
and a prestressing loss in the Fe-SMA patch owing to the contraction of the strengthened
component. For more details regarding the modeling of the prestressing level of the SMA
patch, please refer to [27]. In the present study, a prestress level of 0.075 MPa was employed
for qualitative analysis.
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2.2. Simulation of Different Fatigue Types

To simulate the mode I crack, the uniform area loads with a magnitude of 10 MPa were
applied at the upper and lower semicircular surfaces of the loading hole (see Figure 2a).
The same loads were applied at the left and right semicircular surfaces to simulate the
mode II crack. At the same time, in terms of the CT model simulating the modes I and II
cracks, the displacement of nodes at the top and bottom surfaces was fixed at the thickness
direction to avoid the bulking effect. To simulate the mode III crack, the loading hole
was not simulated, and a uniform area load of 0.4 MPa was applied at the corresponding
surface (see Figure 2a). Additionally, nodes at the right end of the model were fixed. Based
on the J integral and XFEM, the SIF corresponding to the mode I, mode II, and mode III
cracks could be calculated. Since the crack was simplified to be a rectangle penetrating
along the thickness direction of the CT model, the SIF at the middle point of the crack
front was extracted, as plotted in Figure 2b. For the mode I crack, the value of SIF KI was
calculated to be 390 MPa·mm1/2, while the values of SIF KII and KIII could be neglected.
For the mode II crack, the value of SIF KII was calculated to be 124 MPa·mm1/2, while the
values of SIF KI and KIII could be neglected. Similarly, the value of SIF KIII was calculated
to be 108 MPa·mm1/2 for the mode III crack, while the values of SIF KI and KII could be
neglected. The results indicate that the mode I, mode II, and mode III cracks could be well
simulated by the developed CT models.
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Figure 2. CT model and numerical results of the SIFs corresponding to the modes I, II, and III cracks.
(a) CT model simulating the modes I, II, and III crack. (b) SIFs corresponding to the modes I, II, and
III cracks.

2.3. Variation in the SIFs

To investigate the retarding effect of attaching the Fe-SMA patch on the mode I,
mode II, and mode III cracks, the CT model strengthened by the Fe-SMA patch was
simulated. For the feasibility analysis, the geometric size of the Fe-SMA patch was set to
be 30 × 55 × 0.5 mm, as shown in Figure 3a. The influence of the geometry of the Fe-SMA
patch was to be discussed in the following Section 3. The SIFs corresponding to the CT
model and the CT model strengthened by the Fe-SMA patch were compared, as plotted
in Figure 3b. The SIF corresponding to the CT model strengthened by the steel patch was
also added for comparison. The geometry of the steel patch was the same as the Fe-SMA
patch, and the elastic modulus and Poisson’s ratio were the same as the material properties
of the CT model. It can be seen from Figure 3b that, after bonding the steel and Fe-SMA
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patch, the SIF decreased by 12.1% and 37.3%, respectively. It indicates that attaching the
Fe-SMA patch has a better reinforcement effect than attaching the steel patch. Regarding
the mode II and mode III crack, the SIF has only decreased by 9.2% and 10.2%, respectively.
It indicates that other strengthening methods should be taken for retarding the propagation
of mode II and mode III crack instead of attaching the Fe-SMA patch.
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Figure 3. Comparison of the values of KI corresponding to the CT model, CT model strengthened by
the Fe-SMA patch, and CT model strengthened by the steel patch. (a) CT model strengthened by the
Fe-SMA patch. (b) Comparison of the values of KI.

3. Parametric Analyses on the Strengthening Method

3.1. Effect of the Bonding Area

In practical engineering, it is difficult to bolt the small-sized Fe-SMA patch to the
cracked component. Alternatively, the Fe-SMA patch could be bonded to the cracked
component using a cementing compound, such as that employed in the present study. In
this case, the strengthening effect might be affected by the bonding area (as illustrated in
Figure 4a). To investigate the effect of the bonding area, half of the length of the bonding
area along the lengthwise direction of the Fe-SMA patch (labeled x) was set to be 5.5 (1/10
of the length of the Fe-SMA patch), 11.0, 16.5, 22.0, and 27.5 mm (half of the length of the
Fe-SMA patch), respectively. The width of the bonding area was the same as that of the
Fe-SMA patch. The mode I crack was simulated, and the results were plotted in Figure 4b.
The value of the SIF KI decreased from 305.3 to 298.5 MPa·mm1/2 as the value of x increased
from 5.5 to 22.0 mm. The smallest value of the SIF KI (257.6 MPa·mm1/2) was obtained when
the Fe-SMA patch was completely bonded to the CT model (i.e., x = 27.5 mm). However,
in terms of the experimental investigations, it is not suggested that the Fe-SMA patch be
completely bonded to the cracked component. The reason is that the bonding property
of the bonding layer within the thermally activated region might be affected by the high
activation temperature; however, it is difficult to quantify such an effect. To eliminate the
influence of uncertain factors on the experimental results, a limited area of the Fe-SMA
patch was bonded to the cracked component in the present study, as to be introduced in
the following Section 4.
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Figure 4. Variation in the SIFs in the presence of different bonding areas. (a) Illustration for the
bonding area. (b) Variation in the SIFs.

3.2. Effect of the Thickness of the SMA Patch

The prestressing force could be generated by the thermomechanical response of the Fe-
SMA patch. To investigate the effect of the thickness of the Fe-SMA patch on the retarding
effect, the thickness was set to be 0.5, 1.0, and 1.5 mm, respectively. The mode I crack was
simulated, and the results were plotted in Figure 5. It could be seen that the value of the
SIF KI decreased from 305.3 to 161.1 MPa·mm1/2 while the thickness of the Fe-SMA patch
increased from 0.5 to 1.5 mm. It can be concluded that the thicker the Fe-SMA patch, the
greater the prestressing force.
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Figure 5. Variation in the SIFs in the presence of different thicknesses of the SMA patch.

3.3. Effect of the Strengthening Angle

Due to the possible manual error during the bonding process, the lengthwise direction
of the Fe-SMA patch may not be perpendicular to the crack propagation direction. To
clarify such an effect, the strengthening angle (as illustrated in Figure 6a) was set to be
0◦, 15◦, 30◦, and 45◦, and the numerical results were plotted in Figure 6b. Similarly, the
mode I crack was also simulated here. It could be seen that the SIF KI increased from 305.3
to 351.5 MPa·mm1/2 while the strengthening angle (θ) varied from 0◦ to 45◦. The results
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are readily comprehensible as a horizontal component of the prestressing force (parallel to
the crack propagation direction) will be generated once the strengthening angle is greater
than zero. Nevertheless, the SIF KI has increased by merely 1.7% (increased from 305.3
to 310.4 MPa·mm1/2) while the strengthening angle (θ) varies from 0◦ to 15◦. Therefore,
it is acceptable that the bonded Fe-SMA patch is not strictly perpendicular to the crack
propagation direction in practical engineering.
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Figure 6. Variation in the SIFs in the presence of different strengthening angles. (a) Illustration for
the strengthening angle. (b) Variation in the SIFs.

4. Experimental Investigations

4.1. Specimens and Fe-SMA Patches

A series of fatigue tests on unreinforced and reinforced steel plates with artificial cracks
was performed to investigate the efficiency of retarding the fatigue crack propagation by
bonding the Fe-SMA patches. Three specimens were included in the fatigue tests: a bare
steel plate was tested to obtain the reference data of the crack propagation behavior of
the steel plate, labeled SP-1; two cracked specimens were strengthened by the prestrained
Fe-SMA patches to obtain the data of crack propagation behavior after strengthening,
labeled SP-2 and SP-3. The bare steel plates were manufactured by the China Railway
Baoqiao (Yangzhou, China) Co., Ltd., and the Fe-SMA patches were manufactured by
Suzhou Haichuan Rare Metal Products Co., Ltd. (Suzhou, China). The material properties
of the steel and Fe-SMA were listed in Tables 1 and 2, respectively. Notably, the material
Q345qD possesses the same properties and composition as ASTM A572 [28] Gr 50 steel.
The main geometric sizes of the steel plate and Fe-SMA patch are presented in Figure 7.
The thickness of the steel plate and Fe-SMA patch were 14 and 3 mm, respectively.

Table 1. Mechanical properties and chemical composition of the Q345qD material.

Elastic Modulus
(MPa)

Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa)

Chemical Composition (%)

2.1 × 105 345 490
C Si Mn P S

0.14 0.31 1.46 0.016 0.006

To generate a fatigue crack at the objective position of the steel plate, each steel plate
was cut first to induce a crack in the middle (see Figure 7a), and the crack length was
120 mm. Subsequently, the steel plate with an artificial crack was pre-tested under cyclic
fatigue loading to generate real fatigue cracks at both ends of the artificial crack. During
this stage, two strain gauges were arranged at both sides of the artificial crack, 5 mm away
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from the crack tip, to monitor the initial crack propagation. Once the strain gauge was
broken, indicating that the fatigue crack had propagated below the strain gauge, the crack
length was measured every five minutes. Once the fatigue crack at one side had propagated
to 15 mm, the pre-test was stopped. Then, two cracked steel plates were strengthened by
the deformed SMA patches at both sides of the fatigue cracks. In the present study, since
the steel plate with artificial crack, fatigue load, and boundary conditions were symmetric,
the propagation of fatigue cracks at two tips of the artificial crack was almost the same
during the pre-testing process. When the fatigue crack at one side has propagated to 15 mm,
the fatigue crack at the other side has commonly propagated to a length between 14 and
15 mm. In general, the total length of the fatigue crack after pre-testing was about 150 mm.

Table 2. Mechanical properties and chemical composition of the Fe-SMA material.

Elastic
Modulus

(MPa)

Yield
Strength

(MPa)

Ultimate
Tensile

Strength (MPa)
Chemical Composition (%)

1.73 × 105 546 1015
Cr C V Si Mn Ni S

8 ≤0.4 ≤4 5 15 5 0.006
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Figure 7. Geometric sizes of the specimen and Fe-SMA patch (unit: mm). (a) Tested specimen.
(b) Fe-SMA patch.

Before being adopted for strengthening, the undeformed Fe-SMA patches were an-
nealed to obtain the best shape memory effect: the Fe-SMA patches were heated at 900 ◦C
for 20 min, then removed and naturally cooled to room temperature. The prestressing force
(i.e., the recovery force) is related to the prestrain of the Fe-SMA patch. Before bonding to
the cracked steel plate, the Fe-SMA patches were prestrained to a strain of 5% and then
unloaded to a free-stress state at room temperature. The clamped area of the Fe-SMA
patches is shown in Figure 7b. The clamped area was fixed to the anchorage, and the rest
part (i.e., 30 mm in the lengthwise direction) was stretched to 31.5 mm in this study.

4.2. Activation of the Fe-SMA Patch

Regarding the specimens labeled SP-2 and SP-2, the prestrained Fe-SMA patches
were adhesively bonded to the cracked steel plate. Notably, only the clamped area (see
Figure 7b) was bonded to the steel plate, while the deformed area remained unbonded. A
two-part epoxy adhesive (typed Ergo 1309) was adopted to bond the Fe-SMA patch to the
cracked steel plate. During the fatigue loading, no debonding failure of the adhesive layer
was detected, indicating that this type of two-part epoxy adhesive could be adopted for
experimental investigation.

After strengthening, a ceramic heating element (produced by Shanghai Yidu Electron-
ics Co., Ltd., Shanghai, China) was adopted to activate the prestrained Fe-SMA patches, as
shown in Figure 8. The maximum temperature heated by the ceramic heating element is
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250 ◦C. The temperature along the Fe-SMA patch was monitored by a contact temperature
detector (typed TM902C) (see Figure 8). As soon as the temperature in the Fe-SMA patch
reached the available activation temperature of 250 ◦C, the electric current was cut off, and
the thermal-activated Fe-SMA patch was naturally cooled down to room temperature.

 

Figure 8. Thermal activation of the prestrained Fe-SMA patch.

Before thermal activation, a strain gauge (typed 120-3AA) was arranged at the surface
of the Fe-SMA patch to monitor the variation in strain during the heating process, and
the monitored strain data were plotted in Figure 9. It can be seen that considerable
compressive strain was induced during thermal activation, and the maximum compressive
strain was 690 με (corresponding to a compressive stress of 119.37 MPa) after heating for
approximately 20 s. Notably, the real compressive strain induced by the shape memory
effect was greater than 690 με because the measured results were significantly affected
by the thermal expansion (generating tensile strain) of the strain gauge and the adhesive
layer bonding the strain gauge to the Fe-SMA patch. It could be observed that, after
heating for 20 s, the compressive strain gradually reduced and then turned into tensile.
Subsequently, the strain gauge was debonded because of continuous heating. Generally, the
monitoring results indicated that considerable compressive stress (greater than 119.37 MPa)
was induced by the shape memory effect of the Fe-SMA patch; thus, considerable prestress
was applied to the cracked steel plate for retarding the fatigue crack propagation.
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Figure 9. Monitored strain-time curve of the Fe-SMA patch during thermal activation.
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4.3. Fatigue Test Setup

In the process of the fatigue pre-test, eight strain gauges (labeled from G1 to G8) were
arranged at the extension of the artificial crack, as shown in Figure 10a. The resistance of
the strain gauge is 120 Ω, and the sensitivity ratio is 2.0 ± 1.0%. The G4 and G5 were 5 mm
away from the crack tip, and G6 (G3), G7 (G2) and G8 (G1) were 60, 70, and 80 mm away
from the crack tip, respectively. Once G4 or G5 was broken, indicating the fatigue crack
propagating below the strain gauge, the crack length was measured every five minutes.
The pre-test was stopped while the fatigue crack at one side propagated to 15 mm. Then,
the G4 and G5 were removed, and the corresponding position was polished. Subsequently,
the SMA patches were bonded to the cracked steel plate, and the other two strain gauges
were bonded to the activated SMA patches at the same position (i.e., 5 mm away from the
artificial crack tip).

  
(a) (b) 

5 55 10 10

crack tip
strain gauge

G5 G6 G7 G8

axis of symmetry

Figure 10. Illustration for the fatigue test. (a) Schematic drawing of the arrangement of the strain
gauges (unit: mm). (b) Fatigue test setup.

For applying the fatigue load, one side of the specimen was bolted to the rigid frame,
and the other was bolted to the fatigue test machine (see Figure 10b). A bending-type load
was then generated by the rotation of an eccentric block inside the vibrator. The G8 was
selected as the reference point, and the applied stress range was controlled to be 180 MPa
(with a stress ratio of −1). For SP-1, SP-2, and SP-3, the loading frequency was 31.5, 32.7,
and 33.0 Hz, respectively. Once the fatigue crack had propagated to the lateral side of the
specimen, the fatigue test was stopped. The fatigue crack propagation was recorded, and
the fracture surface was also obtained, as to be introduced in the following section.

5. Test Results and Discussions

5.1. Strain Variation during Fatigue Testing

Given the large amount of monitored strain data and the similarity of the strain
variation among the three specimens, the strain data of SP-2 were plotted for analysis.
The strain gauges G4 and G5 were employed to monitor the strain at the surface of SMA
patches, as plotted in Figure 11a,b. It could be seen that the surface strain was up to
700 με while the fatigue crack propagated below the SMA patch. Subsequently, a sharp
decline in the strain-time curve was observed, and the subsequent strain was compressive.
Integrating the experimental phenomenon, it was found that the occasion for the sharp
decline corresponded to the fact that the fatigue crack propagated to the edge of the
SMA plate. Therefore, it could be supposed that the fatigue load transferred by the SMA
patch was significantly reduced once the fatigue crack propagated to the edge of the
SMA patch. Meanwhile, since the prestress force (i.e., the recovery force) remained stable,
the monitored strain turned into compressive. It could also be concluded that the strain
variation characteristics bonded to the SMA patch could be employed to predict whether
the fatigue crack has propagated to the edge of the SMA patch. Additionally, the strain-time
curve of G4 and G5 stayed out to the end of the fatigue test, indicating that there was no
debonding failure of the adhesive layer between the SMA patch and steel plate.
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Figure 11. Strain-time curves of G4, G5, and G6 of SP-2 during the fatigue test. (a) G4. (b) G5. (c) G6.

Except for the G8 adopted as the reference point, the other strain gauges arranged
at the surface of the cracked steel plate were adopted to assist in observing the fatigue
crack propagation. Taking the G6 plotted in Figure 11c, for example, it could be observed
that the strain range gradually increased as the fatigue test went on. The monitored strain
increased sharply once the fatigue cracks propagated close to the strain gauge. For the SP-2,
the G6 was debonded rather than broken when the fatigue crack propagated below the
strain gauge, and it could be seen from Figure 11c that the G6 kept working for several
hours after the sharp increase in strain; however, the monitored strain at this time no longer
represented the real strain of the steel plate, and it could be supposed to be broken.

5.2. Crack Propagation

The fatigue crack propagation life (i.e., fatigue life), as well as the crack propagation
curve, were presented in this section. Regarding the fatigue life, the values corresponding to
the crack propagating to 15 mm in the pre-test and corresponding to the crack propagation
in the subsequent fatigue test were compared, as shown in Figure 12. It could be observed
that there are few differences among the fatigue lives of SP-1, SP-2, and SP-3 in the pre-test.
Compared to the fatigue life of SP-1, the one of SP-2 is 11.8% longer while the one of SP-3 is
0.7% shorter. After strengthening with the SMA patches, a considerable retarding effect on
the crack propagation was obtained. The fatigue life of SP-1 in the subsequent fatigue test
is 110 × 104 cycles, while the one of SP-2 and SP-3 has increased by 188.9% and 168.3% (see
Figure 12), respectively. It indicates that bonding the SMA patches is feasible to strengthen
the crack steel plate subjected to fatigue bending loading.

Since it is difficult to measure the crack length when the crack propagates below the
SMA patch, the crack length is not recorded until the crack propagates beyond the edge
of the SMA patch. The crack propagation curves of SP-1, SP-2, and SP-3 were plotted in
Figure 13. It is observed that the propagating rate of the fatigue crack increases with the
increasing loading cycle and crack length. However, there are no significant differences
among the crack propagation curves corresponding to the same side of the specimen. It
indicates that the crack propagation life is less affected by the bonded SMA patch once the
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crack propagates out of the cover range. Therefore, integrating the data plotted in Figure 12,
it could be concluded that the fatigue crack could be retarded only if it propagates within
the cover range of the bonded SMA patch, whether there is debonding failure between the
SMA patch and cracked steel plate or not.
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Figure 13. Crack propagation curves. (a) On the left side of the specimen. (b) On the right side of
the specimen.

5.3. Fracture Surface Analysis

The fatigue fracture surfaces of SP-1, SP-2, and SP-3 were obtained after fatigue tests.
Figure 14 shows the fracture surface of SP-1 and SP-2 for comparison. As can be seen in
Figure 14, the original place where the crack was initiated is observed on both the top
and bottom surfaces of the cracked steel plate on the edge of the artificial cutting surface.
However, the top crack propagation dominates the final fatigue failure. The benchmarks
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(i.e., the progression marks), generated by the variations in the crack growth rate, could
be clearly seen in the fracture surface because the crack growth rate increases with the
increasing crack length (see Figure 13).

 
(a) 

 
(b)  

Figure 14. Fatigue fracture surfaces. (a) SP-1. (b) SP-2.

Additionally, the fast fracture zone (i.e., the overload zone), generated when the crack
reached the point where the remaining material was overstressed, could be clearly seen
on both sides of the fracture surface. Regarding SP-1, the crack propagation surface in the
latter stage of the fatigue life is macroscopically brittle, especially on the left side, as shown
in Figure 14a: the crack propagation surface is rough, and the benchmarks can be clearly
seen. It is supposed that the rough surface is generated by only a few stress cycles in the
latter stage of the fatigue life. However, regarding the SP-2, the crack propagation surface
is generally smooth, and the fast fracture zone is relatively small. This could be attributed
to the reinforcement effect of the SMA patch, which decreases the magnitude of the load
sustained by the cracked steel plate when the final fracture occurs.

6. Conclusions

In the present study, the feasibility of attaching the SMA patches to the reinforcement
of the mode I, mode II, and mode III cracks was investigated. Finite element analysis-
based parametric analysis was conducted to investigate the effect of the bonding area,
the thickness of the SMA patch, and the strengthening angle on the reinforcement effect.
Fatigue tests were also conducted to investigate the reinforcement effect by bonding the
SMA patch. The following conclusions can be drawn.

(1) Bonding the SMA patch is applicable to the mode I crack while inapplicable to both
mode II and mode III cracks. Compared to the strengthening method by bonding the
steel patch, bonding the SMA patch could further decrease the SIF at the crack tip
because of the prestress force (i.e., the recovery force).

(2) The SIF has decreased 144.2 MPa·mm1/2 in the presence of every 1 mm thickening
of the SMA patch. It is recommended that the SMA patch be arranged with the
direction of the recovery force perpendicular to the possible crack propagation
direction. Comparatively, the reinforcement effect is less affected by the bonding
area of the SMA patch.

(3) Experimental results demonstrate the retarding effect on the crack growth by bonding
the SMA patches. Compared with the bare steel plate, the fatigue life of SMA patch-
strengthened specimens has increased by 188.9% and 168.3%, respectively. However,
the retarding effect could be neglected when the fatigue crack propagates out the
cover range of the SMA patch.
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Nomenclature

SMA shape memory alloy
CT compact tension
CFRP carbon fiber reinforced polymer
GFRP glass fiber reinforced polymer
SIF stress intensity factor
FE finite element
XFEM extended finite element method
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Abstract: To promote the resource utilization of steel slag and improve the production process of
steel slag in steelmaking plants, this research studied the characteristics of three different processed
steel slags from four steelmaking plants. The physical and mechanical characteristics and volume
stability of steel slags were analyzed through density, water absorption, and expansion tests. The
main mineral phases, morphological characteristics, and thermal stability of the original steel slag
and the steel slag after the expansion test are analyzed with X-ray diffractometer (XRD), scanning
electron microscope (SEM), and thermogravimetric analysis (TG) tests. The results show that the
composition of steel slag produced by different processes is similar. The main active substances
of other processed steel slags are dicalcium silicate (C2S), tricalcium silicate (C3S), CaO, and MgO.
After the expansion test, the main chemical products of steel slag are CaCO3, MgCO3, and calcium
silicate hydrate (C-S-H). Noticeable mineral crystals appeared on the surface of the steel slag after
the expansion test, presenting tetrahedral or cigar-like protrusions. The drum slag had the highest
density and water stability. The drum slag had the lowest porosity and the densest microstructure
surface, compared with steel slags that other methods produce. The thermal stability of steel slag
treated by the hot splashing method was relatively higher than that of steel slag treated by the other
two methods.

Keywords: preparation process; steel slag; expansion test; XRD; microscopic morphology; thermal
stability

1. Introduction

Steel slag is a lumpy substance that combines the residual solvent and metal oxides in
the steelmaking furnace after cooling, iron removal, crushing, etc. It is a by-product of the
steelmaking process. Steel slag emissions make up about 8–15% of crude steel [1,2]. China’s
crude steel production exceeded 1 billion tons and the amount of slag discharge exceeded
120 million tons in 2021, with the strong growth of China’s iron and steel industry [3].
However, the physical mechanics, morphology, and volumetric stability of steel slag are
limited by the production equipment, preparation process, and geographical environment,
resulting in the overall utilization rate of steel slag being less than 30% [4]. Most steel slag
is treated as industrial waste and piled up in the mountains, resulting in land occupation,
environmental pollution, resource waste, and other issues [5,6]. In the context of “carbon
peak, carbon neutral”, promoting the efficient utilization of steel slag resources is an urgent
need to ensure the stable development of China’s society [7].

The research on the material properties of steel slag is the primary problem of its
utilization. Experts have made some progress focusing on its physical and chemical
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properties, mechanical properties, morphological characteristics, and other properties. In
terms of the physical and chemical properties of steel slag, experts believe that, through the
analysis of the vast majority of steel slag, the main components can be identified as calcium,
magnesium, silicon, and iron oxides, so the steel slag can be regarded as a CaO–SiO2–MgO–
FeO tetrameric system [8,9]. Calcium, silicon, and phosphorus oxide content were used to
indicate the alkalinity of steel slag [10]. According to the differences in alkalinity, steel slag
can be divided into three categories: high-alkalinity steel slag (M > 2.5), medium-alkalinity
steel slag (1.8 < M < 2.5), and low-alkalinity steel slag (M < 1.8). It has been pointed out
that the alkalinity of steel slag can reflect its hydration activity [11]. However, it is more
reliable to evaluate the hydration activity of steel slag using the activity index rather than
alkalinity [12,13]. In addition, Li et al. [14] attempted to evaluate the hydration activity
of steel slag materials using chemical methods, and the experimental process operation
was more difficult to control. The experts affirmed the physical and mechanical properties
of steel slag materials, and the hardness, adhesion, and roughness of steel slag became
advantages for certain applications. In addition, some researchers used two-dimensional
and three-dimensional image analysis techniques to characterize the morphology of steel
slag aggregates [15]. Scanning electron microscopes can also be used to observe the micro-
morphological characteristics of steel slag; steel slag has a rough surface texture, and steel
slag contains a lot of pores, making it a somewhat porous material [16].

The material properties of steel slag determine its resource uses and application effects.
Steel slag contains CaO, Fe, MnO, MgO, Fe2O3, etc. It can be used as raw material for iron
and steel sintering, and its magnesium and calcium composition means it can be used as
a solid solution, which can replace part of magnesite, limestone, and other fluxes [17–19].
Steel slag contains about 10% of the metal iron, which, after crushing, screening, magnetic
separation, and other processing, can be sorted into different particle sizes, of slag steel and
magnetically separated powder, for reuse [20]. Steel slag’s main composition is CaO, Al2O3,
SiO2, and MgO, which is similar to the raw materials for the traditional construction of tiles;
therefore, steel slag can be used as a raw material in the preparation of ceramics [21]. Steel
slag contains many alkaline oxides, such as CaO and other compositions, which can be used
to treat pollutants in wastewater through chemical reactions [22,23]. Steel slag contains
high levels of Si, Mn, and P and various trace elements, which can provide nutrients needed
for crop growth. At the same time, CaO in steel slag can also slowly neutralize soil, so it can
be used as farmland fertilizer and for improvement purposes [24,25]. Steel slag contains
dicalcium silicate and tricalcium silicate, and, as silicate cement clinker has a similar mineral
phase, steel slag can be used as a raw material for the production of cement, but also can
be applied to concrete admixture, dry mortar, and so on. However, the low content of
practical cementitious components in steel slag and its high formation temperature of
up to 1600 ◦C, which results in more crystallization of the mineral phase, limit the broad
application of steel slag in cement and concrete [26,27]. Steel slag, crushed stone, and its
natural aggregates have similar physico-mechanical properties [28,29]. The density of steel
slag is high, generally above 3.2 g/cm3, while the density of natural aggregates is about
2.6–2.9 g/cm3; steel slag has the advantage of physico-mechanical indices, which show
that its crushing value and Los Angeles abrasion are higher than that of natural aggregates
by 4.7–20.5% and 12.0–52.7%, respectively. The porous nature of steel slag results in high
water absorption levels of steel slag aggregate, generally between 1% and 2% [30,31]. Steel
slag crushed stone is suitable for road material requirements, as it can be used for the road
base layer, the surface layer, and the bedding, and can also be used as engineering backfill
material [32–35]. The common uses of steel slag are shown in Table 1. Many studies have
shown that using steel slag as a road construction material is the most effective means
of resource utilization [36–38]. However, the volumetric stability of steel slag materials,
preparation process limitations, distribution of iron and steel enterprises, policies, and
other reasons still limit the use of steel slag in road construction [28,39,40].
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Table 1. Common applications of steel slag [41–44].

Active Ingredients Application Advantages and Disadvantages

C2S, C3S, C4AF, and C3A Replace natural aggregate in concrete Good durability. Poor water stability

C3S and β-C2S Steel slag powder as supplementary
cementitious materials

Improve mechanical properties and durability.
Potential expansion problem

CaCO3, C2S and C3S Replace natural aggregate in asphalt mixture
Higher mechanical behavior of mixtures with

steel slag aggregate. But require a higher
asphalt content

Meanwhile, the treatment processes of different steel slags result in significant differ-
ences in their performance. Analyzing and comparing the steel slag produced by various
methods will be beneficial for promoting the resource utilization of steel slag. Therefore,
this study investigates the properties of steel slag (XG/PG/BG/WG) with different prepa-
ration processes. In this research, XG and PG are produced using the thermal smothering
method, WG is produced using the hot splashing method, and BG is made using the drum
method. Hot smothering and drum method steel slag are in a high-temperature steam
environment. At the same time, the hot splashing method of steel slag is in a natural
environment. Different processing techniques lead to differences in the performance of
steel slags. Thus, this study further analyzes steel slags’ physicomechanical characteristics
and volumetric stability by density, water absorption, crushing value, and swelling tests.
The main mineral phases, morphological characteristics, and thermal stability of steel slags
are analyzed using XRD, SEM, and TG tests before and after expansion tests. The results
can provide a reliable reference for the application selection of steel slag.

2. Materials and Methods

2.1. Materials

Steel slags from four steel mills are used in this research: XG, PG, BG, and WG. XG
has been stored for more than 12 months, and PG, BG, and WG have been stored for about
3–6 months. After sieving, particle sizes of steel slag range from 4.75 to 16 mm and are
classified into 4.75–9.5 mm, 9.5–13.2 mm, and 13.2–16 mm. We take classified steel slags as
the test material. The chemical element composition of the four types of steel slag is shown
in Table 2. The picture of four kinds of steel slag is shown in Figure 1.

Table 2. Chemical element composition of the four types of steel slag.

CaO
(%)

Fe2O3

(%)
SiO2

(%)
MgO
(%)

MnO
(%)

Al2O3

(%)
P2O5

(%)
TiO2

(%)
Cr2O3

(%)
SO3

(%)

BG 40.80 33.51 13.59 4.39 2.91 1.99 0.99 0.75 0.39 0.23
WG 45.33 31.63 10.46 4.37 3.32 1.51 1.38 0.99 0.43 0.10
PG 46.13 29.85 11.66 4.08 3.65 1.39 1.33 0.93 0.49 0.18
XG 43.36 26.53 13.02 3.92 5.15 0.87 3.68 1.37 0.63 0.74

XG and PG steel slags are produced using the hot smothering method. The production
process of hot smothering slags is to introduce high-temperature liquid steel slags into a
special hot slag pond, cool them with water spray, cover the slag pond to maintain pressure,
and use the thermal stress generated by the rapid cooling of steel slags and saturated
high-temperature steam to penetrate steel slags. Thus, free calcium oxide in steel slags can
be digested to generate calcium hydroxide, resulting in volume expansion and tiny steel
slag particles conducive to recovery [45].
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(a) (b) 

  
(c) (d) 

Figure 1. Pictures of steel slags. (a) PG; (b) BG; (c) WG; (d) XG.

BG steel slag is produced using the drum method. The drum slag process involves
the granulation of molten slag into the drum at an appropriate flow rate, under rapid
cooling conditions, under centrifugal force, spray water, and the squeezing friction of steel
balls inside the drum [46]. This process has the advantages of small pollution, clean site,
high treatment efficiency, uniform particle size of treated steel slag, stable free calcium
oxide, and direct utilization of steel slag. However, the requirements for the iron content of
the treated steel slag are strict, and the slag with molten steel is prone to explosion. The
equipment is severely worn, and the cost of slag treatment is high [47]. Additionally, there
are requirements for the block size of the treated steel slag. Although drum slag equipment
capable of handling solid slag has been developed, limitations still exist, and converter
steel slag cannot be fully processed.

WG steel slag is produced using the hot splashing method. The production process
of hot splashing slag is to load liquid high-temperature steel slag into a tank, lift the tank
with a crane, and evenly pour the liquid steel slag into a shallow plate. After filling the
shallow plate with water, spray water for 8–45 h and filter for another 2 h. The average
temperature of the steel slag can be cooled to around 50 degrees and then sent to crush and
classify [48,49].

2.2. Experiments
2.2.1. Density Test

In order to compare the basic physical indexes of different steel slag, the density and
water absorption of steel slag are tested. The test process was carried out according to the
JTGE42-2005 Code for Testing Aggregates in Highway Engineering [50].

2.2.2. Volume Expansion Test

The expansion test was carried out using GB/T 24765-2009 steel slag for wearing as-
phalt pavement [51] to compare the volume stability of different steel slags. The four kinds
of steel slag are 4.3 kg each, and the proportions of particle size 4.75–9.5 mm, 9.5–13.2 mm,
and 13.2–16 mm were 48.63%, 44.52%, and 6.85%, respectively. After the water bath tem-
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perature reaches 90 ± 1 ◦C, the constant temperature is maintained for 6 h, and then the
heating and cooling are naturally stopped for 10 cycles. The data were recorded and the
expansion rate was calculated.

2.2.3. XRD, SEM, and TG Test

Grind XG, PG, BG, and WG steel slags into powder with a ball mill. The powder of
four kinds of steel slag is used to conduct the XRD and TG tests. The crystal structure of
the sample was characterized by Rigak SmartLab 9KW X-ray Diffraction (XRD) (Rigaku,
Auburn Hills, MI, USA). The wavelength of the X-ray is 1.54 Å (CuKa). The test voltage
and current are 45 kV and 200 mA, respectively. The scanning range is 5–75◦, the scanning
frequency is 10◦/min, and the step size is 0.02◦. Thermogravimetric analysis (TG) of
steel slag material is carried out by the Netzsch STA449F3 synchronous thermal analyzer
produced in Selb, Germany. The test atmosphere was a nitrogen environment. The test
temperature is from room temperature to 1200 ◦C, and the heating rate is 5 ◦C/min.
Scanning electron microscopy is used to characterize the surface microstructure of the
original steel slag produced by different processes and the steel slag after the expansion test.
The electrical signals generated by the photoactive focused electron beam on the sample’s
surface were converted into images for on-site measurement. The experimental equipment
for the XRD, SEM, and TG tests is shown in Figure 2.

   
(a) (b) (c) 

Figure 2. Experimental equipment: (a) SEM test device; (b) TG test device; (c) XRD test device.

3. Results and Discussion

3.1. Density and Water Absorption

The density and water absorption are shown in Table 3.

Table 3. Density and water absorption.

Types Parameter 4.75–9.5 mm 9.5–13.2 mm 13.2–16 mm

XG
Density (g/cm3) 3.498 3.393 3.377

Apparent density (g/cm3) 3.281 3.192 3.224
Water absorption (%) 1.89% 1.85% 1.41%

PG
Density (g/cm3) 3.488 3.437 3.110

Apparent density (g/cm3) 3.321 3.333 2.865
Water absorption (%) 1.45% 0.90% 2.75%

BG
Density (g/cm3) 3.579 3.628 3.628

Apparent density (g/cm3) 3.351 3.456 3.450
Water absorption (%) 1.90% 1.38% 1.42%

WG
Density (g/cm3) 3.523 3.478 3.512

Apparent density (g/cm3) 3.327 3.343 3.387
Water absorption (%) 1.67% 1.16% 1.05%

It can be seen from Table 3 that BG has the highest density compared to the other
three kinds of steel slags. It can be found that the density of particle size of 4.75–9.5 mm
decreases in the order of BG, WG, XG, and PG. The density of particle size of 9.5–13.2 mm
decreases in the order of BG, WG, PG, and XG. The density of particle size of 13.2–16 mm
decreases in the order of BG, WG, XG, and PG. The apparent density of XG, PG, BG, and
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WG varies from 3.192 to 3.456. The apparent density of four kinds of steel slag is 19.0–28.9%
higher than natural aggregate; the average apparent density of four kinds of steel slag is
relatively close to the steel slag from Baotou, with a variation of less than 10% [52].

According to the density of steel slag, it can be found that the steel slag produced by
the drum method from BG has the highest apparent density. Relative to drum method slag,
the rougher production process of hot smothering steel slag and hot splashing slag reduces
the density of steel slag.

3.2. Volume Expansion

The expansion test results of four kinds of steel slag can be seen in Figure 3.

 
Figure 3. The expansion test results.

It can be seen from Figure 3 that the volume expansion of steel slag is continuously
increasing. Based on the expansion rate of the volume of steel slag specimens on the tenth
day, the expansion rate of WG is the highest, at 2.7%, followed by XG, at 1.52%. The
expansion rates of BG and PG are relatively close, and both are around 1%. The volume
expansion of steel slag varies from 0.5 to 3.5% in the present research; it can be found that
the expansion rates of XG, PG, and BG are at a low level, while the volume expansion rate
of WG is relatively high [53,54].

3.3. Mineral Changes

XRD analysis is conducted on the steel slags before and after the expansion test to
study the mineral phase, as shown in Figure 4. In this case, the suffix 0 is the initial steel
slag, and the suffix 10 is the steel slag after the expansion test.

Due to the more substantial alkalinity of CaO compared to MgO, a small amount
of SiO2 will preferentially form dicalcium silicate or tricalcium silicate with CaO at high
temperatures [55]. It can be observed from the XRD diffraction patterns of four different
steel slags in Figure 3 that the original steel slag contains elements presenting prominent
peaks such as C2S, C3S, CaO, and MgO. These substances are the main active components
in steel slag that participate in the aging reaction. It can be observed that the mineral
elements in the four types of steel slag have undergone significant changes. CaCO3 and
C-S-H in XRD peak patterns show an obvious increase after expansion tests. Meanwhile,
C2S, C3S, CaO, MgO, and other alkaline elements show an apparent decrease.
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(a) (b) 

  
(c) (d) 

Figure 4. XRD results of steel slags. (a) XG steel slag; (b) WG steel slag; (c) PG steel slag; (d) BG steel slag.

In addition to these similar mineral changes, there are also changes in some elements
that are worth exploring. Considering the minimum density of WG in the previous
density experiment, although the peak heights of C-S-H and CaCO3 in WG vary less, the
lower density results in more significant volume expansion of WG in the expansion rate
experiment. Considering the maximum density of BG in the previous density experiment,
although the peak heights of C-S-H and CaCO3 in BG are very high, the higher density
results in less volume expansion of BG in the expansion rate experiment. It is worth noting
that the peak around the FeO position of BG steel slag decreased after the expansion test.
Because the peak around 42◦ contains MgO and FeO, MgO reacts with CO2 to generate
MgCO3, and the iron element oxidizes to form iron oxide with higher FeO peaks. Although
the peaks of MgO and FeO are relatively close, FeO cannot decrease after the expansion test.
The MgO content of BG steel slag is much higher than the other three types of steel slag.

The above analysis shows that the main elements of steel slag produced by different
steel mills have similar mineral phases, with the main mineral phases being C2S, C3S,
ferrite, and a small amount of CaO and MgO. The iron oxide content in the steel slag
produced by XG and PG using the hot smothering process is significantly higher than
that produced by WG and BG. Considering the differences in iron recovery processes, this
may indicate that there is still room for modification in the iron recovery processes of XG
and PG steel plants. WG and BG contain fewer ferrite compounds, suggesting that steel
slag’s production process and supporting recovery measures are better. It can be concluded
after XRD analysis that the initial steel slag contains a certain content of unstable elements
composed of MgO and CaO in the RO phase. After hydration, the main products of the
steel slag are still CaCO3 and C-S-H.

3.4. Simple Quantitative Analysis

A simple quantitative analysis of C2S, C3S, CaO, and MgO mineral phases is per-
formed using Jade software (version 6.0) on the XRD spectra of four initial steel slag
types [56]. Simple quantitative analysis is a built-in quantitative analysis function in Jade
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software. This function calculates the percentage of selected minerals based on parameters
such as peak, angle, and area. It is worth noting that the sum of selected mineral propor-
tions in simple quantitative analysis is 100%. The analysis results mainly consider the four
elements C2S, C3S, CaO, and MgO, which account for a relatively large proportion of steel
slag, so these four compounds are mainly considered. The sum of the four elements in the
figure is 100%. The analysis results are shown in Figure 5.

 
Figure 5. Initial steel slag simple quantitative analysis.

A simple quantitative analysis is conducted on the main products of the four types
of steel slag after the expansion test, and the analysis results are shown in the figure. It
can be seen from the graph that the content of C2S and C3S is the highest, accounting for
over 60% of these four minerals, with the content of C2S and C3S in XG and WG exceeding
80%. Next is PG, which contains 78.8% of C2S and C3S. The lowest content of C2S and
C3S is BG, accounting for 68.6%. The analysis of the four main alkaline active minerals
in steel slag also reveals interesting results, with C3S in XG and WG significantly higher
than C2S by about two times, while in contrast, C2S in BG and PG is significantly higher
than C3S by about two times. Considering the differences between different steel slags and
the influence of various factors, such as other raw materials, the impact of the steel slag
production process on the differences in C3S and C2S content deserves further research.

The main components of the RO phase in steel slag are CaO and MgO. From the simple
quantitative analysis chart, it can be found that the content of MgO is greater than that of
CaO, with the highest MgO content in BG, followed by PG, XG, and WG. The content of
CaO decreases in the order of BG, PG, XG, and WG. The content of MgO decreases in the
order of BG, PG, XG, and WG.

Figure 6 shows that the most common mineral composition of the main reaction
products of PG, BG, and WG steel slag is hydrated calcium silicate after the expansion test.
It can be found that among the four types of steel slag, only XG has the highest proportion
of CaCO3, exceeding the proportion of hydrated calcium silicate. In the three types of steel
slag, PG, BG, and WG, the content of hydrated calcium silicate is the highest, accounting
for over 50%. The proportion of hydrated calcium silicate after the BG expansion test is
the highest, at 61.4%. The high proportion of hydrated calcium silicate indicates that BG
has the highest degree of volcanic ash reaction, with more dicalcium silicate and tricalcium
silicate participating in the volcanic ash reaction, because the alkalinity of CaO is higher
than that of MgO, and the hydroxyl activity in Ca(OH)2 of the hydration product is higher
than that in Mg(OH)2. Figure 5 shows that the proportion of CaO in BG is the highest,
indicating this phenomenon.
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Figure 6. Steel slag simple quantitative analysis after expansion test.

The above analysis shows that C2S and C3S are important alkali-active compounds in
steel slag, accounting for 70% to 80% of the total. However, further research on the propor-
tion of C2S and C3S shows no obvious connection with the steel plant process. The specific
differences in production processes, temperatures, and raw materials among different steel
plants make it difficult to control variables and specifically study the generation conditions
of C2S and C3S. The generation of C-S-H is not related to the content of water-active prod-
ucts such as C2S and C3S but rather to the alkaline substance CaO in the environment. XG’s
higher alkaline environment is conducive to the generation of C-S-H.

3.5. Microstructure Changes

Scanning Electron Microscope (SEM) analysis is performed on the surfaces of four
types of untreated steel slag and steel slag after expansion testing, and the results are shown
in Figure 7. The suffix 0 represents the initial steel slag, while the suffix 10 represents the
steel slag after expansion tests.

Figure 7 shows that the initial microstructure of the steel slag surface is similar, with a
rough surface and no noticeable mineral crystals visible. However, after the expansion test,
obvious mineral crystals appear on the surface of the steel slag, with most of the mineral
crystal structures showing tetrahedral or cigar-like protrusions. Based on comprehensive
XRD analysis, the main hydration products of steel slag after the expansion test are CaCO3
and C-S-H compounds. It can be inferred that this part of the crystal is mainly C-S-H
crystal, and CaCO3 is mostly a needle-like structure rather than a polyhedral or protruding
crystal structure [57].
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Figure 7. Before and after the expansion test of four kinds of steel slag. (a) XG-0; (b) XG-10; (c) PG-0;
(d) PG-10; (e) BG-0; (f) BG-10; (g) WG-0; (h) WG-10.

3.6. Thermogravimetric Analysis

The TG results of the four initial steel slags are shown in Figure 8. Figure 8a is the
TG data curve, and Figure 8b is the gradient of TG data (DTG). Figure 8a shows that the
mass of PG-0, BG-0, XG-0, and WG-0 continues to decrease with the increased temperature.
It can be observed that the rapidly decreasing mass in Figure 8a corresponds to the two
weight loss peaks around 100 ◦C and 700 ◦C in Figure 8b, where a large amount of mass
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loss occurs near these temperatures. Figure 8b also shows a third weight loss peak around
400 ◦C. Only the WG-0 sample shows a significant weight loss peak in Figure 8b, as the
sample continuously absorbs water to form Ca(OH)2 during storage. At around 400 ◦C,
Ca(OH)2 will continuously dehydrate to form CaO. The weight loss peak around 400 ◦C is
not apparent due to the small amount of Ca(OH)2, which slows the reaction between CaO
and water. WG exhibits a more significant weight loss peak at 400 ◦C compared to other
samples due to the highest CaO content. The most substantial weight loss peak is around
700 ◦C due to the decomposition of CaCO3 at high temperatures to generate CaO and CO2,
which causes weight loss [58].

 
(a) 

 
(b) 

Figure 8. Initial steel slag TG and DTG results. (a) TG curve; (b) DTG curve.

The minimum mass loss rate of WG steel slag indicates higher CaO and lower CaCO3
content. The higher CaO and lower CaCO3 content suggests that the mineral phase is
stable at high temperatures, followed by BG and PG steel slag in the middle position. XG
steel slag has the highest mass loss rate because the CaCO3 in XG is the highest. The mass
loss and mass loss rate are the highest in the 600–750 ◦C range. Through comprehensive
comparison, it can be found that the mass loss rates of four initial steel slags were ranked
from small to large: WG > BG > PG > XG.

The TG and DTG results of the steel slags after the expansion test are shown in
Figure 9. It can be found from Figure 9a that the mass loss increases from small to large
and is classified as WG, BG, PG, and XG. Figure 9a shows that the mass of the four types of
steel slag after the expansion test continues to decrease as the temperature increases.
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(a) 

 
(b) 

Figure 9. TG and DTG results after expansion test. (a) TG curve; (b) DTG curve.

In Figure 9a, it can be seen that the maximum mass loss peak occurs around 700 ◦C. It
can also be observed from Figure 9b that there is a maximum decrease rate in the range of
600–750 ◦C. The mass loss in this part is composed of CaCO3. The second peak of weight
loss is between 100 and 200 ◦C, and the mass loss in this part is mainly free water. Figure 9b
shows that a small weight loss peak appears at 400 ◦C, which is smaller than at 100 ◦C. The
mass loss around 400 ◦C decomposes Ca(OH)2 into solid CaO and gas state H2O. Only WG
exhibits a relatively small weight loss peak at 400 ◦C, indicating that the steel slag of WG
generates more Ca(OH)2 during hydrolysis and reaction. More Ca(OH)2 demonstrates that
WG steel slag contains more CaO, consistent with the highest WG expansion rate in the
expansion test results.

The mineral content in the steel slag has changed after expansion testing. The mass loss
and mass loss rate are relatively higher than the results compared to the TG results of the
initial steel slag. During the expansion experiment, more CaCO3 and C-S-H were generated,
which released CO2 and bound water during thermal decomposition. Based on the TG test of
the initial steel slag and steel slag after the expansion test, it can be concluded that WG steel
slag has the highest thermal stability performance, followed by PG, BG, and XG.

Considering that TG and DTG curves can only qualitatively analyze the quality loss
of four types of steel slag, they cannot quantitatively analyze the quality changes of steel
slag at different temperatures. Therefore, a quantitative analysis was conducted on the
mass loss in the three mass loss peak temperature ranges of steel slag before and after the
expansion experiment. The temperature range of the weightlessness peak and the mass
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loss rate was calculated in three intervals: 100–200 ◦C, 400–500 ◦C, and 600–750 ◦C. The
statistical data results are shown in Table 4.

Table 4. Weigh loss rate of initial steel slag in the specific temperature range.

Temperature (◦C) XG (%) PG (%) BG (%) WG (%)

100–200 1.927 1.228 0.953 0.581
400–500 1.199 0.264 −0.013 0.337
600–750 4.216 2.674 2.314 1.791

The maximum mass loss of XG steel slag occurs between 100 and 200 ◦C due to the
larger pore structure of XG, which has higher voids and water absorption. The mass loss
rate of XG steel slag is the highest in the temperature range of 400–500 ◦C due to the high
CaO content in XG steel slag, which generates the most Ca(OH)2 in the hydration reaction.
The 600–750 ◦C temperature range mainly involves the decomposition of CaCO3 into CaO
and CO2. The maximum mass loss rate of XG steel slag in this temperature range indicates
the highest content of CaCO3, followed by PG and BG steel slag, respectively. In the original
sample, XG steel slag has the highest CaCO3 content and water absorption rate; WG has
the lowest water absorption and CaCO3 content; PG and BG are in the middle.

It can be seen from Table 5 that XG has the highest mass loss rate in the range of
100–200 ◦C, indicating that XG steel slag has the highest water absorption rate, followed by
PG, BG, and WG. The 400–500 ◦C temperature range has the highest Ca(OH)2 content in
XG, followed by PG, WG, and BG. XG has the highest weight loss rate in the 600–750 ◦C
range, followed by PG, BG, and WG. Compared with other research [59,60], it can be found
that the thermal stability of four kinds of steel slag is enough for construction. From TG,
DTG, and qualitatively analyzed results, it can be concluded that WG has the highest
thermal stability, followed by BG, PG, and XG.

Table 5. The mass loss rate of steel slag in a specific temperature range after the expansion test.

Temperature (◦C) XG (%) PG (%) BG (%) WG (%)

100–200 2.035 1.736 1.015 0.589
400–500 1.289 0.498 0.223 0.398
600–750 5.467 4.336 4.268 2.273

4. Conclusions

This study compared the physical and chemical properties of steel slag produced by
three different methods from four different steel mills. We compared the changes in mineral
phases, microstructure, water stability, and thermal stability of steel slag before and after
the expansion test. The research results are of great significance for the resource utilization
of steel slag and the improvement of steel slag treatment methods in steelmaking plants.
The conclusions of this research can be drawn as follows:

(1) The steel slag produced by the drum method has the highest density and lower
expansion rate than the other three steel slags. It was also found that although BG
has the highest content of free calcium oxide, the higher density of steel slag particles
helps to resist the volume expansion caused by water contact.

(2) The composition elements of steel slag produced by different processes are very
similar, with the primary active materials being C2S, C3S, CaO, and MgO. After the
expansion test, the main chemical products of steel slag are CaCO3, MgCO3, and
C-S-H. C-S-H is generated by hydrolysis and a combination of C2S and C3S, and
the content of CaO and MgO mainly influences the amount generated. This means
a higher degree of alkalinity can promote the generation of C-S-H. Most C-S-H is
generated on the surface of steel slag, forming clusters of mineral crystals.

(3) The thermal stability of the two types of steel slag treated by the hot smothering
method is relatively lower than that of steel slag treated by the hot splashing and
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drum methods. Additionally, it was found that the storage time may be related to the
thermal stability of steel slag particles.

(4) This research considers the density, volume stability, and thermal stability of the
four types of steel slag. XG, PG, and BG are recommended as alternative coarse
aggregates for road and building construction. Meanwhile, WG is unsuitable as a
building material due to its high expansion, and further treatment should be carried
out to reduce its expansion before testing. Among them, BG steel slag has the best
comprehensive performance.

There are still some shortcomings in existing research, and in future research, more
steel slag produced by existing processes and stricter variable control will be adopted.
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Abstract: The utilization of calcined coal gangue (CCG) and limestone for the preparation of blended
cement is an efficient approach to address the issue of coal gangue disposal. However, the compressive
strength development of blended cement is slow, particularly at high substitution levels of CCG.
Therefore, this study aimed to promote the hydration and mechanical properties of the calcined
coal gangue–limestone blended cements by increasing the curing temperature. In this study, the
samples were cured at two different temperatures, namely 20 and 40 ◦C. The four groups of samples
contained 15 wt.%, 30 wt.%, 45 wt.% and 60 wt.% cement substitutions using CCG and limestone
(2:1 mass ratio). The compressive strength, hydration and microstructure were investigated at the ages
of 1 to 28 d. X-ray diffraction (XRD) and thermogravimetry (TG) were used to study the hydration
behavior of samples. Mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM)
were used to determine the microstructure of the samples. The results indicate that an increase in
curing temperature significantly promotes the compressive strength of the calcined coal gangue–
limestone blended cements from 1 to 28 d. The microstructural analysis indicates that increasing
the curing temperature not only promotes cement hydration but also facilitates the reaction of CCG,
which precipitated more hydrates such as C-A-S-H gel, Hc and Mc. These hydrates are conducive
to refining the pore structures and densifying the microstructure, which sufficiently explains the
enhanced compressive strength of the calcined coal gangue–limestone blended cements.

Keywords: calcined coal gangue; limestone; curing temperature; hydration; microstructure;
compressive strength

1. Introduction

Coal is an important energy resource in many countries. The top five countries holding
proved coal reserves globally are the United States (22%), Russia (15%), Australia (14%),
China (14%), and India (11%) [1]. Coal gangue (CG) is one of the largest industrial
wastes, which is mainly discharged in the process of coal mining and washing. China has
large reserves of about 6 billion tons of CG and is expected to increase by approximately
500–800 million tons for each year [2]. However, its utilization rate is less than 20%. CG is
mainly composed of SiO2 and Al2O3 (50–70% wt.%), even though its chemical composi-
tions vary with different sources [3]. Such high SiO2 and Al2O3 contents make it possible
to be used as a potential SCM in cement-based materials [4]. The current research has
demonstrated that CG can be used as a potentially active SCM to partially replace cement
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after calcination at appropriate temperatures (usually 700–900 ◦C) [5]. In the calcination
process, kaolinite (Al2O3·2SiO2·H2O, AS2H2) would dehydroxylate to form metakaolin
(Al2O3·2SiO2, AS2) [6,7], which was the main source of the pozzolanic reactivity of calcined
coal gangue (CCG) [8].

Extensive studies indicate incorporating an appropriate amount of CCG as a partial
replacement of cement can maintain a relatively high long-term mechanical strength [9,10].
This is because as the curing time increased, the amorphous metakaolin with high pozzolanic
reactivity in CCG gradually started to react with portlandite (CH) to form additional C-A-S-H
gel [11], which resulted in a higher strength growth rate as compared with the pure cement
especially from 7 days onwards [12]. In this process, pore structure distributions in the
hydrated binder have also been refined [13], which is reflected in the reduction in the
large pores and formation of more gel pores with lower size. More importantly, the pore
structure refinement and ion consolidation ability of C-A-S-H gel are also favorable for
resisting the penetration and transmission of corrosive ions, such as Cl− and SO4

2− [14].
Therefore, CCG-blended cement also secure satisfactory long-term durabilities in severe
environments as compared with the corresponding reference samples. Additionally, the
pozzolanic reactivity [15], fineness [16], and replacement level of CCG were also found to
influence the performance of the CCG-blended cement. The application of CCG is generally
limited to 10–20 wt.%. However, with a higher replacement amount, the performance of
composites cement would decrease remarkably.

In recent years, some researchers have begun to introduce limestone to the binary
system of calcined coal gangue-cement [17,18], which is originated from limestone cal-
cined clay cement (LC3) [19]. In LC3, the high pozzolanic reactivity of calcined kaolinite
clay (metakaolin) and the synergistic effect between metakaolin and limestone produce
C-A-S-H gel, hemicarboaluminate (Hc) and monocarboaluminate (Mc) [20], which allows a
higher cement replacement of up to 50 wt.% in LC3 without comprising its compressive
strength [21]. Given that kaolinite is also one of the major minerals in CG, it is theoretically
feasible to use CCG instead of calcined kaolinite clay in LC3. Liu et al. [18] reported that
the co-utilization of CCG (with kaolinite content of 28.4%) and limestone maximized the
level of substitution of cement up to 30% (2:1 mass ratio). The ternary binder comprising
10% CCG and 5% limestone achieved comparable compressive strength to the reference
mortar at 7 d. Moreover, for a given replacement level, the limestone can enhance the
compressive strength of CCG blended cement by approximately 5–12% from 7 d onwards.
The authors [18] attribute this observation to the synergistic effect between CCG and lime-
stone, forming more hydrates (C-A-S-H gel, Hc and Mc) and refining the pore structure. As
shown by Jiu et al. [17], compared with the reference cement paste, the paste with 40–50%
partial replacement of cement by combined CCG and limestone (1:1, 2:1 and 3:1 mass ratio)
exhibited a 14–35% increase in the 28-day compressive.

The limestone calcined coal gangue composite provides satisfactory late-strength
advantages. However, the existing research also concluded that both calcined coal gangue-
blended cements and the limestone-calcined coal gangue composite present characteristic
of much slower compressive strength development compared to the reference Portland
cement, especially at higher replacement levels. Take the work of Liu et al. [18] as an example:
the mortar prepared with 20% CCG and 10% limestone showed a 46.6% decrease in the 1-day
compressive strength compared with the reference mortar. This is also similar to other SCM-
blended cements [22,23]. Most of these observations can be related to the significant lower
reaction kinetics of SCMs than that of clinker phases [24]. In practical engineering, the slow
early-strength development usually limits the large-scale utilization of SCMs.

It has been reported that approximately increasing the curing temperature is beneficial
for achieving a higher early compressive strength of cement-based materials [25,26]. When
the curing temperature is increased, the hydration kinetics of cement is greatly enhanced,
which is reflected in the increased cement hydration degree [25] and is also supported
by the classical boundary nucleation and growth (BNG) model [27,28]. More hydrates
such as C-S-H gel are precipitated and effectively contributed to the early compressive
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strength development of pure cement mortar [29]. As for the SCMs-blended cement,
especially a higher 30% substitution of SCMs for cement [30,31], these promotional effects
are more significant. Many of the results indicate that the reactions of SCMs were also
enhanced apart from cement hydration [32,33], which were also the main contributors to
the compressive strength development at early and later curing ages. However, no relevant
studies have reported the effect of curing temperature on the performance of calcined coal
gangue–limestone blended cements so far. This part of the study should be paid attention
to, because if the early strength of this blended cement can be improved by increasing the
curing temperature, the application of calcined coal gangue in cement-based cementitious
materials can be greatly promoted. In addition, the resource treatment of coal gangue can
be accelerated to a certain extent.

Based on the research gaps of the existing studies, this research aimed at investigating
the effect of curing temperature on hydration and the microstructure properties of calcined
coal gangue–limestone blended cements. Four groups of samples with 15 wt.%, 30 wt.%,
45 wt.% and 60 wt.% cement substitutions using calcined coal gangue and limestone
(2:1 mass ratio) were designed for the experimental investigations. The curing temperatures
were set at 20 and 40 ◦C up to 28 d. These temperature are usually set as the curing
temperature in the current research, which can cover ranges representative of common
practice in a place of perennial heat [33]. The evolution in the compressive strength of the
mortars was first examined. Then, the X-ray diffraction (XRD), thermogravimetry (TG),
mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM) tests were
performed on the corresponding pastes to disclose the mechanism of compressive strength
development.

2. Materials and Methods

2.1. Starting Materials

The Portland cement (P.I. 42.5) used in this study was obtained from Fushun Cement
Co., Ltd. (Fushun, China) Limestone with a purity of 85% and was provided by Zaozhuang
Building Materials Co., Ltd. (Zaozhuang, China). The coal gangue was collected from
Huainan City, Anhui Province. Table 1 summarizes the chemical composition of each
material. After being received, the coal gangue was further dried, crushed, ground and
finally calcined at 800 ◦C for 2 h. Figure 1a shows the XRD patterns of the coal gangue
before and after calcination. As observed, mica, kaolinite, quartz, and siderite are the major
minerals in CG. After calcination, the characteristic peaks for kaolinite (2θ = 12.29◦, 24.85◦,
28.75◦, 34.96◦, 37.73◦, 62.18◦) disappeared by calcining at 800 ◦C, which clearly indicates a
complete decomposition of kaolinite. It can be calculated from TG curves (Figure 1b) using
the tangent method that the kaolinite content of coal gangue was approximately 14.1%.
Additionally, the sand complied with GB/T 17671-2021 [34] and provided by Xiamen ISO
Standard Sand Co., Ltd. (Xiamen, China) was used for the mortars’ preparation.

Table 1. Chemical compositions of raw materials (wt.%).

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O TiO2 P2O5 LOI

Cement 54.0 17.6 3.7 3.3 2.4 2.9 0.1 0.7 0.3 0.1 14.6
Limestone 55.6 5.2 2.4 1.3 2.7 0.2 0.03 0.6 0.1 0.3 31.6

CG 1.2 43.6 19.3 2.6 0.4 0.1 0.3 1.1 0.7 0.1 16.5
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Figure 1. (a) XRD patterns and (b) TG/DTG curves of CG and CCG.

2.2. Mixture Proportions

The detailed mixture proportions of mortars are displayed in Table 2. Mortars were
prepared with a constant water to binder (w/b, binder = cement + limestone + calcined
coal gangue) ratio of 0.5 and a constant sand to binder ratio of 3. The pure Portland cement
mortar was used as the reference sample. Four different limestone and calcined coal gangue
combinations were designed, and they were, respectively, at total OPC replacement levels
of 15%, 30%, 45% and 60% by mass. The mass ratio between calcined coal gangue and
limestone was fixed at 2:1. Specially, additional gypsum was added to achieve an adequate
sulfate balance of the systems. As shown in Table 2, the notation was given according to the
curing temperatures, constituents and the corresponding weight percentage in the binders.
Take T40-CCGL60 as an example; it refers to the sample consisting of 40 wt.% CCG and
10 wt.% limestone, which was cured at the temperature of 40 ◦C.

Table 2. Detailed mix proportions of the mortar (g, 100 g base for binder).

T Notation OPC CCG LS Gypsum Water Sand

20 ◦C T20-OPC 100 0 0 0 50 300
20 ◦C T20CCGL15 84.8 10 5 0.2 50 300
20 ◦C T20CCGL30 69.6 20 10 0.4 50 300
20 ◦C T20CCGL45 54.4 30 15 0.6 50 300
20 ◦C T20CCGL60 39.2 40 20 0.8 50 300

40 ◦C T40-OPC 100 0 0 0 50 300
40 ◦C T40-CCGL15 84.8 10 5 0.2 50 300
40 ◦C T40-CCGL30 69.6 20 10 0.4 50 300
40 ◦C T40-CCGL45 54.4 30 15 0.6 50 300
40 ◦C T40-CCGL60 39.2 40 20 0.8 50 300

2.3. Mortars and Pastes Preparation

They were prepared according to the Chinese standard GB/T 50081-2019 [35]. All
materials involved in Table 2 were respectively pre-cured at the target temperatures for
1 d. Cement, CCG, limestone and gypsum were weighed according to Table 2, and they
were uniformly mixed using a high-shear mixer. After this, the above mixtures, sand and
water (or PCE if needed) were mixed to prepare the mortar. The fresh mortar was cast into
cubic samples with a size of 40 × 40 × 40 mm3 followed by being, respectively, cured at the
temperatures of 20 and 40 ◦C for 1 d. Then, the samples were removed from the molds and
transferred to a water curing tank with the same temperatures as that of the fresh mortar
for the compressive strength test at the designated curing ages.
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Pastes were used for better revealing the mechanism of compressive strength changes
resulted from altering the curing temperatures. Their mix proportions were referred to
Table 2 without taking sand and PCE into consideration. The procedure of paste prepara-
tions and the curing conditions are the same as that of the mortar. Once at the required
testing ages, the samples were crushed into small pieces and then were immersed in ethanol
for 7 d to stop the hydration. Afterwards, the ethanol was decanted, and part of the piece
samples was directly dried in a vacuum drying oven at 40 ◦C for 48 h. Finally, these
samples were used for the MIP and SEM analysis. Another part of the pieces without being
dried was finely ground to <75 μm, which was followed by the same drying regime in the
vacuum-drying oven for XRD and TG tests. It is notable that all hydration-stopped samples
were always kept in the vacuum-drying oven to avoid being carbonated until the tests.

2.4. Analytical Techniques

The compressive strength test followed GB/T 50081-2019, and it was performed on a
YYW-300 DS hydraulic testing machine (Zhejiang Yiyu Instrument Equipment Co., Ltd.,
Shaoxing, China) with a 300 kN capacity. Mortars were tested at the required curing ages
of 1 day, 3, 7 and 28 days. The applied loading rate on the samples was 2400 N/s. For each
group of the sample, the average of the three tests is considered as the final compressive
strength.

A Rigaku SmartLab 3000A X-ray diffractometer (Rigaku, Tokyo, Japan) equipped with
CuKα X-rays was used to determine the mineralogical composition of the hydrated pastes.
The 2θ scan range was 5–65◦ with a scan speed of 5◦/min, and the operating conditions
were 15 KV and 40 mA.

A NETZSCH STA 449F3 differential thermal analyzer (NETZSCH Analyzing & Testing,
Selb, Germany) was used for the TG-DTG analysis of the hydrated paste samples with
samples subjected to a temperature range of 40 ◦C to 1000 ◦C and a temperature increase
rate of 10 ◦C/min.

A PoreMaster GT produced by Quantachrome (Boynton Beach, FL, USA) is used for
analysis of the pore structure of the paste samples. The intrusion pressure was gradually
increased from 0.10 to 60 psia, and the pores ranging from 3.6 nm to 950 μm can be probed.

A Nova NanoSEM 450 scanning electron microscope (FEI, Hillsboro, OR, USA) was
used to observe the morphology of the hydrated paste samples. All samples were coated
with a layer of gold to increase the conductivity of samples.

3. Results and Discussion

3.1. Compressive Strength

Figure 2 displays the compressive strength of the mortars cured at 20 and 40 ◦C up to
28 d. As shown in Figure 2a, the compressive strength of mortars at 1 d decreased with
the increase in the replacement level of cement regardless of the curing temperature. This
is expected and can be explained by the dilution of cement with an increased content of
limestone and CCG and a much lower reaction activity of limestone and CCG than that
of cement, which resulted in a significant reduction in the compressive strength. On the
contrary, it can be clearly seen that the increased curing temperature evidently promoted
the 1-day compressive strength. For the reference mortar, its 1-day compressive strength
achieved 13.1 MPa at 20 ◦C, while this value increased to 19.4 MPa at 40 ◦C with an increase
of about 48.7%. Similar trends can also be observed in the mortars with adding CCG and
limestone, but their strength development tends to be more sensitive to curing temperature,
especially for higher coupled limestone and CCG content. Take CCGL15 as an example,
the curing temperature of 40 ◦C resulted in an increase in the compressive strength by
approximately 51% as compared to 20 ◦C. Similarly, for CCGL15, the corresponding growth
rate increased up to about 420%.
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Figure 2. Compressive strength of mortar samples cured at 20 and 40 ◦C up to 28 d.

Similarly, the strength development of the mortars at 3 (Figure 2b) and 7 d (Figure 2c)
also displays a close dependence on the curing temperatures. In the case of the reference
mortar, the compressive strength at 3 d increased by 5.1 MPa from 20 to 40 ◦C, but it
was comparable at 7 d. Studies have shown that increasing the curing temperature could
accelerate the early age of cement hydration and promote early strength development [26].
Unlike the reference mortar, the increase in curing temperature from 20 to 40 ◦C enhanced
the compressive strength of CCGL15, CCGL30, CCGL45 and CCGL60, respectively, by 3.5,
6.3, 7.6 and 8.3 MPa at 3 d, and 3.5, 6.3, 7.6 and 8.3 MPa at 28 d. These faster strength gains
than the reference mortar could be possibly interpreted as there being faster reactions and
more hydrates generated in these CCG- and limestone-added systems as the consequence
of increased curing temperature. Additionally, it is also interesting to note that the CCGL30
mortars gained comparable compressive strength to the CCGL15 mortars with a curing
temperature of 40 ◦C both at 3 and 7 d, indicating that the compressive strength of the
lower clinker system is more sensitive to the curing temperature.

With the curing age increased up to 28 d (Figure 2d), the curing temperature displays
limited influence on the compressive strength of reference mortar, which is reflected by the
comparable strength values upon increasing the curing temperature from 20 to 40 ◦C. On
the contrary, for different CCGL mortars, their strength values at 40 ◦C are expected to be
higher than at 20 ◦C, indicating that increasing the curing temperature is still beneficial to
developing the compressive strength of CCGL mortars. But the difference in the strength
values between 20 and 40 ◦C appears smaller and smaller, which is possibly related to the
great reaction of CCG in this period that makes up for the strength development of mortars
with CCG and limestone to some extent.

In order to better disclose the potential mechanism of the compressive strength devel-
opment of these mortars, the systems of OPC and CCGL30 curing at 20 and 40 ◦C were
selected for the further microstructural analysis.
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3.2. XRD Analysis

Figures 3–6 shows the phase assemblages of T20-OPC, T40-OPC, T20-CCGL30 and
T40-CCGL30 hydrated from 1 to 28 d, respectively. As observed, the primary clinker phases
of C3S and C2S are present throughout the hydration process in these four samples, and
the main crystalline hydrates of ettringite (AFt) and portlandite (CH) are also precipitated
in these samples at the beginning of 1 d (Figure 3) and exist during the whole curing age.

 

Figure 3. XRD patterns of paste samples cured at 20 and 40 ◦C at 1 d (C3S: tricalcium silicate,
C2S: dicalcium silicate, C4AF: ferrite, CH: portlandite, AFt: ettringite, Cc: calcite).

 
Figure 4. XRD patterns of paste samples cured at 20 and 40 ◦C at 3 d (C3S: tricalcium silicate,
C2S: dicalcium silicate, C4AF: ferrite, CH: portlandite, AFt: ettringite, Cc: calcite).
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Figure 5. XRD patterns of paste samples cured at 20 and 40 ◦C at 7 d (C3S: tricalcium silicate,
C2S: dicalcium silicate, C4AF: ferrite, CH: portlandite, AFt: ettringite, Cc: calcite).

 
Figure 6. XRD patterns of paste samples cured at 20 and 40 ◦C at 28 d (C3S: tricalcium silicate,
C2S: dicalcium silicate, C4AF: ferrite, CH: portlandite, AFt: ettringite, Cc: calcite).

In order to better compare the influence of curing temperature on cement hydration,
the overlapped C3S and C2S peak centered at 32.5◦ 2θ was selected for better comparison.
As shown in Figure 3, compared with T20-OPC, the intensity of this peak decreased in
T40-OPC, indicating that increasing the curing temperature accelerated cement hydration.
Since CH in only precipitated from C3S and C2S hydration, the precipitation of CH was
also enhanced, as evidenced by the intensity in the characteristic peak of CH centered at
18.0◦ 2θ also increasing accordingly. These changes were also observed at 3 and 7 d of
curing (Figures 4 and 5). However, the difference in the peak intensity centered at 32.5◦ 2θ is
difficult to observe at 28 d (Figure 6), which reflected that increasing the curing temperature
up to 40 ◦C is not effective in enhancing cement hydration.
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A similar promotion effect in cement hydration with the increasing curing temperature
can also observed in the samples of T20-CCGL30 and T40-CCGL30. Different from T20-OPC
and T40-OPC, the phase of hemi-carboaluminate (Hc) with a characteristic peak centered
at 32.5◦ 2θ was observed in T20-CCGL30 at 7 d due to the presence of limestone (Figure 5).
After 28 d of curing, the characteristic peak of mono-carboaluminate (Mc) centered at
32.5◦ 2θ appeared while the peak of Hc was negligible. This resulted from the transfor-
mation from Hc to Mc. When the curing temperature increased to 40 ◦C, both the Hc
and Mc peaks started to appear from 3 d. The Hc peak can still be observed at 7 d, but
it disappeared at 28 d. This reflected that a higher curing temperature was conducive to
not only the formation of Hc and Mc but also the transformation from Hc to Mc. Note
that by the comparison of T20-CCGL30, the peak intensity of CH centered at 18.0◦ 2θ in
T40-CCGL30 was also much lower from 3 d onwards, which is because the accelerated
reaction of CCG under a higher reaction temperature consumed more CH.

3.3. Thermal Analysis

The TG/DTG curves of all samples at curing ages ranging from 1 to 28 d are illustrated
in Figures 7–10. From the DTG results, it can be seen that three major mass loss peaks are
observed. The first peak of mass loss, occurring between 40 and 200 ◦C, primarily results
from the dehydration process of calcium silicate hydrate (C-S-H) and ettringite (AFt). The
second mass loss peak within the temperature range of 400–500 ◦C is attributed to the
decomposition of portlandite (CH). Lastly, the mass loss occurring between 600 and 800 ◦C
mainly arises from the decarbonation process of CaCO3. In addition, the mass losses in
different temperature ranges were also calculated according to TG/DTG curves, and the
results are listed in Table 3.

 
Figure 7. TG-DTG curves of hardened pastes at 1 day.
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Figure 8. TG-DTG curves of hardened pastes at 3 days.

 
Figure 9. TG-DTG curves of hardened pastes at 7 days.
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Figure 10. TG-DTG curves of hardened pastes at 28 days.

Table 3. Relative mass loss at different temperature ranges (%).

Curing Age Stage
OPC CCGL30

20 ◦C 40 ◦C 20 ◦C 40 ◦C

1 d
40–200 ◦C 5.41 5.82 4.89 5.93
400–500 ◦C 2.97 3.74 2.47 2.79
40–1000 ◦C 9.69 11.17 13.9 15.81

3 d
40–200 ◦C 6.63 6.59 6.58 7.82
400–500 ◦C 3.69 4.23 3.04 4.61
40–1000 ◦C 11.91 12.17 16.69 17.08

7 d
40–200 ◦C 6.84 6.23 7.66 8.78
400–500 ◦C 4.58 4.73 3.26 2.96
40–1000 ◦C 13.13 12.05 18.49 19.48

28 d
40–200 ◦C 7.94 8.01 9.65 9.82
400–500 ◦C 4.42 4.59 3.18 3.01
40–1000 ◦C 14.21 13.85 20.62 20.44

As observed in Figures 7–9, the overall mass loss of T40-OPC was much higher than
that of T20-OPC from 1 to 3 d, indicating the hydration of cement at the early curing ages
was accelerated upon increasing the curing temperature. However, T40-OPC presented
a comparable overall mass loss to T20-OPC at 7 d (Figure 10), but it was much lower at
28 d, indicating that the curing temperature has a limited or even negative influence on the
hydration of cement upon further increasing the curing age from 7 to 28 d.

As shown in Figure 9, the overall mass loss of CCGL30 cured at 40 ◦C was still
significantly higher than that cured at 20 ◦C at 7 d. On the contrary, the area of CH in
T40-CCGL30 started to be much lower than that in T20-CCGL30 from 3 d, indicating that
CH was greatly consumed during this period. It should also be pointed out that the sample
of T40-CCGL30 exhibited traces of AFm-type hydrates at 3 d (see Figure 8), which reflected
that CCG started to react with limestone to precipitate AFm-type hydration products
such as Hc and Mc. These phases were only detected in T20-CCGL30 at 7 d or even later.
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This means that the reaction between CCG and limestone was promoted. These findings
are consistent with the XRD observations, where increasing the curing temperature not
only promoted cement hydration at early ages but also promoted the reaction of CCG, as
evidenced by the accelerated consumption of CH and early appearance of AFm phases. The
positive effect on the reactions of OPC and CCGL30 systems that resulted from increasing
the curing temperature also well explained the compressive strength development of the
corresponding mortars, as observed in Figure 2.

3.4. Pore Structure Analysis

The total porosity and pore size distribution of hardened pastes can be obtained based
on the test results of MIP analysis. The effects of curing temperature on the pore structure
of hardened pastes at 1 d and 28 d are illustrated in Figures 11 and 12, respectively. The
total porosity of hardened pastes is listed in Table 4.

 

Figure 11. (a) Cumulative and (b) incremental pore volume of hardened pastes at 1 d.

 

Figure 12. (a) Cumulative and (b) incremental pore volume of hardened pastes at 28 days.

Table 4. Total porosity of samples (%).

1 d 28 d

T20-OPC 27.91 14.07
T40-OPC 25.88 19.17
T20-CCGL30 34.18 20.10
T40-CCGL30 29.47 19.14
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At 1 d, the total porosity of hardened pastes decreased when the curing temperature
was increased in both OPC and CCG systems (see Figure 11a). The increase in tempera-
ture promotes the hydration of the system, leading to the formation of more hydration
products. As a result, the overall porosity of the system is reduced. The total porosity of
the CCG system is higher than that of the OPC system at the same curing temperature,
especially for the CCG system cured at 20 ◦C. This difference can be mainly attributed to
the slower reaction kinetics of calcined coal gangue and limestone. Additionally, the total
porosity of the CCG system cured at 40 ◦C is comparable to that of the OPC system cured at
20 ◦C, indicating that elevating the curing temperature significantly contributes to reducing
the total porosity of the CCG system. The pore size distribution of hardened pastes at
1 d is illustrated in Figure 11b. As observed, the pores in hardened pastes can be catego-
rized as gel pores (<0.01 μm), fine capillary pores (0.01–0.05 μm), medium capillary pores
(0.05–0.1 μm), and large capillary pores (>0.1 μm). The refinement of the pore structure in
the hardened paste is evidently observed with an increase in curing temperature, leading
to a shift of the distribution curve from larger pores toward smaller ones.

As shown in Figure 12, unquestionably, the total porosity of hardened cement pastes
decreases with the increase in curing age due to the continuous reaction of reactants that
filled the pores. Similar to 1 d, the total porosity of the CCG systems decreased upon
increasing the curing temperature at 28 d, indicating that a higher curing temperature
continued to reduce the porosity of CCG. However, it is worth noting that in the OPC
system, increasing the curing temperature leads to an increase in total porosity, which is
possibly due to the adverse impact of high-temperature curing on the subsequent structural
compaction. Figure 12b shows the pore size distribution of hardened pastes at 28 d. The
pores of hardened pastes can also be categorized into four parts. The pore structure at 28 d is
significantly finer compared to that of 1 d, which is mainly due to the continuous hydration
process in the systems. The pore sizes of all systems are predominantly distributed within
the range of fine capillary pores and medium capillary pores. The pore structure of OPC
samples cured at 40 ◦C is more evenly distributed in medium capillary pores compared to that
of OPC samples cured at 20 ◦C, which is consistent with the total porosity of the OPC sample
cured at 40 ◦C being higher than that of the sample cured at 20 ◦C. The pore size distribution
of CCG samples is predominantly concentrated in fine capillary pores. In contrast, the pore
size distribution curve of CCG samples cured at 40 ◦C exhibits a greater shift toward gel pores.
The CCG samples demonstrate a favorable pore structure in later stages, and elevating the
curing temperature contributes to further refinement of the pore structure.

3.5. SEM Analysis

Figure 13 shows the morphology of T20-OPC, T40-OPC, T20-CCGLS30 and T40-CCGLS30
at 1 d. As shown in Figure 13a, T20-OPC presented loose morphology with many pores
left by the free water, while denser morphology with less pores was available in T40-OPC
(Figure 13b). Similarly, T40-CCGLS30 also revealed a much more compact structure than
T20-CCGLS30. This can be mainly attributed to the increased curing temperature that
greatly promoted cement hydration at 1 d, which produced more hydrates and densified
the microstructure. These changes are also have significantly positive effects on the pore
structures’ refinement (Figure 11) and early compressive strength development (Figure 2).

After 28 d of hydration (Figure 14), the continuous cement hydration precipitated
more hydrates and forming a connected morphology of T20-OPC and T40-OPC. However,
the morphologies of T20-OPC and T40-OPC are comparable, indicating that increased the
curing temperature had a limited effect on the microstructure of OPC. On the contrary,
the morphology of T40-CCGLS30 is still much denser than that of T20-CCGLS30 in this
period, which is mainly due to the promotion effect of the increased curing temperature
on CCG reactions that produced more hydrates (C-A-S-H gel, Hc and Mc). This also well
explained the higher compressive strength of T40-CCGLS30 than that of T20-CCGLS30 at
28 d (Figure 2).
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Figure 13. SEM observation of hardened pastes at 1 d.

Figure 14. SEM observation of hardened pastes at 28 d.

4. Conclusions

This research investigated the influence of curing temperature on the hydration prop-
erties of blended cement with limestone and calcined coal gangue. Based on the results
and discussion, the following conclusions can be drawn:
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• The compressive strength of the calcined coal gangue–limestone blended cements is
effectively enhanced by elevating the curing temperature to 40 ◦C, particularly in low
clinker systems which exhibit greater sensitivity toward temperature.

• In calcined coal gangue–limestone blended cements, increasing the curing temperature
not only promotes cement hydration but also facilitates the reaction of CCG, which
precipitated more hydrates such as C-A-S-H gel, Hc and Mc.

• The total porosity of the calcined coal gangue–limestone blended cements decreases
with increasing curing temperature. At 20 ◦C, the pore size distribution is mainly
concentrated in fine capillary pores. At 40 ◦C, there is a more pronounced shift toward
gel pores observed in the pore size distribution curve.

• The calcined coal gangue–limestone blended cements will exhibit a denser microscopic
morphology when the curing temperature is increased.
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Abstract: The objective of this research is to enhance the high-temperature antirutting and antiaging
characteristics of bioasphalt. In this study, silica fume (SF) was selected to modify bioasphalt.
The dosage of bio-oil in bioasphalt was 5%, and the dosage of SF was 2%, 4%, 6%, 8%, and 10%
of bioasphalt. The high- and low-temperature characteristics, aging resistance, and temperature
sensitivity of Bio + SF were evaluated by temperature sweep (TS), the multiple stress creep recovery
(MSCR) test, the bending beam rheology (BBR) test, and the viscosity test. Meanwhile, the road
behavior of the Bio + SF mixture was evaluated using the rutting test, low-temperature bending beam
test, freeze–thaw splitting test, and fatigue test. The experimental results showed that the dosage of
SF could enhance the high-temperature rutting resistance, aging resistance, and temperature stability
of bioasphalt. The higher the dosage of SF, the more significant the enhancement effect. However,
incorporating SF weakened bioasphalt’s low-temperature cracking resistance properties. When the SF
dosage was less than 8%, the low-temperature cracking resistance of Bio + SF was still superior to that
of matrix asphalt. Compared with matrix asphalt mixtures, the dynamic stability, destructive strain,
freeze–thaw splitting strength ratio, and fatigue life of 5%Bio + 8%SF mixtures increased by 38.4%,
49.1%, 5.9%, and 68.9%, respectively. This study demonstrates that the development of SF-modified
bioasphalt could meet the technical requirements of highway engineering. Using SF and bio-oil could
decrease the consumption of natural resources and positively reduce environmental pollution.

Keywords: bio-oil; silica fume; rheological properties; bioasphalt

1. Introduction

Petroleum asphalt is a nonrenewable resource. However, with the increasing cost of
energy and the strong global demand for petroleum resources, it is an inevitable trend to
find new binders to modify or replace petroleum asphalt [1]. Amar K. Mohanty, in his study,
pointed out that biomass energy sources have attracted the attention of many researchers
for their environmental friendliness, wide sources, large storage capacity, low price, and
sustainability [2]. Biomass is mainly derived from crop residues, waste oils and fats, plants,
animal feces, municipal waste, wood chips, etc. Biomass energy sources can be converted
through a series of transformations and eventually become a new green road material with
properties similar to those of petroleum asphalt, i.e., bioasphalt [3]. Applying bioasphalt
produced from these biomass materials to the road field could enhance the characteristics of
asphalt, deal with waste, protect the environment, and develop a sustainable economy [4].

Julian Mills-Beale et al. [5] utilized a swine waste biobinder to prepare bioasphalt
and investigated its rheological characteristics and modification mechanism. It was found
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that pig waste is compatible with asphalt and effectively improves the low-temperature
characteristics. However, it reduced the aging resistance and high-temperature stabilization.
Lei et al. [6] researched the effect of varying oils on the low-temperature behavior of asphalt.
The study findings exhibited that the oil can effectively strengthen the low-temperature
characteristics, and the asphalt mixtures have superior low-temperature anticracking char-
acteristics. Sun et al. [7] researched waste-cooking-oil-modified asphalt’s mechanical,
chemical, and rheological characteristics. Silvia Caro et al. [8] researched the chemical,
rheological, and thermodynamic characteristics of bagasse, corn kernel, and rice husk
bio-oils on bitumen. Yang et al. [9] used wood in the form of woodchips, sawdust, and
shavings to produce bio-oils and investigated the effects on the elemental composition
of the asphalt, chemical composition, oxidative aging, and compatibility. Several studies
showed that most bioasphalts prepared from various biomass resources could enhance the
low-temperature characteristics and degrade mixtures’ optimal mixing and compaction
temperatures. However, various bio-oils can adversely affect petroleum asphalt’s antiag-
ing and high-temperature characteristics [10]. The poor bioasphalt performance at high
temperatures restricts biomass asphalt’s wide-scale utilization in pavement construction.

Therefore, researchers have compensated for its performance by adding modifiers
to biomass asphalt to enhance its high-temperature stabilization and antiaging charac-
teristics. Sara R.M. Fernandes et al. [11] combined waste motor oil and recycled mo-
tor oil residues with polymers such as used polyethylene (PE), rubber powder, and
styrene–butadiene–styrene block copolymer (SBS) to reduce the use of asphalt. The findings
demonstrated that combining waste motor oil products with polymers enhanced the high-
temperature characteristics. Lei et al. [12] prepared asphalt mastic using bio-oil and mineral
powder filler with different dosages. The findings indicated that adding bio-oil enhanced as-
phalt mastic’s high-temperature stabilization and antideformation ability. Zheng et al. [10]
used 4,4′-diphenylmethane diisocyanate (MDI) as an additive to boost the characteristics
of wood-based bio-oil asphalt. The findings indicated that wood-based bio-oil asphalt
will have strengthened high-temperature characteristics, and the low-temperature charac-
teristics were not weakened. Ju et al. [13] used polyphosphoric-acid-modified castor oil
bitumen, and the results showed that the polyphosphoric acid was not weakened. The
wood bio-oil asphalt will raise high-temperature characteristics, and the low-temperature
characteristics will not be weakened. Peng et al. [14] modified bioasphalt using rock asphalt.
Zhao et al. [15] modified bioasphalt using nanomaterials, SBS, styrene–butadiene rubber
(SBR), PE, and ethylene vinyl acetate (EVA). The high-temperature characteristics were
remarkably enhanced when 7% bio-oil, 5% SBS, and 0.2% nanosilica were used.

Existing studies have found that the modifiers used to enhance bioasphalt perfor-
mance are mainly organic modifiers. The most widely used are polymers such as SBS
and SBR, which have excellent deformation and aging resistance under high-temperature
conditions [16]. However, they also have the disadvantages of a cumbersome preparation
process, high cost, and difficult storage. In addition to organic modifiers, inorganic modi-
fiers could also effectively enhance the performance of asphalt. Commonly used inorganic
modifiers include carbon black, fiber, diatomaceous earth, cement, slaked lime, silica fume,
layered silicate, nano calcium carbonate, etc. Sun et al. [17] investigated the effect of carbon
black (CB) on asphalt properties. It was found that CB enhances the properties of asphalt,
such as its high-temperature characteristics and aging resistance. Zhu et al. [18] researched
the effect of the type of layered silicate on the composite ratio of multidimensional nano-
materials (MDNs) in styrene–butadiene–styrene copolymer-modified asphalt (SBSMA).
Li et al. [19] explored the effect of surface-modified diatomaceous earth (SMD) on the
characteristics of bioasphalt, and the addition of SMD raised the asphalt’s characteristics,
such as viscosity, softening point, fatigue index, and rutting coefficient. Yadykova et al. [20]
modified bioasphalt using montmorillonite and found that montmorillonite significantly
raises the characteristics of asphalt, such as elasticity, stiffness, and cohesion. Silica fume
(SF), as an admixture for cement or concrete, has the advantages of great strength, abra-
sion resistance, erosion resistance, and corrosion resistance. Due to its peculiar micropore
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structure and better adsorption capacity, SF was often used as a modifier in preparing
modified asphalt [21,22]. Yang et al. [23] used SF as an asphalt modifier. The findings
indicated that SF could enhance asphalt’s high-temperature and temperature-affected char-
acteristics. It could enhance the mixture’s high-temperature stabilization and water stability.
Luo et al. [24] used SF to modify SBS asphalt, and the asphalt’s high temperature and water
stability were significantly enhanced. Shang et al. [25] analyzed SF-modified asphalt’s
rheological properties and microstructure before and after aging. Feng et al. [26] revealed
that SF could enhance the high-temperature characteristics of asphalt. Yadykova et al. [27]
examined the effect of hydrophilic and hydrophobic silica on bio-oil asphalt’s rheological
properties, cohesion, and adhesion characteristics. Numerous studies have found that SF
with a large specific surface area and strong adsorption capacity could usefully strengthen
the high-temperature characteristics [28,29].

Therefore, in view of the current situation that bioasphalt’s high-temperature charac-
teristics and antiaging are insufficient, SF was used as a modifier to modify bioasphalt in
this study. The dosage of bio-oil in bioasphalt was 5%. The dosage of SF was 2–10% of the
bioasphalt. A high-speed shear and colloid mill prepared the bio-oil/SF-modified asphalt
(Bio + SF). The high- and low-temperature characteristics, temperature stabilization, and
antiaging behavior of Bio + SF were investigated by rheological tests. At the same time,
the road behavior of Bio + SF mixtures was tested. It provides the experimental basis and
technological guidance for applying SF-modified bioasphalt. An experimental flowchart is
illustrated in Figure 1.

 

Figure 1. The experimental flowchart.

2. Test Materials and Methods

2.1. Raw Materials
2.1.1. Matrix Asphalt

This study selected the SK-70 model matrix asphalt as the original material. The
detailed characteristics are outlined in Table 1.
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Table 1. The detailed characteristics of asphalt.

Technical Indexes Unit Test Results
Specification

Requirements
Test Methods

Penetration (25 ◦C, 5 s, 100 g) 0.1 mm 67 60~80 ASTM D 5 [30]
Ductility (5 cm/min, 10 ◦C) cm 32 ≥15 ASTM D 113 [31]

Softening point ◦C 48 ≥46 ASTM D 36 [32]
Viscosity (60 ◦C) Pa·s 219 ≥180 ASTM D 4402 [33]

after RTFOT aging
Mass loss % 0.024 ≤±0.8 ASTM D 2872 [34]

Residual penetration ratio (25 ◦C, 5 s, 100 g) % 67 ≥61 ASTM D 5
Ductility (5 cm/min, 10◦C) cm 8 ≥6 ASTM D 113

2.1.2. Silica Fume

Qinghai Tongda Company (Xining, China) produced the silica fume (SF) used in this
study. The detailed characteristics are depicted in Table 2.

Table 2. SF technical indexes.

Indexes Results

Appearance Pale grayish-white powder
SiO2 content (%) 92.88

PH value 6–8
Whiteness (%) 0.24

Particle size distribution (μm) 0.1–0.3
Specific surface area (m2/g) 25.37

Notes: The whiteness of SF is defined as its brightness or lightness compared with a standard white reference
material.

2.1.3. Bio-Oil

In this study, the bio-oil used was from Jinan Boao Chemical Co., Ltd. (Jinan, China),
and was the residue extracted from vegetable oil. The major components were 60–80% fatty
acid and vegetable alcohol. The major features of the bio-oil are depicted in Table 3.

Table 3. The major features of bio-oil.

Indicators Results

Acid value (mgKOH/g) 51
Moisture content (%) ≤0.3

Kinematic viscosity (mm2/s) 148
Density (g/mL) 0.93

Fatty acids content (%) 65

2.1.4. Aggregates

In this study, the aggregate used was limestone. It was tested according to the JTG E42-
2005 [35] specification, and all the indexes satisfied the technical demands of the standard.
The specific technical indexes of coarse and fine aggregates are depicted in Tables 4 and 5.

Table 4. Technical specifications of coarse aggregates.

Technical Indicators Results Standards

Los Angeles abrasion test (%) 23 ≤28
Crushing value (%) 12.1 ≤28

Acicular and flaky grain in aggregate (%) 10.3 ≤15
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Table 5. Technical specifications for fine aggregates.

Technical Indicators Results Standards

Water absorption (%) 0.5 ≤2.0
Mud content (%) 1.7 ≤3

Sand equivalent (%) 69 ≥60

2.1.5. Grading Curve

AC-13 grading was selected for this study, and the grading curve is displayed in
Figure 2.

Figure 2. Grading curve.

2.2. Preparation of Bio-Oil/SF-Modified Asphalt

Since SF is a chainlike aggregate from amorphous spheres, it is easily adsorbed to
moisture in the air due to its large particle size and large specific surface area. To ensure
the SF remained dry during the preparation process, the SF was put into an oven at 105 ◦C
to dry before preparing the modified asphalt. The degree of dispersion of the SF in the
asphalt directly affects the performance of modified asphalt. To minimize the phenomenon
of SF agglomeration in asphalt, in the preparation of SF/bio-oil-modified asphalt (Bio + SF),
an MJ-65 colloid mill was used for dispersion for 3 min at a speed of 2900 r/min. The
preparation process of Bio + SF was as follows: First, 400 g of matrix asphalt was put
into an oven at 135 ◦C for 1 h to reach the flow state; then 5% (by mass of asphalt) of
bio-oil was incorporated. After premixing using a glass rod, the mixture was sheared at
135 ◦C and 3000 rpm for 5 min. After shearing, at 180 ◦C, the predried SF was added to
the bioasphalt, dispersed for 3 min using a colloid mill, and mixed at 5000 rpm for 30 min
using a high-speed shear. Finally, Bio + SF was obtained. The dosage of SF was 0%, 2%, 4%,
6%, 8%, and 10% of the mass of bioasphalt, respectively. Abbreviations are presented in
Table 6.
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Table 6. Bio + SF abbreviations.

SF Content 0% 2% 4% 6% 8% 10%

Abbreviation 5%Bio 5%Bio + 2%SF 5%Bio + 4%SF 5%Bio + 6%SF 5%Bio + 8%SF 5%Bio + 10%SF

2.3. Test Methods
2.3.1. Temperature Sweep (TS)

Dynamic shear rheometers were used to perform temperature sweeps according to
the AASHTO T 315-20 [36] specification. The temperature range was 52–82 ◦C, with
temperature increments of 6 ◦C. The test was conducted under stress-controlled mode. The
sample diameter was 25 mm, and the thickness was 1 mm. The frequency was 10 rad/s.
The original asphalt strain was set to 12%, and the strain after rolling thin-film oven (RTFO)
aging was set to 10%.

2.3.2. Multiple Stress Creep Recovery (MSCR)

The MSCR test on asphalt after RTFO was performed according to the AASHTO
T350-14 [37] specification. The MSCR test consisted of 0.1 kPa and 3.2 kPa stress levels. A
total of 20 cycles were loaded at 0.1 kPa stress, and 10 cycles were loaded at 3.2 kPa stress.
The temperature was 58 ◦C. Three parallel tests were run for each type of asphalt.

2.3.3. Rotational Viscosity

Based on the AASHTO T 316 [38] specification, a Brookfield viscometer performed
viscosity tests on unaged asphalt. The test was conducted using a No. 27 rotor. The rotor
and sample container were maintained in an oven for 1.5 h. The samples were loaded into
a viscometer, held to reach the test equilibrium temperature, and then tested. The torque
was maintained between 10% and 98% during the test. The test temperatures were 135 ◦C,
165 ◦C, and 175 ◦C. The rotational speed was 20 r/min at 135 ◦C. The rotational speed was
50 r/min at 165 ◦C and 175 ◦C. After the viscosity value was stabilized, readings were taken
at 60 s intervals for 3 consecutive times, and the average value was used as the viscosity
measurement value. Each asphalt was tested twice in parallel.

2.3.4. Bending Beam Rheometer (BBR)

The low-temperature rheological characteristics of Bio + SF were tested according to
AASHTO T 313-19 [39]. The size of the specimen was 127 mm × 6.35 mm × 12.7 mm. The
contact load was 35 ± 10 mN. The test load was 980 ± 50 mN. The test load was constant
for 240 s. The temperatures were −12 ◦C and −18 ◦C. The strength modulus (S) and creep
rate (m) indices for PAV-aged asphalt were obtained. Each asphalt was tested three times
in parallel.

2.4. Asphalt Mixture Road Behavior Test

According to the JTG E20-2011 [40] specification, the appropriate mixing and com-
paction temperatures were selected according to the Brookfield rotational viscosity test.
The optimum asphalt–aggregate ratio was obtained using the Marshall test method.

2.4.1. Rutting Resistance at High Temperature

According to the specification of JTG E20-2011 [40], the rutting test was carried out on
matrix asphalt mixtures, 5%Bio + 6%SF mixtures, 5%Bio + 8%SF mixtures, and 5%Bio + 10%SF
mixtures. The specimen size was 300 mm × 300 mm × 50 mm. The temperature was 60 ◦C.
The contact pressure between the tire and the specimen was 0.7 MPa, and the wheel acted
on the specimen 42 times per minute. The rutting deformations d1 and d2 at 45 min (t1) and
60 min (t2) were taken for the calculation of dynamic stability (DS), as shown in Equation (1).

DS =
42 × (t2 − t1)

d2 − d1
(1)
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2.4.2. Low-Temperature Anticracking Properties

Based on the specification of JTG E20-2011 [40], a low-temperature bending beam dam-
age test was carried out for matrix asphalt mixtures, 5%Bio + 6%SF mixtures, 5%Bio + 8%SF
mixtures, and 5%Bio + 10%SF mixtures. The specimen size was 250 mm × 30 mm × 35 mm,
a small beam specimen. The loading rate was 50 mm/min. The temperature was −10 ◦C.
The ultimate bending tensile failure strain (ε) was calculated as in Equation (2):

ε =
6hd
L2 (2)

where L is the diameter of the specimen, mm; h is the height of the midspan section of the
specimen, mm; and d is the midspan deflection of the specimen, mm.

2.4.3. Freeze–Thaw Splitting Strength

According to the specification of JTG E20-2011 [40], freeze–thaw splitting tests were
conducted on matrix asphalt mixtures, 5%Bio + 6%SF mixtures, 5%Bio + 8%SF mixtures,
and 5%Bio + 10%SF mixtures. The specimens of each asphalt mixture were divided into
two groups. One group was first treated with a freeze–thaw cycle, and then the two groups
of specimens were soaked in a 25 ◦C water bath for 2 h and then tested for splitting strength
separately. The freeze–thaw splitting strength ratio (TSR) formula is presented in (3):

TSR =
RT2

RT1
× 100% (3)

where RT1 and RT2 are the strength values of the asphalt mixture before and after freezing
and thawing; R = 0.006287 P/h, MPa; P is the breaking load, N; and h is the height of the
specimen, mm.

2.4.4. Splitting Fatigue

The durability test was tested using the split fatigue test on matrix asphalt mixtures,
5%Bio + 6%SF mixtures, 5%Bio + 8%SF mixtures, and 5%Bio + 10%SF mixtures. The
temperature was 15 ◦C. The stress level was 0.3 MPa. Control mode was selected as stress
control. The loading frequency was 10 Hz.

3. Results and Analysis

3.1. TS Analysis

The rutting factor (G*/sinδ) is utilized to assess the ability of asphalt to resist irrecov-
erable deformation during dynamic shear. The larger its value, the more superior the
capacity of asphalt to resist deformation [41,42]. Figures 3 and 4 show the rutting factor
with temperature curves of matrix asphalt, bioasphalt, and bio-oil/SF with different SF
dosages after unaged and short-term aging, respectively.

G*/sinδ decreased with increasing temperature for varying types of asphalt
(Figures 3 and 4). Adding bio-oil reduced the G*/sinδ value of asphalt compared with
matrix asphalt. The G*/sinδ value of bioasphalt declined by 77.6% compared with matrix
bitumen at 52 ◦C, which substantially weakened the antideformation characteristics of the
matrix asphalt. This was attributed to the fact that adding bio-oil increases the asphalt’s
lightweight component and reduces the asphalt’s ability to resist high-temperature defor-
mation [14]. The G*/sinδ of bioasphalt strengthened continuously after incorporating SF
into bioasphalt. The G*/sinδ values of bio-oil + SF strengthened by 85.3%, 191.9%, 284.3%,
437.0%, and 591.8% for 2%SF, 4%SF, 6%SF, 8%SF, and 10%SF dosages at 52 ◦C, respectively.
Adding SF enhanced the ability of bioasphalt to prevent permanent distortion. When the
amount of SF was 6%, the G*/sinδ value was comparable with matrix asphalt. When the
amount of SF was 8%, the antirutting characteristics of bioasphalt at high temperatures
were superior to those of matrix asphalt.
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Figure 3. Rutting factor of unaged asphalt.

Figure 4. Rutting factors for short-term aged asphalt.

According to the Superpave standard, G*/sinδ is an index of the PG gradation of
asphalt at high temperatures. The standard defines that the G*/sinδ of unaged asphalt
shall be greater than 1000 Pa. The G*/sinδ of asphalt after short-term aging shall be greater
than 2200 kPa. The results of PG grading are depicted in Table 7.

According to the asphalt high-temperature PG results shown in Table 7, SF can ef-
fectively promote the capacity of bioasphalt to withstand permanent deformation and
enhance its high-temperature stabilization.
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Table 7. Asphalt high-temperature PG classification.

Type of Asphalt High-Temperature Grade

Matrix asphalt PG64
5%Bio PG52

5%Bio + 2%SF PG58
5%Bio + 4%SF PG58
5%Bio + 6%SF PG58
5%Bio + 8%SF PG64

5%Bio + 10%SF PG64

3.2. Antiaging Performance

The rutting factor aging index (RFAI) was calculated based on the rutting factor
test results of original and short-term aged asphalt in the temperature sweep. RFAI is
calculated as shown in Equation (4). The lower the RFAI, the more superior the antiaging
characteristics [43,44]. The results of RFAI values for different asphalts are shown in
Figure 5.

RFAI =
Rutting factor/short − term aged

Rutting factor/unaged
(4)

As illustrated in Figure 5, The RFAI value of bio-asphalt appeared to be increased,
with the RFAI elevated by 55.2% compared with the matrix asphalt. Meanwhile, the
RFAI value of bio-asphalt continuously decreases after SF incorporation. Compared with
5%Bio, the RFAI values of 5%Bio + 2%SF, 5%Bio + 4%SF, 5%Bio + 6%SF, 5%Bio + 8%SF
and 5%Bio + 10%SF decreased by 13.1%, 28.9%, 35.0%, 46.8% and 54.7%, respectively. The
resistance to aging of bio-asphalt strengthened with the rise of the SF content. When the SF
amount was 8%, bio-asphalt’s anti-aging characteristics were better than matrix asphalt.
The cause was mainly related to the composition of bio-oil. Bio-oil contains many light
components, which easily volatilize in a high-temperature oxygen-containing environment
and are gradually converted into heavy components, weakening bio-asphalt’s resistance
to aging characteristics. Incorporating SF could effectively enhance the force between
SF particles and asphalt molecules, creating a stable space network structure and greatly
enhancing the cohesion of bio-based materials and matrix asphalt. Then, it strengthened
the resistance to aging characteristics of bio-asphalt.

Figure 5. RFAI values for different asphalt types.
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3.3. MSCR Analysis

The creep recovery rate (R) and the unrecoverable creep flexibility (Jnr) could be
obtained from the MSCR test. The R-value characterizes the resilient composition. The
higher the value, the greater the elastic deformation recovery. The Jnr-value characterizes
the resistance to permanent deterioration. The lower the value, the greater the antidefor-
mation ability at high-temperature terms [16,41]. Figures 6 and 7 display the R-values and
Jnr-values of asphalt for stress levels of 0.1 kPa and 3.2 kPa at 58 ◦C, respectively.

Figure 6. Creep recovery for different asphalt types.

Figure 7. Unrecoverable creep flexibility for different asphalt types.
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The R-values of varying asphalt types decline continuously with rising stress (Figure 6).
It indicates that an increase in stress level decreases the capacity of asphalt to restore de-
formation under a high-temperature environment resiliently. The R-value of bioasphalt
declined compared with matrix asphalt at the corresponding stress level. The R-value of
bioasphalt declined by 37.4% at 0.1 kPa. This was mainly because the bio-oil contained
more lightweight components, which reduced the resilient composition of the asphalt, thus
reducing the deformation capacity of the asphalt for elastic recovery. SF incorporation
strengthened the deformation recovery capacity of bioasphalt under high-temperature con-
ditions. At 0.1 kPa, compared with 5%Bio-oil, the R-values of 5%Bio + 2%SF, 5%Bio + 4%SF,
5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF increased by 28.9%, 45.0%, 67.4%, 86.5%,
and 118.2%, respectively. When the amount of SF was 6%, the R-value of Bio + SF was
similar to that of matrix asphalt. When the amount of SF was more than 6%, the R-value of
Bio + SF was significantly larger than that of matrix asphalt, and the deformation capacity
of elastic recovery was better than that of matrix asphalt.

The Jnr-values of varying asphalt types increased with increasing stress (Figure 7). The
higher the stress level, the bigger the irrecoverable deformation of asphalt under repeated
loading. The Jnr-value of bioasphalt was significantly higher than that of matrix asphalt
at 0.1 kPa, and the Jnr-value rose by 114.7%. After the incorporation of SF, the Jnr-values
of bioasphalt decreased continuously. Compared with that of 5%Bio, the Jnr-values of
5%Bio + 2%SF, 5%Bio + 4%SF, 5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF were
reduced by 16.9%, 39.0%, 52.2%, 65.1%, and 75.5%, respectively. At 3.2 kPa, the Jnr-value of
5%Bio + 6%SF was similar to that of matrix asphalt. When the dosage of SF was greater
than 6%, the Jnr-value of Bio + SF was significantly smaller than that of matrix asphalt, and
the resistance to deformation was superior to that of matrix asphalt.

3.4. Viscosity Results Analysis

The viscosity of asphalt is an index for evaluating the ease of pavement construction.
Figure 8 displays the viscosity values of varying asphalt types at 135 ◦C, 165 ◦C, and 175 ◦C.

Figure 8. Viscosity test results.

The viscosity values of varying asphalt types declined with increasing temperature
(Figure 8). The viscosity of 5%Bio was 0.276 Pa·s at a temperature of 135 ◦C. The viscosity
of bioasphalt declined by 23.8% compared with that of matrix asphalt. After adding SF,
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bioasphalt viscosity gradually increased, and the deformation resistance was enhanced.
Compared with that of 5%Bio, the viscosity values of 5%Bio + 2%SF, 5%Bio + 4%SF,
5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF were increased by 16.3%, 23.6%, 34.8%,
44.6%, and 55.1%, respectively. When the SF dosage was 6%, the viscosity of Bio + SF was
comparable with the matrix asphalt.

Asphalt binders are susceptible to temperature, and temperature sensitivity is an
essential characteristic. Based on the viscosity data of asphalt at 135 ◦C, 165 ◦C, and
175 ◦C, regression analyses were performed for varying asphalt types according to the
viscosity–temperature curve equation. The formula is shown in Equation (5) [43].

log(log (η× 103)) = n − mlg(T + 273.13) (5)

In the equation, m is the viscosity–temperature indices VTS. The higher the value, the
bigger the characterization of the asphalt material viscosity by temperature and the worse
its temperature stability. Figure 9 displays the viscosity–temperature curves of varying
asphalts, and the fitting parameters are summarized in Table 8.

Figure 9. Viscosity–temperature curve.

Table 8. Viscosity–temperature curve fitting parameters.

Type of Asphalt m n R2

Matrix asphalt 2.497 6.928 0.99
5%Bio 3.239 8.845 0.98

5%Bio + 2%SF 2.866 7.883 0.99
5%Bio + 4%SF 2.696 7.443 0.99
5%Bio + 6%SF 2.392 6.657 0.99
5%Bio + 8%SF 2.092 5.876 0.99

5%Bio + 10%SF 1.901 5.384 0.99

Adding bio-oil diminished the viscosity of asphalt (Figure 9 and Table 8). Adding
bio-oil increased the VTS value by 22.9% compared with matrix asphalt, weakening the
temperature stability. After adding SF, the VTS value of bioasphalt was reduced with
the increase in SF amount, which enhanced temperature stability. The viscosity values of
5%Bio + 2%SF, 5%Bio + 4%SF, 5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF decreased
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by 11.5%, 16.8%, 26.2%, 35.4%, and 41.3%, respectively, compared with 5%Bio. When the
SF dosage was 6%, bioasphalt’s VTS values were comparable with matrix asphalt’s. This
was mainly because SF had a large specific area of surface, which enhanced the force of
interaction with the asphalt and bio-oil molecules. This led to the formation of a stable space
network structure in the asphalt, which enhanced bioasphalt’s temperature stabilization.

3.5. Low-Temperature Rheological Characteristics

The S characterizes the resistance of asphalt to loads. The m characterizes the change
rate of asphalt stiffness with time. Based on the AASHTO T 313-19 specification, the
S-value shall be less than 300 MPa, and the m-value shall be bigger than 0.3 [45–47].
Figures 10 and 11 demonstrate the test results of varying asphalt types.

Figure 10. S-values of varying asphalt types.

Figure 11. m-Values for varying asphalt types.
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The S-values of varying asphalt types increased with decreasing temperature (Figure 10).
The lower the temperature, the lower the capacity of asphalt to resist loading. At −12 ◦C,
the S-value of varying asphalt types was less than 300 MPa, which could satisfy the standard
request. When the temperature was −18 ◦C, only the S-values of 5%Bio, 5%Bio + 2%SF,
and 5%Bio + 4%SF asphalts could satisfy the standard demand. The S-values of matrix
asphalt, 5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF were all greater than 300 MPa,
and the ability to resist low-temperature loading was significantly reduced. Among them,
when the temperature was −18 ◦C, adding bio-oil minimized the S-value of matrix asphalt
with a decrease of 57.0%. The low-temperature antifracture characteristics of bioasphalt
were significantly enhanced. This was because bio-oil could supplement the lightweight
component and reduce the creep modulus during the aging process of asphalt. When SF
was incorporated, compared with 5%Bio, the S-values of 5%Bio + 2%SF, 5%Bio + 4%SF,
5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF increased by 38.2%, 61.8%, 90.3%,
118.8%, and 151.5%, respectively. The incorporation of SF diminished the low-temperature
behavior of bioasphalt. The S-value of bioasphalt was comparable with that of matrix
asphalt when the amount of SF was 8%. This was because the intermolecular interaction
between bio-oil, SF, and asphalt was enhanced, and the structure was stabilized after the
incorporation of SF. It increased asphalt’s modulus, which caused it to crack easily under
low-temperature conditions.

The m-values of asphalt decreased with decreasing temperature (Figure 11). This
demonstrates that the stress relaxation ability of asphalt diminished when the temperature
was reduced, leading to easy cracking of asphalt. The m-value of all seven asphalts
was greater than 0.3 at −12 ◦C, which met the specification. The m-value of matrix
asphalt was 0.267 at −18 ◦C, which did not satisfy the standard demand. The m-value of
asphalt strengthened when bio-oil was blended into the matrix asphalt and increased by
61.4% compared with the m-value of matrix asphalt. The m-value of bioasphalt declined
markedly after incorporating different amounts of SF into the bioasphalt. Compared with
5%Bio, the m-values of 5%Bio + 2%SF, 5%Bio + 4%SF, 5%Bio + 6%SF, 5%Bio + 8%SF, and
5%Bio + 10%SF showed a decrease of 8.6%, 16.2%, 23.9% 31.6%, and 42.2%, respectively.
The m-value of Bio + SF was comparable with that of matrix asphalt when the SF dosage
was 8%.

To better estimate the low-temperature anticracking behavior of Bio + SF, the creep
recovery rate (m)/strength modulus (S) index was used for comparative analysis. Among
them, the greater the m/S is, the more superior the anticracking characteristics of asphalt
are, and vice versa [48]. Figure 12 shows the variation pattern of m/S values for asphalt at
different temperatures.

As illustrated in Figure 12, the lower the temperature, the higher the m/S value of
asphalt. The m/S value of bioasphalt strengthened by 452.6% compared with that of matrix
asphalt at −12 ◦C. Incorporating bio-oil strengthened the anticracking characteristics of
matrix asphalt. The m/S value of bioasphalt decreased after SF was incorporated into
the bio-asphalt. Compared with 5%Bio, the m/S values of 5%Bio + 2%SF, 5%Bio + 4%SF,
5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF decreased by 43.9%, 62.1%, 71.9%, 79.0%,
and 85.3%, respectively. The m/S values were ranked as follows: 5%Bio > 5%Bio + 2%SF
> 5%Bio + 4%SF > 5%Bio + 6%SF > 5%Bio + 8%SF > matrix asphalt > 5%Bio + 10%SF. SF
incorporation weakened the anticracking behavior of bioasphalt. However, for a certain
amount of incorporation, the low-temperature behavior of Bio + SF was still better than
that of matrix asphalt.

Based on comprehensive G*/sinδ, R, Jnr, RFAI, VTS, m, S, m/S indexes, adding bio-oil
reduced the high-temperature stabilization of asphalt, but bioasphalt had superior low-
temperature behavior. The incorporation of SF could effectively compensate for the high-
temperature antideformation characteristics of bioasphalt and enhance the aging resistance
and temperature stability. However, SF will reduce the low-temperature characteristics
of bioasphalt. Nevertheless, with a certain amount of SF dosage, the low-temperature
behavior of bioasphalt was still superior to matrix asphalt’s.
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Figure 12. m/S values of varying asphalt types.

3.6. Road Performance
3.6.1. Rutting Resistance at High Temperature

The four asphalt mixtures’ dynamic stability (DS) was obtained by high-temperature
rutting tests, as shown in Figure 13.

Figure 13. Dynamic stability test results.
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According to JTG D50-2006 [49], the DS of an ordinary asphalt mixture should
be superior to 1000 times/mm in the hot summer area. The DS of the modified as-
phalt mixture should be superior to 2800 times/mm. The DS of the matrix asphalt mix-
ture was 2237 events/mm (Figure 13). Compared with the matrix asphalt mixtures, the
5%Bio + 6%SF mixture showed a decrease of 3.5% in dynamic stability. The 5%Bio + 8%SF
and 5%Bio + 10%SF mixtures increased by 38.4% and 69.9%, respectively. The DS of
bio-oil + SF mixtures with more than 8%SF was more than 2800 times/mm, which met the
standard demand and was excellent for the matrix asphalt mixtures. Incorporating SF could
effectively strengthen the antirutting characteristics of bioasphalt and asphalt mixtures.

3.6.2. Low-Temperature Anticracking Characteristics

The destructive strain of asphalt mixture specimens under a low-temperature environ-
ment is to reflect the capacity of asphalt mixture deformation. The stronger the value, the
more superior the capacity of the mixture to deform. Figure 14 displays the results of the
destructive strain tests of four asphalt mixtures.

Figure 14. Failure strain test results.

According to JTG D50-2006 [49], the failure strain of ordinary asphalt mixtures is not
less than 2000 μm. Modified asphalt mixtures are not smaller than 2500 μm. As illustrated
in Figure 14, the failure strain of matrix asphalt mixtures is 2111 μm, which can satisfy
the standard demand. After adding bio-oil and SF to the matrix asphalt, the failure strain
of the bio-oil + SF mixtures strengthened remarkably, and the deformation resistance of
the mixtures was effectively improved. Compared with the matrix asphalt mixtures, the
failure strains of 5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF mixtures increased
by 83.7%, 49.1%, and 11.6%, respectively. The failure strain of 5%Bio + 10%SF modified
asphalt with a 10%SF dosage was 2356 μm, which did not satisfy the standard demand
for the failure strain of modified asphalt mixtures. The reason was that bio-oil contains
more lightweight components, which could effectively reduce the creep modulus of asphalt.
Thus, the low-temperature anticracking behavior of bio-oil + SF mixtures can be enhanced.
However, incorporating SF enhanced the intermolecular forces, increasing the modulus of
bioasphalt, resulting in bioasphalt mixtures being prone to cracking under low-temperature
environments. The higher the amount of SF, the poorer the low-temperature behavior of
bioasphalt mixtures.
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3.6.3. Water Damage Resistance

The freeze–thaw splitting test is an index to assess the water loss resistance of asphalt
mixtures. Figure 15 exhibits the results of the freeze–thaw split strength ratio (TSR) of four
asphalt mixtures: matrix asphalt, 5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF.

Figure 15. Freeze–thaw splitting strength ratio test results.

According to JTG D50-2006 [49], the TSR of ordinary asphalt mixtures is not smaller
than 75%. The modified asphalt mixture is not smaller than 80%. As shown in Figure 15,
the TSR of the matrix asphalt mixture was 86.1%, which satisfies the standard demand.
The TSRs of 5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF mixtures were increased
by 2.6%, 5.9%, and 0.8% compared with that of the matrix asphalt mixture, respectively,
which satisfy the standard demand. This was because incorporating SF can enhance the
adhesion between asphalt and mineral material, enhancing the water damage resistance of
bio-oil + SF mixtures.

3.6.4. Fatigue Life

Fatigue life is an essential parameter for evaluating the durability of asphalt mixtures.
Figure 16 exhibits the fatigue life test results of four asphalt mixtures for matrix asphalt,
5%Bio + 6%SF, 5%Bio + 8%SF, and 5%Bio + 10%SF.

As demonstrated in Figure 16, the fatigue life of bio-oil + SF mixtures was greater than
the matrix asphalt mixtures at the 0.3 MPa stress level. Compared to the fatigue life of
the matrix asphalt mixtures, the fatigue life of 5%Bio + 6%SF, 5%Bio + 8%SF and 5%Bio +
10%SF mixtures increased by 17.9%, 68.9% and 7.0%, respectively. The incorporation of SF
resulted in a remarkably enhanced fatigue life of bio-asphalt.
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Figure 16. Fatigue life test results.

4. Conclusions

This study developed bio-oil + SF, and TS, MSCR, viscosity, and BBR tests investigated
the high- and low-temperature characteristics of bio-oil + SF. Meanwhile, the road behavior
of bio-oil + SF mixtures was examined using a high-temperature stabilization test, flexural
creep test, split freeze–thaw test, and fatigue test. The main conclusions were drawn:

(1) Incorporating bio-oil strengthened the low-temperature characteristics of matrix as-
phalt. However, bio-oil significantly reduced the high-temperature characteristics of
matrix asphalt.

(2) The G*/sinδ, R, and Jnr indexes showed that adding SF could improve resistance
to the permanent deformation of bioasphalt at high temperatures. The RFAI and
VTS indexes showed that adding SF improved bioasphalt’s aging resistance and
temperature stability.

(3) The m, S, and m/S indexes at −12 ◦C and −18 ◦C indicated that the rise in the dosage
of SF weakened the low-temperature characteristics of bioasphalt. However, when
the dosage of SF was less than 8%, the low-temperature characteristics of bio-oil + SF
were still superior to those of matrix asphalt.

(4) The high-temperature stabilization, low-temperature anticracking, water damage resis-
tance, and fatigue durability of bio-oil + SF mixtures were superior to those of matrix
asphalt mixtures. The best road behavior was shown by 5%Bio + 8%SF mixtures.

(5) The test results of SF-modified bioasphalt and mixtures provided a specific scientific
basis for the green and efficient application of bio-oil and SF. However, this study lacks
an analysis of the SF + bio-oil mechanism. The next step will continue to explore the
micromechanism of SF-modified bioasphalt and its practical engineering applications.
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Abstract: The production of municipal solid waste incineration bottom ash (MSWIBA) is substantial
and has the potential to replace cement, despite challenges such as complex composition, uneven
particle size distribution, and low reactivity. This paper employs sodium silicate activation of
MSWIBA composite Ground-granulated Blast Furnace slag (GGBS) to improve the reactivity in
preparing composite cementitious materials. It explores the hydration performance of the composite
cementitious materials using isothermal calorimetric analysis, Fourier-transform infrared (FTIR)
spectroscopy, XRD physical diffraction analysis, and SEM tests. SEM tests were used to explore the
hydration properties of the composite gelling. The results show that with an increase in MSWIBA
doping, the porosity between the materials increased, the degree of hydration decreased, and the
compressive strength decreased. When the sodium silicate concentration increased from 25% to
35%, excessive alkaline material occurred, impacting the alkaline effect. This inhibited particle
hydration, leading to a decrease in the degree of hydration and, consequently, the compressive
strength. The exothermic process of hydration can be divided into five main stages; quartz and
calcite did not fully participate in the hydration reaction, while aluminum did. The vibrational
peaks of Si-O-Ti (T = Si and Al) were present in the material. The vibrational peaks of XRD, FTIR, and
SEM all indicate the presence of alumosilicate network structures in the hydration products, mainly
N-A-S-H and C-A-S-H gels.

Keywords: MSWIBA; sodium silicate-activated; hydration properties; hydration process

1. Introduction

Solid waste production is enormous and many countries face serious issues with
municipal solid waste (MSW) and environmental pollution. Selecting high-temperature
incineration to treat MSW is the most effective way to reduce volume [1,2]. In general,
MSW incineration treatment can reduce its mass by 70% and its volume by 90% [2,3], while
the rate of unburned ash in the ash residue is 0.7–2%. The residual rates of MSWIBA and
fly ash generation from MSW incineration are approximately 20% and 2% [4], respectively.
Even after incineration, a large amount of MSW incineration bottom ash (MSWIBA) is still
generated [5].

The rapid development of modern society requires alternative materials for sustainable
development [6]. Provis pointed out that alkali-activated materials offer real possibilities
to improve the sustainability of civil construction [7]. Ordinary Portland cement (OPC)
consumes a considerable amount of non-renewable resources, as its production process
accounts for approximately 8–10% of anthropogenic CO2 emissions [8–10]. When using
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reactive alkali materials in concrete production, the CO2 emissions are approximately 3.6
times lower than in conventional concrete production [11]. Several studies have shown
that MSWIBA is potentially chemically active and can be blended with GGBS as a potential
replacement material for cement through the action of alkali exciters [12].

MSWIBA is characterized by an unstable source, complex composition, non-
uniform particle size distribution, and low reactivity, so it is necessary to adopt an
activation treatment method to address the difficulties and problems of MSWIBA in
engineering utilization [13]. Numerous scholars have explored the effect of MSWIBA
at different blending levels on cement mortar or cement and found that bottom slag
reduces the slump value [5,13–21]. In contrast, the opposite trend was observed when
used as a cement substitute. The 28-day compressive strength of the latter was sim-
ilar to or slightly higher than that of the control mixture (without the addition of
MSWIBA) [22,23]. Lin et al. prepared cubic specimens to test the compressive strength
of hardened slurries of cementitious materials made from slag and cement by melt-
ing MSWIBA into the slag and grinding it into powder. The results showed that the
28- and 90-day compressive strengths of the specimens were 84~90% and 95~110% of
ordinary cement specimens, respectively [22,24,25]. The effect of Al2O3 on MSWIBA,
by melting the mixture into slag and pulverizing it to replace part of the cement, has
some merit [22,26].

Alkali excitation technology uses alkali exciters to activate the potential activity in
MSWIBA and convert it into a material with gelling properties [27]. MSWIBA includes a
large number of active components, such as silicon and aluminum, which have the potential
to be alkali-activated [25]. The material undergoes hydration during the alkali activation
process, the most critical chemical reaction being that between the aluminosilicate powder
and the alkali exciter to produce a hardened slurry with high strength [25,27]. According to
P. Kryvenko [28], the resulting geopolymer network consists of SiO4 and AlO4 tetrahedra,
both with oxygen atoms attached, and the negative charges are balanced by positive ions
(e.g., K+, Na+, Ca2+, and Li+) in the cavity framework [27,29,30]. The secondary binder
products formed during alkali activation (including layered double hydroxides in the
alkali-activated slag) are essential in determining the final properties of the material [7].

MSWIBA has a relatively stable (crystalline) chemical structure and low reactivity when in
contact with water; when used as a cementitious material, it needs to be activated to improve
its properties. The most common activation treatments for this purpose are physical milling
activation treatment and activation treatment using alkaline substances [17,31].

The most common alkali activators are sodium hydroxide (NaOH) and sodium silicate
(Na2SiO3, water glass) [32,33]. It is suggested that for alkali-activated slag cementitious
materials, sodium silicate should be used [34,35], taking into consideration factors such as
the molar concentration, the solution–binder ratio (s/b), and alkalinity [32,36,37].

In this paper, we used sodium silicate as an alkali activator and considered different
ratios of Na2SiO3, NaOH, and MSWIBA to prepare alkali-activated materials. We used
isothermal calorimetric analysis, Fourier-transform infrared (FTIR) spectroscopy, XRD
physical phase diffraction analysis, and SEM, among other tests, to explore the hydration
properties of composite cementation research. This aimed to promote the harmless disposal
of MSWIBA and waste reuse, reduce the amount of cement, achieve energy saving and
emission reduction, and promote the comprehensive reuse of the MSWIBA of this solid
waste. These efforts provide theoretical references for the treatment of and application
of MSWIBA.

2. Methods

2.1. Experimental Materials
2.1.1. MSWIBA and GGBS

The MSWIBA was generated by the waste incineration company Chongqing Tongxing
in China Chongqing using the German Martin SITY2000 reverse thrust tilting grate technol-
ogy to burn the MSW from the Chongqing area and obtain the residue. After incineration,
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the ferrous metal was washed, magnetically selected, and then crushed by a crusher after
natural drying in the stockpile plant.

The MSWIBA was processed in a muffle furnace at a high temperature of 1000 ◦C for
three hours and then ground by a planetary ball mill for 30 min to improve its reactivity.

By weighing 2~3 g of pre-treated MSWIBA degassed in a vacuum environment at
110 ◦C for 16 h using a fully automated specific surface and pore size analyzer (Quan-
tachrome Instruments, Inc. nova-4000, Boynton Beach, FL, USA) for testing and by putting
MSWIBA under an analytical temperature of −196 ◦C and a relative pressure interval of
P/P0 = 0.01~0.995, low-pressure N2 adsorption/desorption isotherms of MSWIBA after
incineration were obtained.

The treated MSWIBA was tested using the BET method to obtain a specific surface
area of 1.705 m2g−1 and an average pore size of 3.388 nm. The particle size distribution of
the period analyzed by the laser particle sizing instrument is shown in Figure 1.

Figure 1. MSWIBA particle size distribution.

Using an X-ray fluorescence spectrometer (Rigaku Corporation, Co. ZSX Primus
III+, Tokyo, Japan) on the MSWIBA and S95 GGBS, the chemical composition of the
MSWIBA was determined, as shown in Table 1. According to the National Stan-
dards of China definition of the Ground-granulated Blast Furnace slag (GGBS) for
Cement [38], the alkalinity index of the MSWIBA, expressed as the alkalinity index
(Mo = (CaO + MgO)/(SiO2 + AL2O3)), was approximately 0.68, while an Mo < 1
indicates acidic GGBS.

Table 1. The main chemical compositions of MSWIBA and GGBS (wt%).

Oxides SiO2 CaO Al2O3 Fe2O3 P2O5 Na2O MgO SO3 K2O

MSWIBA 37.79 28.60 9.34 5.94 5.22 3.25 2.74 2.33 1.52
GGBS 30.49 40.83 15.26 0.32 0.02 0.49 8.50 2.08 0.45

In this paper, S95 Ground-granulated Blast Furnace slag (GGBS) was selected and
its density was obtained through experimental measurements, with a loss on burning
of 0.84% and a water content of 0.45%. The 7-day activity index was 84.20% and
Mo = (CaO + MgO)/(SiO2 + AL2O3) = 1.08, indicating alkalinity according to the
National Standards of China [39].
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2.1.2. Sodium Silicate

Liquid sodium silicate, also known as water glass, was used in this paper as an AR
analytically pure product with a modulus of 2.25, a Baume degree of 43.5, a density of
1.51 g/mL, a Na2O content of 13.75 w%, a silica SiO2 content of 29.99 w%, and a trans-
parency ≥85 w%. It was produced by China Jiashan County Yourui Refractories Co. China,
Jiaxing, to which 2 w% NaOH white homogeneous granular solid (Xilong Science Co.
China, Chongqing) was added.

2.1.3. Other Materials

ISO reference sand was used for the tests, composed of natural round siliceous sand
with a SiO2 content of no less than 98%, meeting the requirements of National Standards of
China [40]. Except for the isothermal calorimetry experiment, which used deionized water,
the other experiments used tap water.

2.2. Methods
2.2.1. Material Mixing

According to the results of previous experiments, five groups of mixing ratios were
selected for comparative analysis, as shown in Table 2. According to the total amounts of
MSWIBA, GGBS, and sodium silicate alkali components, along with the amount of water
added, the water–cement ratio (W/B) was fixed at 0.50 for the preparation of the slurry.
The MSWIBA content was the lowest in the B5S25 experimental group, while the B29S25,
B29S15, and B29S35 experimental groups had the highest contents, followed by B17S25.
The sodium silicate content was the highest in the B29S35 experimental group, followed by
B5S25, while B29S15 had the lowest content.

Table 2. The main chemical compositions of MSWIBA and GGBS (wt%).

Number MSWIBA Sodium Silicate GGBS W/C

B5S25 5 25 70 0.5
B29S25 29 25 46 0.5
B17S25 17 25 58 0.5
B29S15 29 15 56 0.5
B29S35 29 35 36 0.5

2.2.2. Experimental Methods

1. Compressive strength

According to the Test Procedure for Cement and Concrete in Highway Engineering
and Test Method for Strength of Cementitious Sand (ISO Method) [40], the compressive
and flexural strengths of cementitious sand are determined by molding. The size of the
steel–plastic specimen was in accordance with the requirements of JC/T726, with the inner
length of the test specimen being 40 × 40 × 160 mm. The specimen and the test specimen
were cured in a standard curing room for 20 to 23 h. After 20 to 23 h of curing, the specimen
was demolded with a machine. After demolding, the compressive and flexural strengths
of the specimens were tested according to the curing requirements until the specified age.
According to the molding specification, after being maintained in a standard maintenance
room for 3 and 28 days, the different alkali excitation ratios of the MSWIBA composite
cementitious cemented sand specimens were measured.

2. Isothermal calorimetry experiment

The heat of hydration of the composite slurry was determined using a TAM Air
isothermal calorimeter produced by TA Instruments, Inc. (New Castle, DE, USA). The test
time was 7 days, the calorimeter temperature was 20 ◦C, the water–cement ratio (W/B) was
0.5, and the material composition was consistent with Table 2. Before the experiment, the
slurry was thoroughly mixed and poured into the isothermal calorimeter. After exothermic
stabilization (30 min), the experimental results were recorded.
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3. Hydration product analysis

The net slurry was prepared according to the Chinese national standard (GB/T1346-
2011). All of the powdered materials (i.e., the GGBS and alkali components) were mixed,
and then water was continuously stirred in until a homogeneous slurry was formed. The
AASC slurry was hydrated at 20 ± 2 ◦C and 95 ± 5 RH for 3, 7, and 28 days. The AASC
samples were then pulverized into small pieces and soaked in anhydrous ethanol for three
days to stop hydration.

The samples were then dried in an oven at 55 ◦C for 48 h, crushed to make small
pieces, and then vacuum processed. The microscopic morphology of the different materials
was observed using a scanning electron microscope. Elemental analysis was conducted
using a scanning electron microscope and an energy spectrometer. Some of the small pieces
were crushed and milled for 15 to 20 min and passed through a 200 mesh square hole sieve
to carry out the XRD, SEM, and FTIR spectroscopy tests.

This paper used an X-ray diffractometer (Bruker, D8Advance, Karlsruhe, Germany)
to analyze the physical phase, set-hardened net paste, and mortar of the raw materials.
The operating parameters of the instrument were Cu target, Kα rays, λ = 0.015 nm, X-
ray generation power = 3 kw, and step size = 0.02◦. The retrieved physical phases were
analyzed using Jade 6.5 and HighScore Plus (3.0.5) for mineral structure analysis software.
The 2023 database in X′Pert HighScore software (3.0.5) was compared to determine the
crystalline phase of the material by analyzing the different peaks in the XRD pattern and
comparing them with known crystal structures [41].

The molecular structure and vibrational modes of the composite cementitious materials
were tested using an FTIR spectrometer utilizing a diffuse reflectance technique, which
permits the incoming beam to be reflected from the ground sample to the overhead mirror,
where diffusely scattered light is collected and measured in the detector.

The surface morphology of the cementite samples was observed via field emission
group scanning electron microscopy (SEM) using a scanning electron microscope (Carl
Zeiss AG Co. ZEISS supra55, Germany, Oberkochen), and the samples were prepared
in the form of blocks with a surface area of approximately 0.5 cm2 and a thickness of
approximately 1 mm. One side of the block was polished with sandpaper to facilitate
bonding on the sample stage, and the other was left untreated for observation.

3. Results and Discussion

3.1. Mechanical Properties
3.1.1. Mechanical Properties of Different MSWIBA Doping Levels

Figure 2 shows the compressive strength of the materials with different dosing ratios.
The changes in compressive strength are evident. Before the reaction, the compressive
strength at 3d is approximately half that at 28d. During the third reaction stage, a significant
quantity of unreacted silicate mineral particles exists in the material, which means that
with the increase in hydration reaction time, the degree of hydration reaction increases
and compressive strength improves. In the experimental group B5S25, the 3d and 28d
compressive strengths were 47.4 and 70.8 Mpa, respectively, with the highest compressive
strengths. Compared with B29S25 and B17S25, with 17% and 29% MSWIBA, the 3d and 28d
compressive strengths show decreasing tendencies with the increase in MSWIBA and the
3d compressive strengths reduce by 26.6% and 26.8%, respectively. The 28d compressive
strengths decrease by 11.0% and 16.5%. It shows that with the increase in MSWIBA, many
MSWIBA particles in the early stage of hydration of the unreacted particles increased, while
the porosity between the material decreased. Hydration decreases and the compressive
strength decreases with the increase in MSWIBA.
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Figure 2. Compressive strength of MSWIBA GGBS composite cementitious materials activated by
sodium silicate.

3.1.2. Mechanical Properties of Different Sodium Silicate Dosages

Figure 2 shows that the 3- and 28-day compressive strengths of 15% sodium silicate
and the 29% MSWIBA experimental group B29S15 were 34.3 and 52.5 Mpa, respectively.
The 3- and 28-day compressive strengths of B29S25 were the highest compared to B29S15
and B29S35, which increased by 1.2% and 12.6% compared to B29S15. The compressive
strengths of the B29S35 experimental group were the lowest, only 8.8 and 17.3 Mpa, i.e.,
74.3% and 67.0% lower than B29S25, respectively. This means that while sodium silicate
increased from 15% to 25%, the alkaline material also increased, enhancing the hydration of
sodium silicate particles in the alkaline environment. Consequently, the degree of hydration
reaction increased, the porosity decreased and promoted the generation of hardened slurry
with strength, and the compressive strength increased. When the sodium silicate increased
from 25% to 35%, the alkaline material became excessive, resulting in over-alkalinity. This
inhibited the hydration of particles, causing a decrease in the degree of hydration reaction
and the compressive strength.

3.2. Hydration Process
3.2.1. Cumulative Heat

Figure 3a shows the cumulative exothermic curves of the four groups of materials with
different ratios, from which it can be seen that the cumulative exothermic hydration time
of each group increased with the increase in hydration reaction time. Additionally, with
exothermic hydration, the mechanical compressive strength of the material also increased.
The amount of exothermic hydration for B29S35 was significantly lower than that of the
other experimental groups, as was its mechanical compressive strength. B29S15 exhibited
the most significant amount of exothermic hydration and its mechanical compressive
strength performed better, much higher than that of B29S35 and lower than that of the other
experimental groups. The differences between B29S15 and B5S25 were minor, as shown
in Figure 3b. Comparisons can be made that show that, approximately 1.5 h before and
24 h after the reaction, the exothermic hydration of B29S15 was slightly higher than that of
B5S25, whereas in between, the exothermic hydration of B5S25 was somewhat higher. The
amount of exothermic hydration was marginally higher.
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Figure 3. (a) Cumulative heat diagrams; (b) Cumulative heat for B5S25 and B29S25.

3.2.2. Heat Flow

Figure 4 shows the calorimetric response and the exothermic process measured using
isothermal calorimeter tests, summarized as follows.

Figure 4. Heat flow diagrams of MSWIBA GGBS composite cementitious material activated by
sodium silicate.

The hydration process was roughly divided into five phases. An initial induction
phase, an induction phase, an acceleration phase, a deceleration phase, and a steady state
phase [42]. The materials did not undergo an apparent initial induction or have an induction
period and there was a prominent exothermic peak at the beginning of hydration.

The first stage is the initial induction period; this initial stage is a transient state in
which the mixed GGBS dissolves rapidly. At this time, the aluminum silicate precursor
gradually dissolves and is destroyed, forming an unstable iso-phase [42,43].

The second phase is the induction phase, which proceeds from the initial induction
phase. At this point, the Ca2+ in the cementitious materials dissolves with the alkali
activator, causing the ionic concentration mixing solution to become too high and the
dissolution of the aluminosilicates to be inhibited [42].

The third phase, the accelerated phase, ranges from 10 min to 2–3 h; at this time, with
the dissolution of the alkali activator, the concentration of OH- in the solution increases and
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the activity of MSWIBA and GGBS is activated, under which hydration and polymerization
reactions take place to produce gel products such as (N)C-A-S-H.

The fourth phase is deceleration, ranging from 2~3 h to 24 h; at this time, the hydration
rate starts to slow down with the increase in hydration products because the surface of
MSWIBA and GGBS particles is gradually covered by the hydration products, which
reduces the contact area [42].

Phase 5 is the steady state stage, which occurs beyond 24 h. The hydration rate
is relatively low and stable, which is called the stabilization period. At this time, the
cementitious material gradually hardens from the paste, the hydration reaction forms a
hardened slurry, and the pore structure becomes stable [42].

3.2.3. Hydration Exothermic Equivalent Age Modeling

The heat of hydration was expressed using hyperbolic form [22], as shown in the
following Equation (1):

Q(t) = Qmaxt/(n + t) (1)

where n is the heat of hydration at half of the age. The above equation can be rewritten in
the following form, as shown in the following Equation (2):

t
Q(t)

=
n

Qmax
+

t
Qmax

(2)

First, the ratio t/Q(t) was chosen as the vertical coordinate and t as the horizontal
coordinate for a graph. Then, a fitting analysis was performed to obtain the slope of
the line as 1/Qmax and the line intercept in the vertical coordinate as n/Qmax, leading
to the value of n. This critical parameter helped us accurately describe the hydraulic
exothermic process.

The equations can be obtained by calculation using Qmax. Figure 5 shows the hydration
and heat release models of B5S25 and B29S25, as shown in Equations (3) and (4), respectively.

Q(t) =
10, 000t

86.2 + 6.00089t
(3)

Q(t) =
10, 000t

90.8 + 5.85017t
(4)

 
(a) (b) 

Figure 5. (a) Model parameter-solving diagram for B5S25; (b) model parameter-solving diagram
for B29S25.
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Figure 6 illustrates the cumulative heat release of the material, as predicted by the
hydration heat release model, alongside the accumulated heat release measured during
testing. It can be seen from the figure that with an increase in the MSWIBA content, the
total amount of accumulated heat release decreased and the theoretical value became less
than the test value during the heat release. The difference did not change much in the 60 h
before the heat release of hydration. After 72 h, the difference increased with time and the
degree fitting degree worsened in the late stage of hydration heat release.

 
(a) (b) 

Figure 6. (a) Comparison between the theoretical and measured values for B5S25; (b) comparison
between the theoretical and measured values for B29S25.

3.3. Hydration Products and Properties
3.3.1. XRD Analysis

Figure 7a,b compares the ratios of the three materials after 3 and 28 days of curing
B5S25 and B29S25. Compared to the XRD test curves of the raw materials, the X-ray
diffraction peaks of the alkali-activated MSWIBA were relatively small in angle, indicating
the formation of a new amorphous gel [44]. The broader diffraction peaks were mainly
associated with the amorphous material of the feedstock and the newly formed amorphous
gels of the reaction products. Using XRD analysis, it is difficult to identify and differentiate
amorphous N-A-S-H and C-A-S-H gels. The quartz and mullite crystals in the MSWIBA
were not fully involved in the reaction during the hydration process. They demonstrated
distinct diffraction peaks in the XRD patterns.

 
(a) (b) 

Figure 7. (a) XRD posotion patterns of B5S25; (b) XRD posotion patterns of B29S25.
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In contrast, the difference between specimen peaks was relatively small at three days,
indicating that adding MSWIBA weakened the early hydration of the alkali-stimulated
composite collodion materials [44]. In addition, the trend of high to low is consistent
with the results of the mechanical properties of the slurry. A comparison of the plots of
specimen B5S25 showed that the amount of hydration products increased with the length of
hydration [44]. The XRD plots of group B29S25 showed changes in the physical phases after
3 and 28 days of curing. The MSWIBA content increased from 5% to 29% and the physical
phases of the main hydration products in the gelling system were similar. However, an
increase in the diffraction peaks of the new and firmer phases was found.

In conclusion, the physical phases of quartz and calcite were observed in the XRD
patterns of the two sets of diagrams. As the hydration process proceeded, the quartz and
calcite contents decreased, suggesting that these two substances transformed into different
substances during the hydration process. The reduction in quartz and calcite indicates that
these two substances are involved in the hydration reaction and the primary substances of
the hydration reaction are similar. The C-A-S-H peaks of the 28-day groups were higher
than the corresponding positions of the 7-day peaks, which indicates that the degree of
hydration reaction was higher.

3.3.2. Fourier-Transform Infrared (FTIR) Analysis

FTIR spectroscopy was used to obtain the structural characteristics. Figure 8 shows
the structure of the functional groups of B5S25, in which an O-H telescopic vibrational
absorption peak at 3464 cm−1 can be observed, generated by the telescopic vibration of
H-O-H in water [31]. There was also an O-H bending vibration peak at 1651 cm−1, gen-
erated by the bending vibration of O-H in water. These peaks indicate the amount of
chemically bound water in the alkali-activated MSWIBA GGBS binder. The higher intensity
of the peaks indicates the presence of more chemically bound water in the binder [43].
Moreover, no distinct or sharp bands associated with the stretching vibration of the OH
single bond in Ca(OH)2 were observed at 3644 cm−1, whereas the presence of the absorp-
tion band material of the Al(Mg)Si-OH phase was seen in the infrared spectral map of
the MSWIBA at 3620 cm−1. This indicates that the aluminosilicate in MSWIBA actively
participates in the hydration reaction process during alkali activation, thus eliminating the
vibrations of Al(Mg)Si-OH [31,45]. This suggests that the alkaline chemical environment
plays a crucial role in reducing the crystallinity of quartz in MSWIBA and domestic waste
incineration GGBS.

Figure 8. FTIR spectrum of B5S25.
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The absorption peak at 1420 cm−1 resulted from the C-C stretching vibration caused
by the symmetric stretching vibration of CO3

2− at 3464 cm−1, which accompanied a broad
water peak with low intensity. This indicates that water occupied a certain proportion of
the sample, suggesting that the binder contained a higher amount of chemically bound
water. In the range of 600 to 1200 cm−1, vibrational peaks with Si-O-Ti (T = Si and Al)
were observed, indicating that an aluminosilicate network structure existed in all of the
hydration products. This suggests that the aluminosilicates in the bottom GGBS of domestic
waste incineration actively participate in the hydration reaction process during the alkali
activation of the production process of bottom GGBS in domestic waste incineration. The
results show that the samples were present in the C-A-S-H and calcium alumina, which is
consistent with the X-ray diffraction and SEM-EDS analysis results.

3.3.3. Scanning Electron Microscopy

According to previous results, amorphous gels usually consist of C-A-S-H and N-A-S-
H gels coexisting in alkali-activated GGBS/systems and the analyses showed the presence
of N-A-S-H gels, C-(A)-S-H gels, and some unreacted MSWIBA and GGBS particles. These
components showed a disordered lattice structure and excellent compatibility [31,46,47],
indicating that sodium silicate’s content significantly influenced the surface morphology
and structure of the composite gelling material.

As can be seen from Figure 9a–c, the samples in groups B29S15, B29S35, and B29S25
have multiple microcracks due to drying shrinkage. Among them, the width and number
of microcracks on the surface of B29S35 were significantly higher than that of B29S15 and
there were few microcracks in B29S25. This is because when the alkali exciter dosage is 15%,
it cannot provide enough alkaline material. Consequently, the activity of the gelling system
is insufficient and the particles cannot react sufficiently, resulting in lower strength and a
loose micro-morphology, indicating the presence of many unhydrated particles. When the
alkali exciter content was increased to 25%, the activity of the gelling system increased, thus
promoting the hydration reaction effect, allowing the particles to become fully dissolved
and hydrated. As per the figure, the micrograph of the B29S25 specimen shows dense
characteristics, with the hydration reaction products tightly wrapped around the unreacted
substrate particles. At the same time, the substrate is well compacted and no apparent
microcracks were found, resulting in excellent performance in terms of the compressive
properties of the hardened slurry. When the alkali exciter dosage exceeded 25% to 35%,
it was in excess, inhibiting the occurrence of the hydration reaction. Therefore, a large
number of particles were exposed and they were not sufficiently hydrated to generate a
crystalline phase. The loose morphology of B29S35 with a vast number of microcracks can
be seen in Figure 9b.

The dense amorphous gel phase C-(A)-S-H with large-size silicate particles can be
seen in Figure 9d–f, in which B29S35 had the most and B29S35 the least. In Figure 9e, a
network-like gel phase can be seen and the 35% alkali stimulant dosing of B29S35 contained
a large number of unhydrated particles compared to B29S25, which also had partially
exposed and unhydrated particles. The 28-day compressive strength of the B29S35 sample
was only approximately one-third of that of B29S25. Many needle- and rod-like AFt crystals
can be seen in Figure 9f, enhancing the interconnection with the C-A-S-H gel.
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Figure 9. (a,d) SEM observation of B29S15 at 28 days; (b,e) SEM observation of B29S35 at 28 days;
(c,f) SEM observation of B29S25 at 28 days.
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The results of this study show that the performance of the micro-morphological
characteristics and compressive strength test results is consistent with the alkalinity of
the alkali exciter, being one of the very important factors in the formation of MSWIBA
composite cementitious materials and the final hydration products. With an increase in
alkali exciter dosage from 15% to 25%, the increase in alkali exciters significantly promoted
the conversion of free alkali to bonded alkali and the stimulation of the activator was
enhanced, which helped the hydration reaction occur. A more hydrated crystalline phase
was generated and the strength of the cementitious system improved. When the alkali
exciter dosage increased from 25% to 35%, the alkali exciter dosage became excessive,
resulting in an over-alkali effect, reducing the stimulation ability of the activator, and
inhibiting the hydration reaction. Additionally, there were a large number of unhydrated
particles and the microscopic morphology showed that the product was very loose, with a
large number of microcracks, resulting in a significant decrease in compressive strength.

4. Summary

This research investigated the preparation and hydration properties of the sodium
silicate activation of MSWIBA–GGBS composite cementitious materials, leading to the
following conclusions.

The compressive strength decreased with an increase in MSWIBA. When the sodium
silicate content was below 25%, the compressive strength exhibited an increasing trend
with higher silicate levels. However, when the content was above 25%, the compressive
strength decreased as the silicate level increased.

The hydration process can be divided into five phases. The heat is reduced with the
increase in MSWIBA and the hyperbolic form is modeled as less than the test value.

As the hydration process proceeded, the quartz and calcite contents decreased, and
activated aluminum participated in the hydration reaction. The XRD, FTIR, and SEM results
showed that there was an aluminosilicate network structure in the hydration products,
mainly N-A-S-H and C-A-S-H gels.
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19. Thomas, M.; Ślosarczyk, A. Effect of Municipal Solid Waste Slag on the Durability of Cementitious Composites in Terms of
Resistance to Freeze–Thaw Cycling. Materials 2023, 16, 626. [CrossRef]
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Abstract: As a new type of backfill material, Self-compacting solidified soil (SCSS) takes the aban-
doned slurry of cast-in-place piles after dewatering and reduction as the main raw material, which
brings a problem of coordinating the working performance with the mechanical property under the
condition of high mobility. In this paper, hydroxypropyl methyl cellulose (HPMC) and metakaolin
were introduced as additives to solve this problem. First, the workability and mechanical properties
of SCSS were regulated and optimized by means of the water seepage rate test, the flowability
test, and the unconfined compressive strength test. Second, this study also used X-ray diffraction
(XRD) and scanning electron microscopy (SEM) to investigate the effects of HPMC and metakaolin
on the physical phase and microstructure of SCSS. In this way, the results showed that there was
a significant impact on the flowability of SCSS, that is, when the dosage reached 0.3%, the water
seepage rate of SCSS was reduced to less than 1%, and the compressive strength at 7 days reached its
peak. At the same time, HPMC weakened the strength growth of SCSS in the age period of 7 days
to 14 days. However, the addition of metakaolin promoted its compressive strength. XRD analysis
showed that the additives had no significant effects on the physical phases. And, from the SEM
results, it can be seen that although the water-retaining effect of HPMC makes hydration of cement
more exhaustive, more ettringite (AFt) can be observed in the microstructure. In addition, it can be
observed that the addition of metakaolin can generate more hydrated calcium silicate (C-S-H) due to
the strong surface energy possessed by metakaolin. As a result of the above factors, SCSS filled the
voids between particles and improved the interface structure between particles, thus enhanced the
compressive strength.

Keywords: self-compacting solidified soil; workability; compressive strength; hydroxypropyl
methylcellulose; metakaolin

1. Introduction

During the construction of highways, railways, bridges, tunnels, and other infrastruc-
ture projects, a significant volume of slurry is utilized in the drilling process of cast-in-place
piles. This slurry serves multiple purposes, including safeguarding equipment, stabilizing
well walls, suspending drilling cuttings, and facilitating their removal from the hole [1].
However, the properties of the slurry gradually deteriorate over time, and once it ceases
to meet the required standards, it is discarded. Consequently, a substantial quantity of
discarded slurry inevitably accumulates during engineering construction [2]. These dis-
carded muds contain substantial quantities of sand, crushed stone minerals, and various
chemical additives, exhibiting a moisture content ranging from 30 to 300% [3]. Charac-
terized by high viscosity, high moisture content, strong fluidity, and low strength, this
mixture poses significant challenges for disposal. Traditionally, these muds have been
dumped in large-scale landfills, leading to prolonged processing cycles, elevated costs,
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and potential soil erosion and damage [4–7]. When soil conditions are characterized by
physical factors such as hardness and dryness, chemical factors including hypoxia and
salinity, as well as biological factors like initial infection by disease organisms, plant growth
is threatened. However, these marginal lands tend to nurture unique species, and research
results from reference [8] indicate that species obtained from marginal lands have high
potential as raw materials for the production of solid biofuels. Furthermore, the poor
permeability of these engineering sludges renders them difficult to dewater and solidify
naturally [9]. Consequently, the adoption of appropriate treatment methods is crucial not
only for environmental protection but also for fostering the healthy and sustainable growth
of the engineering industry [10,11].

Previous studies have primarily focused on recycling systems, classification, and dis-
posal strategies for abandoned mud [12–15]. However, there is a paucity of research explor-
ing the transformation of abandoned mud into novel materials. Currently, the utilization of
mud discarded from bored piles primarily involves its conversion into cement-based con-
struction materials [16–21], volcanic ash-based materials [22–24], fine aggregates [25–27],
and brick materials [28,29]. Luis et al. [22] investigated the potential of water treatment
sludge (WTS) for the development of supplementary cementitious materials (SCM). The
results confirmed that WTS calcined at 600 ◦C possesses significant potential for producing
SCM. Qian et al. [27] examined the feasibility of partially replacing sand with excess exca-
vated soil to prepare controlled low-strength materials (CLSM). Their findings revealed that
an increase in soil content leads to a reduction in the strength, fluidity, water stability, and
frost resistance of CLSM. Guo et al. [28] utilized blast furnace slag to stabilize excavated
soft soil for use in reclamation projects. Their results showed that the combination of
blast furnace slag and lime effectively inhibits sample expansion and enhances the con-
solidation coefficient. Nevertheless, these resource utilization methods often encounter
challenges such as high energy consumption and costs. Self-compacting solidified soil
(SCSS) represents a novel type of engineering backfill material that is environmentally adap-
tive and leverages waste materials. Its advantages, including pumpability, high fluidity,
and adjustable strength, address several limitations associated with traditional backfilling
methods. Given that the slurry discarded from cast-in-place piles contains a substantial
amount of water, converting it into SCSS through coagulation and dewatering treatment
could effectively address the challenges related to its disposal and reuse. This approach
offers notable economic and ecological benefits, making it a promising direction for future
research and implementation.

Traditional solidified soil faces challenges due to high water content and poor cohesion,
leading to poor flowability and excessive water permeability. For self-compacting solidified
soil (SCSS) to have good self-flowing filling performance, its flowability should exceed 200
mm. Water permeability should not exceed 2% to prevent post-construction settlement.
Research suggests that additives like hydroxypropyl methyl cellulose (HPMC), thermal
mixed rubber, and polypropylene thickener can enhance water retention and thickening
in cement-based materials, potentially improving SCSS performance [30–32]. Cellulose
ether, specifically hydroxypropyl methyl cellulose (HPMC), effectively enhances both water
retention and flowability in cement-based materials [32,33]. As the most widely used
cellulose ether [34]. HPMC’s robust water retention capabilities facilitate the hydration
of cement, leading to significant improvements in the mechanical strength and adhesive
properties of the slurry [35,36]. Patural [33] conducted a study on the rheological and water
retention properties of mortar influenced by cellulose. At a dosage of 0.27%, cellulose
exhibited remarkable thickening and water retention capabilities, with the water retention
capacity increasing proportionally with molecular weight. Yang et al. [37] examined
the impact of HPMC on cement-based grout properties. Their findings revealed that
HPMC enhanced the aggregation of grout particles, resulting in an increase in compressive
strength from 2.58 to 3.59 MPa after 28 days. Bulichen et al. [38] investigated the water
retention mechanism of methyl hydroxyethyl cellulose (MHEC) and discovered that at
low dosages, MHEC retained water primarily by adsorbing water molecules. On the other
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hand, metakaolin, a mineral additive, has been shown to influence the flowability and
mechanical properties of self-compacting solidified soil. Khan et al. [39] conducted a study
to investigate the impact of metakaolin content on the flowability and mechanical properties
of cement-based composites. Their findings revealed that the introduction of metakaolin
significantly reduced the flowability of these composites, while also exerting a negative
influence on their compressive strength. Yu et al. [40] delved into the performance of
metakaolin-modified concrete. Their results indicated that, at a water-cement ratio of 0.6, an
increase in metakaolin content led to a decrease in concrete flowability and a corresponding
increase in compressive strength. These results provide important insights into the role
of HPMC and metakaolin in modifying the performance characteristics of cement-based
materials. In our current study, lime and cement were employed to solidify the dehydrated
slurry, resulting in the production of self-compacting solidified soil. To further enhance
the water seepage properties of this material, hydroxypropyl methylcellulose (HPMC) was
introduced. We systematically investigated the effects of both HPMC and metakaolin on the
flowability and mechanical properties of the self-compacting solidified soil. Additionally,
we analyzed the underlying mechanisms through the examination of phase composition
and microscopic morphology. Our aim is to provide valuable insights and guidance for the
optimal preparation of self-compacting solidified soil. To tackle the difficulty in regulating
the workability and mechanical properties of self-compacting stabilized soil, this research
aims to improve its usability. Not only will this bring substantial environmental benefits,
but it also holds the potential for significant economic gains.

2. Experiment

2.1. Experimental Materials

This experiment used abandoned slurry from a certain road and bridge project in
Wuxi, Jiangsu Province, China which consists of water as the liquid phase with sand, clay,
metakaolin, and chemical reagents as the solid phase. After coagulation and dewatering,
the moisture content of the slurry decreased to 63.8%, and the pH value decreased to 7.0.

The cement used in the experiment is P.O 42.5 ordinary Portland cement, and its
performance indicators are shown in Table 1.

Table 1. Performance index of cement.

Density/
(g·cm−3)

Fineness
(80 μm)/%

Specific Surface
Area/(m2·kg−1)

Compressive
Strength/MPa

Flexural Strength/MPa

3d 28d 3d 28d

3.11 2.6 375 23.8 48.9 5.5 9.2

The chemical composition of quicklime and metakaolin with a particle size of 1250 mesh
is shown in Tables 2 and 3.

Table 2. Chemical composition of quicklime.

Component CaO MgO CO2 SO2

content/% 79 3 2 1

Table 3. Chemical composition of metakaolin.

Component SiO2 Al2O3 Fe2O3 TiO2 K2O MgO CaO

content/% 52.1 44.6 0.8 1.2 0.4 0.17 0.12

HPMC was selected with viscosities of 100,000 mPa·s and 200,000 mPa·s, denoted
as HPMC–10 and HPMC–20, respectively. The molecular structure and performance
parameters are shown in Figure 1 and Tables 4 and 5.
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Figure 1. Molecular structure diagram of HPMC.

Table 4. HPMC–10 Basic parameters.

Name
Average Molecular

Weight
Viscosity/mPa·s

Ash
Content

Methoxy
Content

Hydroxypropyl
Content

%

HPMC 100,000 105,100 5 22.2 10

Table 5. HPMC–20 Basic parameters.

Name
Average Molecular

Weight
Viscosity/mPa·s

Ash
Content

Methoxy
Content

Hydroxypropyl
Content

%

HPMC 200,000 192,000 5 29.5 12

2.2. Methods
2.2.1. Preparation, Curing, and Mix Design of Specimens

First, this experiment required a certain amount of abandoned slurry, which was coagu-
lated and dewatered, and the mass of each solidifying agent according to the experimental
plan needed to be calculated, weighed accurately, and mixed well. Then, the blades and
mixing drum of the cement slurry mixer had to be wiped with a clean damp cloth before the
experiment. Next, the abandoned slurry had to adding into the mixing drum and gradually
mixed with the solidifying agent while stirring. At this step, the soil was stirred for 3 to 5 min,
and casted into a 40 mm 40 mm 40 mm standard cubic mold, and the surface scrape flat with
a scraper when the slurry becomes homogeneous. Lastly, the mold with the sample was put
into a standard curing box for 24 h of curing, then demolded. After demolding, the sample
continued to cure in the curing box for 7 days, 14 days, and 28 days. The curing box was set
to standard curing conditions: temperature (20 ± 2) ◦C, humidity 95% [41].

In this experiment, the mix design is shown in Table 6.

Table 6. Mix design.

Name Cement Quicklime Metakaolin HPMC

Add quantity/% 16 15

3 0.1
6 0.2
9 0.3
12 0.4
/ 0.5

2.2.2. Water Bleeding Rate

The water seepage rate is a key indicator reflecting the resistance to segregation and
the stability of solidified soil. The experiment was conducted with six sets of samples.
When testing the water seepage rate, refer to JTG 3420-2020 “Test Code for Cement and
Cement Concrete in Highway Engineering” (Chinese Standard) [42]. The solidified soil
sample was placed in a beaker and allowed to stand. Every 15 min, the water seeped out
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from the surface of the solidified soil had to be extract by a dropper, and was measured
with the mass as m. The calculation formula for the water seepage rate is as follows:

B = (m/M)× 100%

In the formula: B is the water seepage rate (%) at a certain time, m is the mass (g) of
water seepage after a certain time, M is the mass (g) of the original water.

2.2.3. Flowability

The flowability is the main indicator for evaluating the workability of self-compacting
solidified soil. In this study, the test method specified in the “Test Methods for Air-Entrained
Mortar and Air-Entrained Grout” developed by the Japan Road Association was used [43].
For the HPMC experiments, six sets of samples were prepared, while for the metakaolin
experiments, five sets of samples were utilized. The test apparatus was a hollow glass
cylinder with an inner diameter of 80 mm and a height of 80 mm. In this experiment, the
first step was placing the test cylinder on a smooth glass plate. After the self-compacting
solidified soil was mixed, the mixture poured into the cylinder slowly. Then, the cylinder
was measured its maximum spread diameter and vertical diameter when it was lifted
slowly and evenly. The average of the two values was taken as the flowability of the
solidified soil.

2.2.4. Unconfined Compressive Strength

The compressive strength test method follows the standard JGJ/T 70-2009 “Standard
Test Methods for Basic Performance of Building Mortars” (Chinese Standard) [44]. For
the HPMC experiments, six sets of samples were prepared, while for the metakaolin
experiments, five sets of samples were utilized. The test is conducted by a universal testing
machine produced by Shenzhen WANCE Testing Machine Co., Ltd. (Shenzhen, China),
loading at a rate of 1 mm/s until failure.

fcu =
P
A

In the formula: fcu is the uniaxial compressive strength of the cement soil, MPa; P is
the failure load, KN; A is the cross-sectional area of the specimen, mm2.

Requirements for processing test results: The arithmetic mean of the measured values
from three test pieces shall be taken as the average unconfined compressive strength of the
test group. If the difference between the maximum or minimum measured value and the
median value exceeds 15% of the median, both the maximum and minimum values should
be discarded, and the median value should be taken as the compressive strength of the test
group. If the difference between the two measured values and the median exceeds 15% of
the median, the test results of the group are invalid, and new samples need to be prepared.

2.2.5. Microscopic Analysis

The solidified soil samples were analyzed for phase composition by a combina-
tion multi-functional X-ray diffractometer (Rigaku Corporation, Tokyo, Japan). The mi-
crostructure of the solidified soil specimens was analyzed by environmental scanning
electron microscopy.

3. Results and Discussion

3.1. The Effect of HPMC on the Bleeding Rate of Self-Compacting Solidified Soil

From Figures 2 and 3, it is evident that the blank control group, devoid of HPMC
(HPMC content of 0%), presents a strikingly high water seepage rate in the self-compacting
solidified soil. The water seepage rate had already escalated to 15.1% when the SCSS was
mixed for 5 min. Subsequently, the seepage rate continued its upward trajectory, and
ultimately stabilizing after 90 min. So, the water seepage rate of the solidified soil without
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HPMC peaked at 29.1 % finally, and it marked a substantial 94% surge compared to the
initial rate observed at 5 min. Such a significant and sustained increase in water seepage
rate is clearly unacceptable for practical engineering applications, highlighting the critical
need for additives like HPMC to effectively mitigate this issue.

Figure 2. Bleeding rate of soil solidified with different dosages of HPMC–10.

Figure 3. Bleeding rate of soil solidified with different dosages of HPMC–20.

The water seepage of SCSS had an obvious decrease when incorporated 0.1% HPMC
into the solidified soil. Specifically, the inclusion of HPMC–10 resulted in a reduced water
seepage rate of 9.8% within 5 min, marking a decrease of 35.1% compared to the control
group. Similarly, the addition of HPMC–20 further decreased the water seepage rate to 9.2%
within the same time frame, representing a 39.1% reduction. The difference in reduction
between the two types of HPMC was relatively minor. Beyond 75 min, the water seepage
rates in both cases began to stabilize, ultimately settling at 20.3% for HPMC–10 and 19.5%
for HPMC–20. Compared to the blank control group, this stabilization represented a 30%
and 33% reduction in water seepage rate. However, it is evident that the water seepage
problem remains significant, indicating the need for further optimization or the exploration
of alternative solutions to achieve more satisfactory results.
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As the HPMC content rose further, the water seepage rate of the solidified soil demon-
strated a consistent decrease. When the HPMC content attained 0.3%, the water seepage
of SCSS with two types of molecular weights of HPMC reduced to less than 1%. The
water seepage rate remained stable even over time. Specifically, the water seepage rate
for HPMC–10 settled at 0.92% finally, while HPMC–20 was even lower at 0.63%. Upon
further increased the HPMC content SCSS to 0.5%, the final water seepage rates for it with
two types of molecular weights of HPMC were exceptionally low in values at 0.21% and
0.22%, this is similar to the findings reported by Yang et al. [37]. These results clearly
demonstrated that HPMC is highly effective in reducing the water seepage rate of SCSS.
Additionally, the water seepage of SCSS could be decreased when using HPMC, and a slight
edge in performance is evident with HPMC–20, this is in line with the results reported in
reference [32].

HPMC possesses long molecular chains adorned with numerous hydroxyl and
ether groups. When these chains encounter water molecules, they establish hydrogen
bonds [31,45], effectively sequestering the water either internally within the molecular
chains or externally on their surface, which referred as the “bound water effect” [46].
Furthermore, the ether bonds present on the molecular chains have the ability to form
attachments with calcium ions situated on the surface of cement particles. This allows a
single cellulose molecule to adsorb multiple cement particles, leading to a phenomenon
known as the “cement particle bonding effect.” The combined influence of these two effects
results in a reduction of free water within the solidified soil slurry. Consequently, the
water seepage rate of the slurry is significantly decreased [47]. Based on a comprehensive
analysis of test results, it has been determined that the water seepage issue in SCSS could
be addressed by introduced an HPMC content of 0.3%.

3.2. The Influence of HPMC and Metakaolin on the Flowability of Self-Compacting Solidified Soil
3.2.1. The Impact of HPMC on the Flowability of Self-Compacting Solidified Soil

Figure 4 illustrates that as the content of HPMC with varying molecular weights
rises, the flowability of self-compacting solidified soil initially improves but then gradually
decreases. Notably, the influence of HPMC–20, with its higher molecular weight, is more
pronounced on the flowability compared to HPMC–10. Without HPMC, the SCSS exhibited
significant stratification, with a thinner slurry around the edges and cluster in the center,
and resulted in poor flowability. However, the addition of 0.1% HPMC noticeably enhanced
the flowability of the self-compacting soil, even it was a slow growth in flowability.

Figure 4. The effect of HPMC dosage on the flowability of self compacting solidified soil.
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The content of HPMC increases, the flowability of the SCSS gradually improves, and
the stratification phenomenon has diminished with the middle slurry collapsing towards the
periphery. Figure 4 clearly demonstrates that the impact of different molecular weights of
HPMC on flowability widens as the content rises. Specifically, the flowability peaks when
0.3% HPMC–20 is used, while for HPMC–10, the peak is observed at 0.4% content. Figure 5
further illustrates the significant improvement in slurry flowability, with the SCSS containing
HPMC–10 achieving a flowability of 236 mm and that with HPMC–20 reaching 245 mm.

Figure 5. Liquidity test.

However, when the content of HPMC exceed a certain level, the flowability of the SCSS
tends to decrease. This is due to the excessive viscosity caused by a high concentrations of
HPMC, which in turn hinders the soil’s ability to flow smoothly [48].

3.2.2. The Effect of Metakaolin on the Flowability of Self-Compacting Solidified Soil

Figure 6 reveals a distinct trend: as the content of metakaolin gradually increases,
the flowability of the SCSS decreases, this is in agreement with the findings reported
in reference [39]. Notably, as the content of metakaolin increases 3%, the flowability of
SCSS has diminished by approximately 5%. When the metakaolin content reachs 12%,
the flowability significantly has decreased from 245 mm to 192 mm. This observation
underscores the significant impact of metakaolin on reducing the flowability of SCSS.

Figure 6. The effect of metakaolin content on the flowability of self compacting solidified soil.
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Decrease in the flowability of SCSS upon the addition of metakaolin is primarily
attributed to two key factors. Firstly, metakaolin possesses a lamellar structure and exhibits
a small particle size, enabling it to adsorb a significant amount of water. Secondly, the
presence of hydrophilic minerals in metakaolin contributes to the overall viscosity of the
solidified soil. The combination of these two factors enhances the viscosity of the soil,
leading to a reduction in its flowability [49].

3.3. The Effect of HPMC and Metakaolin on the Compressive Strength of Self-Compacting
Solidified Soil
3.3.1. The Impact of HPMC on the Compressive Strength of Self-Compacting Solidified Soil

The thickening and water retention effects of high molecular weight thickeners signifi-
cantly enhance the workability and stability of SCSS. Nevertheless, the addition of these
thickeners may potentially affect the strength properties of SCSS. Figure 7 illustrates the
impact of various dosages of HPMC–10 and HPMC–20 on the compressive strength of
SCSS after 7 days.

Figure 7. The effect of HPMC dosage on the compressive strength of solidified soil.

From the above figure, it is observable that the compressive strength of SCSS initially
decreases and subsequently increases with the augmentation of HPMC dosage, this result
is consistent with the findings reported in reference [37]. Notably, the strength attains its
maximum at a dosage of 0.3%. Specifically, the strength of HPMC–10 reaches 0.38 MPa,
indicating a 19% elevation compared to the baseline control group (0.32 MPa). More
significantly, HPMC–20 demonstrates a strength of 0.42 MPa, reflecting a substantial
31% increase over the control. This underscores the preponderance of high molecular
weight HPMC in augmenting the strength of solidified soil compared to its low molecular
weight variant.

However, SCSS begins to decline once the HPMC dosage surpasses 0.3%. Specifically,
the strength of the SCSS with HPMC–10 diminishes by 11% compared to its peak, while
the strength of the solidified soil with HPMC–20 decreases by 24% when both of them at
a dosage of 0.5%. This decrement in strength can be attributed to two factors. Firstly, an
excessive amount of HPMC can lead to an increase in free water within SCSS. As this water
evaporates, the structural integrity of SCSS will be weakened when it leaves behind pores,
which is caused by the stress concentration. Secondly, the introduction of HPMC also brings
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about an increase in bubbles. The viscosity of the solidified soil rises when the dosage is
high, impeding the effective diffusion and elimination of these internal bubbles [50,51].
And this reduction in compactness further contributes to the decrease in strength [37].
Taken together, these factors explain the observed decline in strength when the HPMC
dosage exceeds optimal levels.

Figures 8 and 9 show the variation of the strength of solidified soil with different
HPMC dosages over time. The following trends can be clearly observed from the above
figures: the control group had the highest strength increase from 7 to 14 days, reaching
0.17 MPa. The solidified soil with the highest HPMC dosage shows the greatest strength
increase from 7 to 14 days, with a strength of 0.13 MPa for 0.3% HPMC–10, but still lower
than the control group. In contrast, the strength increase is minimal for the 0.5% dosage of
HPMC–20, which is 0.07 MPa during the same period, also lower than the control group,
A similar phenomenon was also observed in reference [52]. Additionally, the strength
increase of the control group from 14 to 28 days was 0.09 MPa, while the strength increases
for different dosages of HPMC–10 and HPMC–20 solidified soil during the same period
remained at around 0.08 MPa, showing a trend similar to that of the control group.

Figure 8. Changes in strength of solidified soil with different HPMC–10 dosages over time.

Figure 9. Changes in strength of solidified soil with different HPMC–20 dosages over time.
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Based on this experiment, it can be deduced that the addition of HPMC hinders the
strength development of self-compacting solidified soil during the initial 7 to 14 days of
curing. However, from 14 to 28 days, the impact of HPMC on strength growth appears
to be insignificant [50]. Furthermore, it is noteworthy that high molecular weight HPMC
exerts a more pronounced influence on this trend.

3.3.2. The Effect of Metakaolin on the Compressive Strength of Self-Compacting
Solidified Soil

This experiment maintains a constant dosage of HPMC–20 at 0.3% while varying the
metakaolin content when assessing the impact of various curing ages of metakaolin on the
compressive strength of SCSS.

Figure 10 illustrates the 7-day unconfined compressive strength of self-compacting
solidified soil across various metakaolin dosages. Evidently, as the metakaolin dosage
increases, the compressive strength of the soil also rises consistently. This result is identical
to that reported in literature [40]. Notably, the compressive strength reaches 0.82 MPa when
the metakaolin dosage attains 9%, surpassing the blank control group by a substantial 95%.
This significant enhancement suggests that metakaolin supplementation is an effective
means to boost the compressive strength of self-compacting solidified soil. And, the
magnitude of this increase scales with the amount of metakaolin added.

Figure 10. The effect of metakaolin content on the compressive strength of solidified soil.

Figure 11 demonstrates the compressive strength development of self-compacting
solidified soil at varying ages and metakaolin dosages. Compared to the blank control
group, which exhibits a strength growth of 0.11 MPa from 7 to 14 days and 0.07 MPa from
14 to 28 days, the groups with metakaolin supplementation display superior growth rates.
Specifically, the metakaolin-added groups show that the lowest strength growth is 0.15 MPa
from 7 to 14 days and 0.12 MPa from 14 to 28 days. The strength growth curves apparently
show that the slopes of the metakaolin-containing groups are slightly steeper than those of
the control, indicating that metakaolin significantly accelerates the strength growth rate of
self-compacting solidified soil.
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Figure 11. Figure of strength variation of solidified soil with age under different metakaolin contents.

3.4. The Effects of HPMC and Metakaolin on the Phase Composition

Figure 12 presents the XRD spectra of self-compacting solidified soil with varying
ratios after 7 days of curing. A, B, and C correspond to the blank group, 0.3% HPMC, and
0.3% HPMC + 3% metakaolin, respectively.

Figure 12. XRD spectra of solidified soil with different proportions at 7 d age.

The spectra reveal the presence of SiO2, CaCO3, sodium feldspar NaAlSi3O8, Ca(OH)2,
hydrated calcium silicate C-S-H, and ettringite AFt in all three groups. Figure 12 shows
that the diffraction peaks of the SCSS remain largely unchanged across different ratios,
even if the addition of HPMC and metakaolin alter the phase composition of SCSS. During
the hydration process, cement produces Ca(OH)2 and hydrated calcium silicate C-S-H
gel, while quicklime reacts with water and atmospheric carbon dioxide to form CaCO3.
These are the primary sources of strength in the self-compacting solidified soil. And, it is
obviously that the SiO2 peak decreases upon the addition of HPMC. This indicates that
a greater quantity of active SiO2 is participating in the hydration reaction, leading to the
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formation of hydrated calcium silicate C-S-H gel and other substances [47]. Furthermore,
the addition of metakaolin results in a slight strengthening of the hydrated calcium silicate
C-S-H gel diffraction peak. This enhancement is attributed to the secondary hydration
reaction between the active SiO2 in metakaolin and the hydration product Ca(OH)2 of
cement. This reaction continuously generates hydrated calcium silicate C-S-H gel, thereby
enhancing the hydration efficiency of cement.

3.5. The Effects of HPMC and Metakaolin on the Microstructure

Figure 13 presents the SEM image of self-compacting solidified soil with varying ratios
after 7 days of curing.

(a) Blank group (b) Add HPMC

(c) Add HPMC and metakaolin

Figure 13. SEM images of cured soil.

From Figure 13a, it is evident that the blank control group reveals the presence of
needle-like ettringite (AFt) and flocculent hydrated calcium silicate (C-S-H) gel when
magnified 5000 times [53]. And, these are the primary hydration products of cement within
the solidifying agent. It also shows that the gel products are interconnect and envelope
the soil particles which constituting the primary source of strength for the solidified soil.
Nevertheless, a notable observation from the figure is that the sample lacking additives
exhibits a relatively high porosity throughout its structure.

After comparing Figure 13b, it is observed that the addition of 0.3% HPMC-20 signifi-
cantly reduces the porosity in the solidified slurry sample while increasing the formation
of needle-like ettringite (AFt). This is attributed to the water retention properties of HPMC,
which gradually releases moisture from the slurry to the surface or air. And, the presence of
free water in the solidified soil slurry extend and promote cement hydration. The expansion
property of ettringite effectively fills pores, enhancing the compactness and strength of the
solidified soil.
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Compared with Figure 13c, SCSS shows enhanced compactness and effectively re-
duced porosity when it takes an addition of 3% metakaolin. The amount of flocculent
hydrated calcium silicate (C-S-H) gels within the soil increases significantly. Metakaolin’s
fractured chemical bonds and high surface energy promote reactions with calcium hy-
droxide on cement and clay particle surfaces. These reactions not only refine the particle
interfaces but also incorporate additional C-S-H gels, improving the internal pore structure.
Since the particles of metakaolin are smaller than the cement particles, these are able to fill
in the gaps between the cement particles and the clay particles to reduce the interparticle
spaces. Additionally, small amounts of needle-like AFt can be seen in filling interparticle
spaces. These factors collectively contribute to a denser structure and higher compressive
strength in the metakaolin-reinforced solidified soil [37].

4. Conclusions

This study conducted indoor experiments to investigate the effects of HPMC and
metakaolin on the properties of self-compacting solidified soil. The following key findings
and conclusions were obtained:

(1) Hydroxypropyl methylcellulose (HPMC) effectively reduced the bleeding rate of the
soil. At an HPMC content of 0.3%, the bleeding rate was successfully brought down
to less than 1%. Additionally, higher molecular weight HPMC exhibited a superior
water retention capacity. Simultaneously, HPMC enhanced the fluidity of the soil,
with a more significant impact observed with higher molecular weights. Specifically,
peak fluidity was achieved when the content of HPMC-10 reached 0.4% and HPMC-20
reached 0.3%. However, beyond these optimal contents, the fluidity began to decline.
Conversely, metakaolin had a negative impact on fluidity, with increasing metakaolin
content leading to a continuous decrease in fluidity.

(2) HPMC significantly influenced the compressive strength of the solidified soil. Both
molecular weights of HPMC maximized the compressive strength at a dosage of 0.3%.
Exceeding this dosage resulted in a decrease in strength, with a more pronounced
effect for the higher molecular weight variant. Furthermore, HPMC attenuated the
strength growth of the soil between 7 and 14 days, while having minimal impact on
strength growth from 14 to 28 days. On the other hand, metakaolin effectively boosted
the compressive strength of the soil and facilitated strength growth throughout the
entire curing period.

(3) Neither HPMC nor metakaolin had a notable effect on the phase composition of the
self-compacting solidified soil. However, the water-retaining property of HPMC
facilitated more thorough hydration of cement, leading to the observation of increased
ettringite in the microstructure. Meanwhile, metakaolin, due to its high surface energy,
reacted with calcium hydroxide on the surface of cement and clay particles, resulting
in distinct microstructural changes.
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Abstract: Ultra-High Toughness Cementitious Composite (UHTCC) represents a composite material
meticulously engineered on the foundation of micromechanical principles. The multi-crack cracking
and strain-hardening characteristics of UHTCC enable it to be applied to orthotropic steel decks to
control the crack width. Different from most studies which only focus on hybrid fiber or fatigue
characteristics, this paper studies the influence of hybrid fiber content on static mechanical properties,
flexural toughness, and flexural fatigue characteristics of UHTCC under different stress levels. The
compressive and flexural strength, bending toughness, and fatigue damage of UHTCC under different
fiber ratios were compared, and the fatigue properties of hybrid fiber UHTCC were verified. The
results reveal that hybrid fiber exerts a more pronounced effect on toughness, augmenting the
maximum folding ratio by 23.7%. Single-doped steel fiber UHTCC exhibits a characteristic strain-
softening phenomenon attributable to inadequate fiber content, whereas the bending toughness
index of hybrid fiber UHTCC surpasses that of SF1.5P0 by 18.6%. Under low-stress conditions,
UHTCC demonstrates a nearly threefold increase in bending fatigue life with a mere 1% steel fiber
content, while the influence of polyvinyl alcohol (PVA) fiber on fatigue life is more significant: with
an increase of only 1/5 volume content, the fatigue life increased by 29.8%, reaching a maximum
increase of 43.2% at 1/4 volume content. Furthermore, the fatigue damage accumulation curve of
UHTCC follows a three-stage inverted S-shaped trajectory. The inclusion of PVA fiber facilitates
early initiation of stable cracking during the fatigue failure process, thereby advancing the entire
strain stability development stage and mitigating external load forces through the proliferation of
micro-cracks. Consequently, compared to SF1P0, the ε0 of SF1P5 experiences a significant increase,
reaching 143.43%.

Keywords: Ultra-High Toughness Cementitious Composite; toughness; bending fatigue characteristics;
fatigue damage

1. Introduction

Compared with the flexible paving layer, the rigid paving layer, represented by cement-
based materials, significantly improves stress conditions within the paving layer. Conse-
quently, the adoption of rigid paving layers to address steel bridge deck paving issues
has emerged as a research focal point [1–4]. Tong [5] conducted experiments and utilized
finite element models to perform parametric analyses. Both experimental and simulated
results indicate that UHTCC layers substantially enhance the toughness and durability
of composite bridge floor structures. Wang [6] investigated various peg spacings and
longitudinal reinforcement ratios to analyze the deformation and cracking characteristics
of composite structures. It was observed that the cracking stresses σ0.05 and σ0.1 of UHTCC
steel bridge panels were 58.6% to 216.8% and 58.9% to 213.5% higher, respectively, than
those of ordinary steel concrete bridge panels.
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The road and bridge structures are subjected to various loads, and when the stress
reaches the limit, deformation occurs, leading to fatigue failure [7–10]. UHTCC exhibits
a similar fatigue failure phenomenon as ordinary concrete, albeit with differing fatigue
life and characteristics [11–14]. This disparity has spurred scholarly investigation into
the fatigue performance of UHTCC [15–17], particularly focusing on bending fatigue
characteristics, which has yielded fruitful results [18–22]. Ma [7] reinforced RC beams
with steel plates and UHTCC, finding that the bending resistance of RC beams containing
a UHTCC layer and steel plate was more than double that of the control group. After
200,000 and 2 million fatigue loads, the residual bearing capacity was 96.2% and 94.2%
of the static load test, respectively. Regarding the optimization of the composite material
itself, aside from altering the composition of the binding material [23,24], a method more
suited to the design mechanism of UHTCC involves focusing on the fiber material [25–27].
This includes mixing fibers with varying stiffness, elastic modulus, or scale to enable
different fibers to function optimally at different stress stages, thereby enhancing the
mechanical properties of the composite materials [28,29]. Yang [30] developed a multi-
scale reinforcement system using millimeter-level PE fiber, micro-scale calcium carbonate
whisker, and nano-scale carbon nanotubes as externally doped fibers. The results indicated
that calcium carbonate whisker exerted the greatest influence on compressive strength,
while polyethylene fiber had the greatest impact on bending and tensile strength. When the
contents of the three additives were 1.55%, 2.17%, and 0.154% respectively, the composite
material exhibited optimal comprehensive performance.

As mentioned above, all the studies only focus on hybrid fibers or fatigue properties,
and the exploration of hybrid fiber UHTCC is insufficient. This paper aims to improve
the static mechanical properties of UHTCC, study its bending fatigue properties, explore
the effect of hybrid fiber content on the static mechanical properties and high cycle fatigue
characteristics of UHTCC, optimize the mix ratio design of composite materials, and play a
certain guiding role for practical engineering.

2. Materials and Experiment

2.1. Experimental Materials

The materials used in this work are P·O 42.5 ordinary silicate cement (Conch, Anhui,
China), silica ash (Langtian, Sichuan, China) with an apparent density of 1290 kg/m3 and
a specific surface area of 21,500 m2/kg, standard sand (Iso, Xiamen, China), tap water,
polycarboxylate superplasticizer (Nanjing, China), and stabilizer produced by Germany
Mingling Chemical (Essen, Germany). Short straight copper-coated steel fiber and PVA fiber
(Shandong, China)were vital in this study. PVA fiber and steel fiber have large differences
in elastic modulus and physical size. The mechanical properties of the two fibers were
obtained through a drawing test and physical property test, as shown in Tables 1 and 2.

Table 1. Basic properties of steel fiber.

Length
(mm)

Equivalent
Diameter

(mm)

Density
(kg/m3)

Fusing
Point
(◦C)

Tensile
Strength

(MPa)

13.12 0.20 7800 1200 2868

Table 2. Performance parameters of polyvinyl alcohol.

Length
(mm)

Equivalent
Diameter

(um)

Density
(g/cm3)

Initial
Modulus

(MPa)

Elongation
at Break

(%)

Breaking
Strength

(MPa)

12 15 0.9 35.7 × 103 19.47 1589

156



Materials 2024, 17, 3128

2.2. Methods

The research group has already conducted relevant research [31]. In addition, some
more mature studies also provide guidance for the experimental design of this paper [32,33].
The specific mixing ratio adopted in this paper is shown in Table 3. The mass fraction of
the cementation material is 10%; the volume content of steel fiber is0%, 1.0%, and 1.5%; the
volume content of steel fiber of blended fiber UHTCC is 1.0%; and the volume content of
PVA fiber is 1/5, 1/4 and 1/3 of the former, respectively. They are named SF0P0, SF1P0,
SF1.5P0, SF1P5, SF1P4, and SF1P3.

Table 3. Benchmark mix ratio.

Cementing
Material

Water–Binder
Ratio

Sand Binder
Ratio

Water Reducer
(%)

Stabilizer
(%)

1 0.22 1.0 0.7 0.4

By referring to relevant specifications [34,35], specimens for flexural strength, com-
pressive strength, and three-point bending fatigue tests were prepared. The sample sizes
and number of each group are shown in Table 4. The specimen pouring molding is shown
in Figure 1. The mold is released after 28 days of maintenance under standard conditions.

Table 4. Specimen size.

Test Specimen Size Number of Specimens

Flexural and compressive tests 160 mm × 40 mm × 40 mm 3
Three-point bending test 380 mm × 65 mm × 50 mm 4

Bending fatigue test 380 mm × 65 mm × 50 mm 6

 
Figure 1. Specimen molding.

In this paper, the data results were processed by Origin software (9.90.225), a compres-
sive and bending strength testing machine was used for the strength test, and the static
load test data of three-point bending were obtained from the CMT4204 electronic universal
testing machine (Sansi Eternal Technology, Ningbo, China). Finally, the bending fatigue
test was carried out by a pneumatic servo universal material testing machine (Sansi Eternal
Technology, Ningbo, China), as shown in Figure 2.

In the fatigue test, the static load strength is the average value of the four test blocks in
each mixing ratio, and the parameters selected for the fatigue life are the loading frequency
of 5 Hz. Thus, the loading frequency does not affect the fatigue life measured by the fatigue
test [31]. The loading waveform is selected as a sine wave. Another parameter of the fatigue
test is the stress level, that is, the ratio of the maximum stress during the cycle to the static
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load strength, taking 0.6 and 0.7. The strain data in the fatigue test were obtained from the
DH5922 strain testing system, as shown in Figure 3. Considering the large discreteness
of the fatigue test, three parallel samples were prepared for each group of tests, and their
average values were taken as the final fatigue life results.

 

Figure 2. Pneumatic servo universal material testing machine.

 

Figure 3. DH5922 strain test system.

3. Results and Discussion

3.1. Influence of Fiber Content on Static Mechanical Properties

UHTCC strength test results are shown in Figure 4. Compared with SF0P0, the
compressive strength of SF1P0 increases by 2.2%, and it increases by only 0.5% when
steel fiber is added to 1.5% volume content. It can be observed that the enhancement of
compressive strength with single-doped steel fiber tends to saturate near 1.0% volume
content while playing a pivotal role in improving bending strength. The flexural strength
of SF1P0 and SF1.5P0 increases by 16.8% and 27.6%, respectively. The impact of steel fiber
on UHTCC compressive strength manifests primarily in two aspects. Firstly, it reinforces
the matrix and restrains the transverse deformation of UHTCC specimens. Secondly, it
bridges micro-cracks that develop continuously alongside cracks during compression
failure, effectively resisting external stresses.

Throughout this process, continuous adhesive slip occurs between the steel fiber and
the matrix, thereby enhancing the compressive strength of the specimen to a certain extent.
However, owing to the low water–binder ratio employed in this study, the compressive
strength of the specimen itself is relatively high, resulting in an insignificant increase in
compressive strength from the addition of steel fiber, especially when the distribution
of high-volume doped steel fiber is excessively concentrated (as depicted in Figure 5).
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This concentration forms a low bonding strength interface between the fiber and the ma-
trix, slowing the growth of compressive strength. Simultaneously, as the volume content
increases, the number of steel fibers per unit volume increases while the average spacing be-
tween fibers decreases. This phenomenon leads to the increase in steel fibers at cracks in the
UHTCC matrix, where they can better distribute and transfer stress, thereby delaying crack
development and improving flexural strength. Moreover, during the process of pulling
out steel fiber, overcoming the bonding force between the matrix and the fiber requires
additional work and consumes more energy. Macroscopically, it is evident that within a
certain range, a higher steel fiber content results in a more pronounced improvement in the
folding effect.

Figure 4. Effect of fiber content on mechanical properties of UHTCC.

  
(a) (b) 

Figure 5. Section of steel fiber distribution. (a) Even distribution of steel fibers. (b) Uneven distribu-
tion of steel fibers.

The enhancement of UHTCC’s mechanical properties through the incorporation of
PVA fiber is constrained. On the foundation of a 1.0% steel fiber content, the introduction
of PVA fiber leads to a maximum 6.6% increase in bending strength, a growth rate lower
than that observed with SF1.5P0. Additionally, the inclusion of PVA fiber induces a slight
reduction in compressive strength, primarily attributed to its flexible nature and low
elastic modulus. The mechanism of action involves densification of the structure through
self-filling. Excessive PVA fiber content or inadequate dispersion leads to aggregation
within the cement matrix, forming agglomerates that create weaker interfacial transition
zones, thus diminishing compressive strength. During UHTCC specimen formation, fibers
establish a stable framework within the cement matrix, effectively mitigating external loads.
Upon structural damage, such as fracture or pull-out of steel fibers, substantial energy is
dissipated, thereby suppressing crack propagation. Notably, the hydrophilic properties
of PVA fiber significantly mitigate cracks induced by water evaporation and hydration,
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thereby enhancing concrete bending strength. However, the analysis of experiment results
presented herein suggests the superior efficacy of singly doped steel fiber.

The flexographic ratio, representing the ratio of flexographic strength to compressive
strength, serves as an indicator of material toughness. Analysis of the data depicted in
Figure 4 reveals a comparable increase in the folding ratio of the two fibers within the
specimen. Relative to the undoped fiber, SF1P0 exhibits a 14.2% rise in the bending ratio.
Upon introduction of PVA fiber, the bending ratio peaks at 0.235 for SF1P4, marking a
23.7% surge, akin to the impact observed with SF1.5P0. However, given the slightly lower
quantity of PVA fiber compared to steel fiber, the hybrid fiber demonstrates enhanced
toughening properties. Compared with Huang’s research [28], the compressive strength
of the specimen prepared in this paper is insufficient, but under the condition of less fiber
content, the bending strength of the specimen is more than 40% higher than the maximum
value of 20.3 MPa of the former.

3.2. Effect of Fiber Content on Flexural Toughness

The load-deflection curves obtained from the three-point bending toughness test are
plotted in Figure 6. The bending toughness index TIF is obtained according to the area
enclosed by the curve and the X-axis to represent the bending toughness [36]. The specific
data are shown in Table 5.

Figure 6. Deflection-load curve.

Table 5. Bending toughness data of UHTCC.

Specimen Number SF0P0 SF1P0 SF1.5P0 SF1P5 SF1P4 SF1P3

Cracking
Deflection (mm) 0.42 0.53 1.74 1.20 1.21 1.26

Flexural toughness
index (J) 0.98 20.68 28.45 30.37 33.74 22.74

As depicted in Figure 6, the loading process of specimens reveals distinctive devel-
opment trajectories in various UHTCCs. Notably, the curve representing SF0P0 exhibits a
singular upward trend, indicative of brittle fracture. Conversely, the inclusion of steel fiber
alters the behavior, as observed in the SF1P0 curve, which manifests three distinct stages.
In the initial ascent, the specimen undergoes early loading, wherein the load sustained by
the specimen escalates alongside deflection. Upon reaching a critical deflection threshold,
the specimen experiences cracking. Transitioning into the yield phase, the presence of
steel fiber mitigates rapid fracture, prolonging the specimen’s structural integrity. Cracks
induced during this phase influence deflection, leading to fluctuations in load. In the
subsequent descent phase, the deflection-induced separation between steel fibers and the
matrix, coupled with crack propagation, contributes to load diminishment. Additionally,
the analysis of the figure reveals that the maximum load in the rising section surpasses
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that in the yielding section. This discrepancy is attributed to inadequate steel fiber content,
leading to a rapid decline in load between the rising and yielding sections. This decline
aligns with the typical curve characteristics observed in strain softening of conventional
steel fiber concrete [37]. The curve trajectories of SF1.5P0 and SF1P0 exhibit similar patterns,
albeit with a more moderate decline observed between the rising and yield sections in the
latter. The cracking deflection of the specimen experiences a significant surge from 0.53 mm
to 1.74 mm, marking a 228% increase. Additionally, the bending toughness index escalates
from 20.68 J to 28.45 J, denoting a 37.6% increment. These findings underscore that, despite
the strain softening phenomenon, when compared to the SF0P0 specimen, the cracking
deflection escalates by 314%, and the bending toughness index increases by more than
28-fold.

There is no abrupt transition between the ascending and yielding segments of the
blended fiber curve, showcasing the characteristic strain-hardening properties of UHTCC.
This observation, when coupled with the data in Table 5, reveals that the maximum cracking
deflection of the mixed fiber specimen falls short compared to that of the singly doped
steel fiber specimen, registering a decrease of 27.6% compared to SF1.5P0. This discrepancy
primarily arises from the larger size and higher elastic modulus of steel fibers, which exert
a more pronounced influence on macro-level crack suppression. Consequently, within
a defined range, higher steel fiber content correlates with increased cracking deflection.
Conversely, when a specific volume of PVA fiber is introduced, the bending toughness
index of SF1P4 surpasses that of SF1.5P0 by 18.6%. This enhancement stems from the bridge
and crack resistance properties inherent in PVA fibers, which impede the propagation of
fine cracks surrounding the initial crack and restrict crack width expansion within a limited
scope. Consequently, achieving failure through bending in the specimen necessitates
greater force and entails increased energy consumption during the load failure process, thus
resulting in a numerically higher bending toughness index for the hybrid fiber specimen.

Additionally, as the relative volume content of PVA fiber increases from 1/5 to 1/3,
there is a mere 5% rise in the cracking deflection of the specimen, juxtaposed with a notable
25.1% decline in the bending toughness index. Furthermore, in the case of SF1P0, the
augmentation of PVA fiber initially escalated the toughening effect before undergoing a
subsequent decline, attributed to the poor dispersion of PVA fiber. Upon excessive addition
of PVA fiber to the composite material, a mere 5% increase in the cracking deflection of
the specimen is observed alongside a significant 25.1% decrease in the bending toughness
index. This phenomenon is exacerbated by severe fiber clumping, posing challenges
not only in micro-crack suppression post specimen formation but also in deteriorating
the operational efficacy of the composite material. Such clumping also accounts for the
diminished flowability of the specimen during the pouring process, further underscoring
the adverse effects of excessive PVA fiber content.

3.3. Effect of Fiber Content on Bending Fatigue Properties

Factors such as the non-uniformity of concrete materials and the randomness of the
fatigue process result in large discreteness of the measured data in the fatigue test. In order
to obtain results that are not too conservative and more consistent with the actual project,
this paper selects the density function of Weibull distribution to represent the distribution
law of fatigue life N of UHTCC from the perspective of probability [38], and Weibull
variable is represented by Nξ. Fatigue life N under the condition of a given survival rate P
is calculated, as shown in Equation (1) [38].

P
(

Nξ > N
)
=
∫ ∞

N
f (N)dN = exp

[
−
(

N − N0

Na − N0

)b
]

(1)

In the equation, N0 is the minimum fatigue life, Na is the characteristic fatigue life,
and b is the Weibull shape parameter. For a simple operation, N0 = 0 is usually assumed to
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obtain the Weibull distribution of two parameters, and the natural logarithm is applied to
both sides of the equation to obtain Equation (2) [38].

ln
[

ln
(

1
P

)]
= bln N − bln Na (2)

The above two formulas are theoretical equations for the study of concrete fatigue.
Traffic requires high cycle fatigue of pavement materials, so this paper uses a 0.6 stress
level to study the high cycle fatigue characteristics of UHTCC at low-stress levels, and the
average bending fatigue life of each group is shown in Table 6.

Table 6. Bending fatigue life of UHTCC.

Specimen Number SF0P0 SF1P0 SF1.5P0 SF1P5 SF1P4 SF1P3

Mean fatigue life (times) 264,132 1,037,359 1,248,526 1,346,539 1,485,994 1,391,845

In this paper, there are three groups of UHTCC fatigue life tests for each ratio, and
the assigned probability P according to the Weibull distribution is 0.75, 0.50, and 0.25.
The linear fitting analysis of UHTCC fatigue life data is shown in Figure 7. The relevant
parameters of the linear regression equation obtained by fitting are shown in Table 7.

Figure 7. Weibull distribution test of fatigue life.

Table 7. Linear regression equation-related parameters.

Specimen Number SF0P0 SF1P0 SF1.5P0 SF1P5 SF1P4 SF1P3

Regression coefficient â −20.7894 −26.3432 −24.5201 −31.0026 −31.0606 −28.2101
Regression coefficient b̂ 1.6400 1.8785 1.7244 2.1724 2.1615 1.9712

R2 0.9450 0.9041 0.8625 0.9164 0.9139 0.9739

As shown in Table 6, SF0P0 specimens experience a sudden brittle fracture, attributed
to the short fatigue life of undoped steel fibers. Introducing 1% steel fibers extends fatigue
life by nearly threefold, while for SF1.5P0, the increase is still notable at 20.4%. Notably,
the addition of PVA fibers enhances fatigue life significantly, with a 29.8% increase at
1/5 volume addition, peaking at a 43.2% increase at 1/4 volume addition. Furthermore, as
indicated in Table 7, the correlation coefficient R2 consistently hovers around 0.9, indicating
a high degree of linear regression fit. The bending fatigue life of the composite material
predominantly conforms to the Weibull distribution, as supported by the analysis of
these parameters.

In the bending fatigue test, the maximum stress manifests within the mid-span of the
specimen, where the initial crack propagates along the surface, culminating in fracture
failure. This paper focuses on documenting the initiation time of cracks to assess the
behavior of band cracks during composite fatigue failure. Given the minute nature of
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the initial cracks, both sides of the span are moistened with a wet cloth, and recording
commences upon the detection of micro-cracks absorbing water. At stress levels of 0.6 and
0.7, recordings are taken, respectively, every 1 h and 0.5 h following the test initiation, and
the fatigue life corresponding to crack formation time is computed. Additionally, this paper
introduces the split working time ratio, as defined by Equation (3).

R =
N − T

N
× 100% (3)

In the equation, R is the proportion of working time with cracking, N is the fatigue life
of the specimen, and T is the initial cracking time. According to the formula, the working
time ratio of each group of specimens with band cracks was calculated as shown in Figure 8.

Figure 8. Proportion of UHTCC cracking working time under different stress levels.

Based on the analysis depicted in Figure 8, under different stress levels, the time for
the initial crack to appear decreases, and R also increases with the increase in stress level.
This phenomenon arises due to the escalation of the maximum load across the span with
increasing stress levels, resulting in earlier cracking of the specimen and bearing of greater
stress through the formation of fine cracks. Moreover, the augmentation of stress level leads
to varying increments in the R value across different specimens. Particularly noteworthy
is the most pronounced average increase observed in SF1.5P0 at 16.63%, followed closely
by SF1P3 at 15.5%. This trend can be attributed to the inclusion of fibers, notably PVA
fibers, which not only bolstered toughness but also fortified the capacity to restrict micro-
crack expansion, consequently expanding the crack space within composite materials.
This augmentation facilitates earlier cracking of the material to withstand higher loads.
Throughout testing, it can be observed that the cracking of UHTCC with single-doped
steel fiber under load was distinctly visible, as illustrated in Figure 9, whereas the cracking
observed in hybrid fiber configurations appeared more subtle, as depicted in Figure 10.
This phenomenon has also occurred in other studies [39].

 

Figure 9. Cracks in single-doped steel fiber UHTCC under load.
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Figure 10. Cracks in mixed fiber UHTCC under load.

3.4. Bending Fatigue Damage Analysis

When subjected to bending fatigue loads, internal defects within concrete gradually
propagate, accumulating damage until eventual failure. The progression of concrete fatigue
damage unfolds in two discernible stages, contingent upon the emergence of macroscopic
cracks. Initially, in the absence of macroscopic cracks, damage accrues through the ex-
pansion of micro-cracks within the cement matrix, as well as through fiber tension and
frictional interactions with the matrix. Upon reaching a critical threshold, macroscopic
damage manifests in concrete, resulting in the appearance of macroscopic cracks. Subse-
quently, in the second stage, post macro-crack formation, the damage primarily ensues
from the extension and enlargement of the micro-crack zone within the concrete, alongside
the progression of macroscopic cracks.

Given the remarkable attributes of UHTCC and their extensive fatigue testing period,
this paper delves into the accumulation process of fatigue damage during the initial stage
when the stress level is 0.7. Commencing from the onset of loading until the emergence
of macroscopic cracks, the strain gauge positioned on the underside of the specimen
fractures. This observation extends and elaborates upon the previously recorded time for
the inception of micro-cracks, facilitating an evaluation of the material’s operational efficacy
concerning crack development. Employing the symbol ‘D’ to signify the extent of damage
and structural degradation, a defined range [0, 1] characterizes its magnitude. A value of
0 indicates the absence of fatigue-induced damage, while 1 denotes its presence. Leveraging
the data acquired on the bottom strain of the specimen throughout the experimentation, a D-
ε curve is constructed to scrutinize the correlation between UHTCC damage accumulation
and strain, drawing on the Miner linear cumulative damage theory [40], as depicted in
Figure 11. The maximum strain values portrayed in the figure represent the peak strains
recorded at the specimen’s bottom during each cycle, as measured by the strain gauge.

The D-ε curve is nonlinearly fitted by a cubic polynomial to describe the damage
and strain relationship of the whole fatigue process of UHTCC. When D = 0, there is no
damage to the concrete, and the initial strain ε0 exists. Failure occurs when D = 1, and
the ultimate strain εf exists. Table 8 below shows the fatigue damage fitting equation and
related parameters.

As can be seen from Table 8, R2 represents the correlation coefficient of the fitted curve.
The correlation of the fitted equations in the table is all greater than 0.9, indicating that
the curve-fitting effect is relatively good. As depicted in Figure 11, the overall trajectory
of the curve exhibits an inverted S-shaped developmental pattern, delineated into three
discernible stages. The initial phase represents a period of rapid development wherein
cyclic loading initiates, prompting the emergence of initial defects within the concrete
and subsequent rapid strain accumulation. Following this, the progression enters a phase
characterized by stable development, wherein the damage increment sustains steady
growth at a relatively constant rate. Subsequently, the trajectory transitions into an intense
development stage, marked by a sharp escalation in fatigue strain concurrent with the
evolution of damage until internal damage accumulation reaches its critical threshold,
thereby placing the concrete in an unstable condition, culminating in failure. In comparison
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with SF0P0, the incorporation of fiber into UHTCC induces notable alterations. Firstly,
during the initial stage, the ε0 value exhibits a diminutive magnitude but experiences
accelerated development. This phenomenon stems from the fact that damage accumulation
during this phase primarily arises from the expansion of initial defects within the concrete,
a process effectively mitigated by the presence of fibers. Secondly, the introduction of fibers
imparts a measure of toughness to UHTCC, thereby fostering a sustained upward trend
in strain during the subsequent stage. Additionally, owing to the toughening influence
of fibers, the εf value of UHTCC experiences a significant augmentation, registering an
increase of up to 188.4%.
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Figure 11. D-ε curve of UHTCC.

Table 8. D-ε fatigue damage equation.

Specimen Number Fatigue Damage Equation R2 ε0 (με) εf (με)

SF0P0-0.7 ε = 262.28D3 − 379.32D2 + 178.99D + 99.52 0.9869 99.52 161.47
SF1P0-0.7 ε = 1430.70D3 − 2853.68D2 + 1781.96D + 39.35 0.9059 39.35 398.33

SF1.5P0-0.7 ε = 1618.98D3 − 2956.68D2 + 1726.26D + 32.02 0.9054 32.02 420.58
SF1P5-0.7 ε = 1038.12D3 − 2265.67D2 + 1597.43D + 95.79 0.9616 95.79 465.67
SF1P4-0.7 ε = 996.28D3 − 2296.80D2 + 1646.49D + 114.86 0.9505 114.86 460.83
SF1P3-0.7 ε = 1620.52D3 − 3262.98D2 + 2067.65D + 22.25 0.9713 22.25 447.44

Quantitatively, the ratio of cycles corresponding to the conclusion of the first stage
and the completion of the second stage to the total number of cycles was designated as
k1 and k2, respectively. The comparative analysis reveals that the hybrid fiber UHTCC
exhibits a relatively large k value, indicating a balanced progression across various UHTCC
strain stability development stages. However, the inclusion of PVA fiber enables earlier
engagement in structural reinforcement during the fatigue failure process of specimens,
advancing the overall strain stability development phase. Compared with the data in the
table, it is found that the initial strain increases significantly after adding PVA fiber. The
inherent characteristics of PVA fiber dictate an earlier transition of specimens into the multi-
crack failure mode to counteract external loading [18,20]. Consequently, the ε0 of SF1P0
and SF1P5 experiences a significant increase of 143.43%, while SF1P4 records an increase
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of 191.89%, albeit at a decelerated pace. Conversely, the ε0 of SF1P3 registers a notable
decline, dropping even lower than SF1P0. This phenomenon arises from the incorporation
of excessive PVA fiber, leading to a proliferation of initial defects. Although this results
in greater inhibition of micro-crack expansion during the initial stage, it concurrently
compromises various material properties, culminating in the emergence of dense cracks at
lower strains. Nevertheless, the inclusion of PVA fiber significantly elevates the εf of the
specimens, with SF1P5 showing a 16.9% increase compared to SF1P0.

4. Conclusions

In this paper, flexural and compressive strength tests, three-point bending static tests,
and fatigue tests are carried out on fiber UHTCC with different contents to explore the
influence of hybrid fiber content on the static mechanical properties and high-cycle fatigue
characteristics of UHTCC, and the following conclusions are reached.

1. The hybrid fiber specimens obtained the same toughness as the single-doped steel
fiber specimens with less fiber content. PVA fiber exerts a profound influence on
both enhancing toughness and augmenting crack deflection in composite materials.
The flexural toughness index of hybrid fiber UHTCC surpasses that of SF1.5P0 by up
to 18.6%.

2. At a low-stress level, the fatigue life of PVA fiber increases more significantly, which
reaches the highest increase of 43.2% at SF1P4. The working time ratio of UHTCC
band cracks increases with the increase in stress level. The effect of hybrid fibers can
be attributed to the suppression of various cracks in the matrix at various stages and
the enhancement of the cracking space of the composite materials.

3. Incorporating mixed PVA fiber triggers early activation, facilitating stable cracking
during the fatigue failure progression of specimens. This early activation advances the
strain stability development phase and mitigates external load through the formation
of additional micro-cracks. Consequently, the initial strain ε0 of SF1P5 is 143.43%
higher than that of SF1P0. Compared with single-doped steel fiber, the ultimate strain
of hybrid fiber specimen increases by 16.9%.

Author Contributions: Conceptualization, K.H.; Methodology, K.H. and J.W.; Formal analysis, P.W.
and G.S.; Resources, Y.M.; Data curation, G.S., Y.M. and J.W.; Writing—original draft, P.W.; Writing—
review & editing, P.W. and K.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: Authors Gong Shen and Yixin Miao were employed by the company Wuxi
Communications Construction Engineering Group Co., Ltd. Author Jiansheng Wu was employed by
the company Nanjing Kegong Coal Science and Technology Research Co., Ltd. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

References

1. Fan, J.; Gou, S.; Ding, R.; Zhang, J.; Shi, Z. Experimental and analytical research on the flexural behaviour of steel–ECC composite
beams under negative bending moments. Eng. Struct. 2020, 210, 110309. [CrossRef]

2. Li, Q.; Wang, G.; Tong, J.; Xu, S. Flexural capacity of steel-UHTCC (ultra-high toughness cementitious composite) bridge deck
considering different shear connection degrees. Adv. Struct. Eng. 2022, 25, 1907–1922. [CrossRef]

3. Zhang, C.; Guan, X.; Tian, J.; Li, Y.; Lyu, J. Corrosion resistance of RC/UHTCC beams with various healing promoters in marine
environment. Cem. Concr. Compos. 2022, 131, 104604. [CrossRef]

166



Materials 2024, 17, 3128

4. Xu, S.; Xie, H.; Li, Q.; Hong, C.; Liu, J.; Wang, Q. Bending performance of RC slabs strengthened by CFRP sheets using sprayed
UHTCC as bonding layer: Experimental study and theoretical analysis. Eng. Struct. 2023, 292, 116575. [CrossRef]

5. Tong, J.; Chen, Y.; Li, Q.; Xu, S.; Chen, T.; Gao, W. Experimental and Numerical Study of Transversal Flexural Behavior on Steel
Ultrahigh-Toughness Cementitious Composite Bridge Decks. J. Bridge Eng. 2023, 28, 04023044. [CrossRef]

6. Wang, G.; Tong, J.; Li, Q.; Xu, S.; Dai, J. Flexural Performance and Design of Steel-UHTCC Composite Bridge Decks with Different
Composite Degrees under Hogging Moments. J. Struct. Eng. 2023, 149, 04023023. [CrossRef]

7. Ma, X.; Liu, L. Fatigue properties of RC beams reinforced with ECC layer and steel plate. Constr. Build. Mater. 2023, 372, 130799.
[CrossRef]

8. Riyar, R.L.; Bhowmik, S. Fatigue behaviour of plain and reinforced concrete: A systematic review. Theor. Appl. Fract. Mech. 2023,
125, 103867. [CrossRef]

9. He, H.; Liang, X.; Shang, J.; Long, Y. Experimental study on residual mechanical properties after cyclic loading of steel-concrete
composite-laminated beams. Case Stud. Constr. Mater. 2023, 19, e02257. [CrossRef]

10. Liang, L.; Liu, C.; Cui, Y.; Li, Y.; Chen, Z.; Wang, Z.; Yao, Z. Characterizing fatigue damage behaviors of concrete beam specimens
in varying amplitude load. Case Stud. Constr. Mater. 2023, 19, e02305. [CrossRef]

11. Cui, T.; Ning, B.; Shi, X.; Li, J. Flexural fatigue behavior of hybrid steel-polypropylene fiber reinforced high-strength lightweight
aggregate concrete. Constr. Build. Mater. 2023, 377, 131079. [CrossRef]

12. Ferreira, E.; Sotoudeh, P.; Svecova, D. Fatigue life of plain concrete subjected to low frequency uniaxial stress reversal loading.
Constr. Build. Mater. 2024, 411, 134247. [CrossRef]

13. Guo, C.; Li, J. A fast fatigue life estimation method for concrete based on the energy dissipation approach. Int. J. Fatigue 2023,
177, 107948. [CrossRef]

14. Kumar, B.; Sharma, A.; Ray, S. Characterization of crack-bridging and size effect on ultra-high performance fibre reinforced
concrete under fatigue loading. Int. J. Fatigue 2024, 182, 108158. [CrossRef]

15. Huang, B.; Li, Q.; Xu, S.; Zhou, B. Tensile fatigue behavior of fiber-reinforced cementitious material with high ductility:
Experimental study and novel PSN model. Constr. Build. Mater. 2018, 178, 349–359. [CrossRef]

16. Li, H.; Xu, S. Rate dependence of ultra high toughness cementitious composite under direct tension. J. Zhejiang Univ.-Sci. A 2016,
17, 417–426. [CrossRef]

17. Zhao, X.; Yu, X.; Cai, L.; Peng, Q.; Wu, H.; Zhou, F. The effects of tensile strain rate on the dynamic tensile behavior of ultra high
toughness cementitious composite. J. Build. Eng. 2023, 68, 106199. [CrossRef]

18. Huang, B.; Li, Q.; Xu, S.; Zhang, L. Static and fatigue performance of reinforced concrete beam strengthened with strain-hardening
fiber-reinforced cementitious composite. Eng. Struct. 2019, 199, 109576. [CrossRef]

19. Huang, B.; Dai, J.; Weng, K.; Zhu, J.; Shah, S.P. Flexural performance of UHPC–concrete–ECC composite member reinforced with
perforated steel plates. J. Struct. Eng. 2021, 147, 04021065. [CrossRef]

20. Li, Q.; Luo, A.; Hong, C.; Wang, G.; Yin, X.; Xu, S. Fatigue behavior of short-headed studs embedded in Ultra-high Toughness
Cementitious Composites (UHTCC). Eng. Struct. 2024, 300, 117194. [CrossRef]

21. Xu, S.; Lyu, Y.; Xu, S.; Li, Q. Enhancing the initial cracking fracture toughness of steel-polyvinyl alcohol hybrid fibers ultra high
toughness cementitious composites by incorporating multi-walled carbon nanotubes. Constr. Build. Mater. 2019, 195, 269–282.
[CrossRef]

22. Zhang, X.; Liu, G.; Shen, Z.; Gao, Y.; Zhou, H.; Wang, Z. A comprehensive study on the effect of reinforcing methods on the
flexural behaviour of Concrete-RUHTCC composite beams. Eng. Struct. 2023, 292, 116524. [CrossRef]

23. Zhang, Z.; Liu, S.; Yang, F.; Weng, Y.; Qian, S. Sustainable high strength, high ductility engineered cementitious composites (ECC)
with substitution of cement by rice husk ash. J. Clean. Prod. 2021, 317, 128379. [CrossRef]

24. Kim, M.; Oh, T.; Yoo, D. Mechanical performance of ultra-high-performance strain-hardening cementitious composites according
to binder composition and curing conditions. Arch. Civ. Mech. Eng. 2022, 22, 63. [CrossRef]

25. Liu, T.; Bai, R.; Chen, Z.; Li, Y.; Yang, Y. Tailoring of polyethylene fiber surface by coating silane coupling agent for strain
hardening cementitious composite. Constr. Build. Mater. 2021, 278, 122263. [CrossRef]

26. Lao, J.; Xu, L.; Huang, B.; Dai, J.; Shah, S.P. Strain-hardening Ultra-High-Performance Geopolymer Concrete (UHPGC): Matrix
design and effect of steel fibers. Compos. Commun. 2022, 30, 101081. [CrossRef]

27. Ma, K.; Deng, H.; Guo, X.; Yin, J.; Zhao, Y. The investigating on mechanical properties of engineered cementitious composites
with high ductility and low cost. J. Build. Eng. 2022, 57, 104873. [CrossRef]

28. Huang, B.; Zhu, J.; Weng, K.; Li, V.C.; Dai, J. Ultra-high-strength engineered/strain-hardening cementitious composites
(ECC/SHCC): Material design and effect of fiber hybridization. Cem. Concr. Compos. 2022, 129, 104464. [CrossRef]

29. Tinoco, M.P.; de Andrade Silva, F. Repair of pre-damaged RC beams using hybrid fiber reinforced strain hardening cementitious
composites. Eng. Struct. 2021, 235, 112081. [CrossRef]

30. Yang, B.; Wang, C.; Chen, S.; Qiu, K.; Jiang, J. Optimisation of the Mechanical Properties and Mix Proportion of Multiscale-Fibre-
Reinforced Engineered Cementitious Composites. Polymers 2023, 15, 3531. [CrossRef]

31. Qin, Y.; Huang, K.; Wang, Y.; Wang, A.; Wu, J. Study on mechanical and shrinkage properties of ultra-high strength cement-based
composites. Concr. Cem. Prod. 2020, 3, 1–5. [CrossRef]

167



Materials 2024, 17, 3128

32. Chu, H.; Wang, Q.; Zhang, W. Optimizing ecological ultra-high performance concrete prepared with incineration bottom ash:
Utilization of Al2O3 micro powder for improved mechanical properties and durability. Constr. Build. Mater. 2024, 426, 136152.
[CrossRef]

33. Chu, H.; Wang, Q.; Gao, L.; Jiang, J.; Wang, F. An approach of producing Ultra-High-Performance concrete with high elastic
modulus by Nano-Al2O3: A preliminary study. Materials 2022, 15, 8118. [CrossRef]

34. GB/T 17671-2021; Test Method of Cement Mortar Strength (ISO Method). Standardization Administration: Beijing, China, 2021.
35. ASTMC1609/C1609M-2005; Standard Test Method for Flexural Performance of Fiber-Reinforced Concrete (Using Beam With

Third-Point Loading). American Society for Testing and Materials: West Conshohocken, PA, USA, 2005.
36. Shui, F.; Su, J.; Huang, J.; Li, Y.; Qian, W. Research on Flexural Properties and Flexural Toughness Evaluation Method of Steel

Fiber Reinforced Cementitious Composites under Polar Low Temperatures. Adv. Civ. Eng. 2024, 2024, 1137438. [CrossRef]
37. Park, S.H.; Kim, D.J.; Ryu, G.S.; Koh, K.T. Tensile behavior of ultra high performance hybrid fiber reinforced concrete. Cem. Concr.

Compos. 2012, 34, 172–184. [CrossRef]
38. Zhao, D.; Kong, W.; Song, X. Statistical Analysis for Fatigue Life of Concrete. Key Eng. Mater. 2008, 385, 285–288. [CrossRef]
39. Xu, L.; Huang, B.; Li, V.C.; Dai, J. High-strength high-ductility Engineered/Strain-Hardening Cementitious Composites

(ECC/SHCC) incorporating geopolymer fine aggregates. Cem. Concr. Compos. 2022, 125, 104296. [CrossRef]
40. Christensen, R.M. An evaluation of linear cumulative damage (Miner’s Law) using kinetic crack growth theory. Mech. Time-

Depend. Mater. 2002, 6, 363–377. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

168



Citation: Xue, Y.; Ge, D.; Lv, S.; Wei,

H.; Lu, W.; Peng, L. The Research

Effects of Variable Temperature and

Early Strength Agent on the

Mechanical Properties of

Cement-Stabilized Macadam.

Materials 2024, 17, 3720. https://

doi.org/10.3390/ma17153720

Academic Editor: Francisco Agrela

Received: 11 June 2024

Revised: 5 July 2024

Accepted: 24 July 2024

Published: 27 July 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

The Research Effects of Variable Temperature and Early
Strength Agent on the Mechanical Properties of
Cement-Stabilized Macadam

Yanhua Xue 1,2, Dongdong Ge 1,2,*, Songtao Lv 1,2, Hui Wei 1,2, Weiwei Lu 1,2 and Liangchen Peng 1,2

1 National Key Laboratory of Green and Long-Life Road Engineering in Extreme Environment (Changsha),
Changsha 410114, China; xueyanhua_2022@stu.csust.edu.cn (Y.X.); lst@csust.edu.cn (S.L.);
wh@csust.edu.cn (H.W.); lww_cs@csust.edu.cn (W.L.); plc@stu.csust.edu.cn (L.P.)

2 Xiangjiang Laboratory, Changsha 410114, China
* Correspondence: dge1@csust.edu.cn

Abstract: In cold regions with high daily temperature gradients (>20 ◦C), the durability of cement-
stabilized macadam (CSM) base materials is poor and prone to cracking. To effectively reduce the
cracking of semi-rigid base layers in cold regions with high daily temperature gradients and extend
fatigue life, this study focused on cracking and fatigue characteristics of CSM with a 10% commercial
early strength agent (ESA) added by the external mixing method under different curing conditions.
The ESA was manufactured by Jiangsu Subote New Materials Co., Ltd. (Nanjing, China). The curing
conditions were divided into variable temperature (0–20 ◦C) and standard temperature (20 ◦C). CSM
curing was carried out through a programmable curing box. The research results indicated that
the variable temperature curing conditions reduced the strength and fatigue resistance of CSM and
accelerated the modulus attenuation rate of CSM. At the same time, the drying shrinkage of CSM
was greater. The temperature shrinkage coefficient and strain of CSM under variable temperature
conditions were smaller than those under standard temperature conditions. The effect of variable
temperature conditions on the cracking and durability of CSM could not be ignored in cold regions.
Compared to standard temperature curing conditions, the indirect tensile strength of CSM reduced by
31.04% under variable temperature conditions, the coefficient of variation increased by 2.97 times, and
the discrete type significantly increased. Compared with CSM without ESA, the dry and temperature
shrinkage strains of CSM with 10% ESA were reduced by 24.65% and 26.10%, respectively. At a
stress level of 0.6, compared to standard temperature curing conditions, the fatigue life of CSM
decreased by 97.19% under variable temperature conditions. Under variable temperature conditions,
the fatigue life of CSM with 10% ESA increased by 196 times compared to 0% ESA. Adding ESA
enhanced the anti-shrinkage cracking, strength, and durability of CSM under variable temperatures.
ESA incorporation effectively compensated for the weakened characteristics of CSM under variable
temperature conditions. The study proposed a practical approach for boosting the durability of CSM
in cold environments.

Keywords: cement-stabilized macadam; variable temperature curing condition; early strength agent;
shrinkage characteristics; fatigue damage characteristics

1. Introduction

Cement-stabilized macadam (CSM) has the benefits of high strength, excellent integrity,
good water stability, and frost resistance [1–4]. As a base material, CSM can decrease the
tensile stress at the bottom of the asphalt surface layer. It can also ensure the stability
of the roadbed [5]. CSM is a mixture of cement and water added to macadam with a
gradation. The rate of cement hydration directly affects the strength of CSM. In low-
temperature environments (<20 ◦C), the hydration reaction rate of cement is slow, which is
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not conducive to the formation of strength [6,7]. Therefore, the formation of CSM strength
is highly susceptible to the influence of environmental temperature [8,9].

Tian et al. [9] observed that when the curing temperature of CSM increased from 5 ◦C
to 10 ◦C, the 7-day flexural strength increased by 214.3%. When the temperature increased
from 10 ◦C to 20 ◦C, the 7-day bending tensile strength increased by 157.1%. Soriano et al.
and Ryou et al. [10–12] pointed out that under low-temperature conditions, an ice interlayer
would be generated in the concrete, leading to the fracture of the hydration product gel.
At the same time, the freezing of water molecules will generate expansion stress, causing
deterioration of the internal interface transition zone of the concrete and loosening of
the cement structure, reducing the macroscopic mechanical characteristics of concrete.
Ma et al. [13–15] observed the effects of different curing temperatures on the mechanical
characteristics of CSM, covering unconfined compressive strength, flexural strength, and
compressive rebound modulus. This study found that under normal low-temperature
conditions, the cement hydration reaction rate of CSM was slow or even stopped, and the
durability was poor.

For areas with year-round low temperatures, large temperature differences between
day and night, and high water evaporation in cold regions, CSM base materials were
more prone to damage [13,16]. During construction in cold regions of China with high
daily temperature gradients (>20 ◦C) in summer, CSM had a fast and large evaporation
rate of water, which could lead to drying shrinkage and cracking [17]. The temperature
gradient during the curing process could cause temperature stress to exceed the strength
formed during its curing period, making it prone to temperature shrinkage and cracking.
He et al. [18] conducted a core sample investigation on the road surface of the existing
roads in Qinghai Tibet and found that most of the core samples were loose and even showed
a high number of non-load-type cracks. Therefore, improving the durability of CSM in cold
regions with high daily temperature gradients was of great significance.

Current researchers and scholars have paid much attention to the influence of constant-
temperature curing on the characteristics of CSM materials in cold regions with high
daily temperature gradients, with the temperature mainly concentrated in the range of
−5–20 ◦C [19]. However, the average temperature in July and August was only 6 ◦C for
the cold regions with high daily temperature gradients, and negative temperatures often
occur at night [16]. When the region was in the best construction season, the temperature
difference between day and night remained relatively large. Therefore, variable tempera-
ture curing of CSM according to the temperature variation in the cold regions with high
daily temperature gradients could explore the performance evolution of CSM in harsh
environments more realistically [20].

Meanwhile, reducing the cracking of semi-rigid base layers in the cold regions with high
daily temperature gradients was crucial for extending the durability of pavements [21–24].
The study showed that incorporating an early strength agent (ESA) into CSM accelerated
the hydration reaction rate of cement, effectively boosted the strength of CSM, and en-
abled CSM to meet the specification strength requirements at low-temperature conditions.
Hang et al. [25–27] investigated composite low-temperature ESA’s influence on concrete
strength under a 5 ◦C low-temperature environment. The study found that composite
low-temperature ESA significantly raised the early strength of concrete in low-temperature
conditions, and the later strength would not decrease. Wang et al. [28] studied the shrinkage
characteristics of CSM using ESA. The study found that at the 8% ESA (mixture of single
early strength agents Z1, Z2, and Z3 and expansion agent P) dosage, the dry shrinkage
coefficient of CSM decreased by 11.2% compared to CSM without adding early strength
materials. Tian et al. [29] studied the mechanical, fatigue, and shrinkage characteristics of
CSM using ESA. The results shown that ESA significantly boosted the strength, fatigue
resistance, and cracking resistance of CSM. Xiong and Lin et al. [30–33] used different types
of ESA to investigate the characteristics enhancement of CSM. Sheng et al. [19] studied the
shrinkage characteristics of CSM by combining ESA and brucite fiber.
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The incorporation of ESA remarkably boosted the strength, frost resistance, shrinkage
cracking, and fatigue characteristics of CSM. However, the existing study focused on the
laboratory constant curing temperature, and the effect of ESA on the cracking resistance
and fatigue characteristics of CSM under the variable temperature environment in the cold
regions with high daily temperature gradients was unclear. Therefore, this study adopted
an ESA, based on a variable temperature curing environment, to study the effects of curing
conditions on the dry shrinkage, temperature shrinkage, indirect tensile strength, and
indirect tensile fatigue behavior of CSM with ESA. The modulus decay equation of CSM
was established to study the fatigue damage law of CSM.

2. Materials and Methods

2.1. Raw Materials

According to the basis of previous research [20], this study used PC42.5 cement, and
the main technical specifications are illustrated in Table 1. The aggregate type is limestone,
and the characteristics indicators are illustrated in Table 2. The ESA is manufactured by
Jiangsu Subote New Materials Co., Ltd. (Nanjing, China), and the key technical indexes are
illustrated in Table 3. The gradation of CSM used in this study is illustrated in Figure 1.

Table 1. Technical indexes of cement.

Property Results Requirement Standard Deviation

Setting time Initial setting time/min 270 ≥180 9.3
Final setting time/min 395 ≥360, ≤180 12.1

3D compressive strength/MPa 23.8 ≥3.5 3.69
3D flexural strength/MPa 4.9 ≥17 1.45

Table 2. Limestone characteristics indicators results.

Property Requirement

Coarse Aggregate Test Results
Standard
Deviation

Test Method19~
31.5 mm

9.5~
19.5 mm

4.75~
9.5 mm

0~
4.75 mm

Crushing value/% ≤26% 21.3 18.9 - - 3.61 T 0316-2005 [34]

Gross volume relative
density/(g/cm3)

Actual measurement
records 2.230 2.730 2.607 2.589 0.59 T 0316-2005 [34]

Apparent
density/(g/cm3)

Actual measurement
records 2.821 2.763 2.731 2.692 0.93 T 0312-2005 [34]

Water absorption
rate/%

Actual measurement
records 0.4 0.6 1.3 - 0.69 T 0312-2005 [34]

Liquid limit/plasticity
index of particles less

than 0.6 mm

Liquid limit ≤ 28% 23% 2.46 T 0118-2005 [34]

Plasticity index ≤ 9 3.2 1.03 T 0118-2005 [34]

Table 3. Characteristics indexes of ESA.

Property Test Results Standard Deviation

Appearance status Powder -
1.18 mm sieve residue (%) ≤0.05 0.014

Setting time difference (min) ≤30 2.45
24 h cement paste strength ratio (%) ≥125 16.16
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Figure 1. Gradation design of CSM.

2.2. Preparation of Sample

The specimens were prepared with a cement content of 4.5% [20,35]. The optimal
moisture content of CSM obtained through the compaction test was 5.5%, and the maximum
dry density was 2.405 g/cm3. The dosage of ESA was 10% of the cement dosage [20].

This study used vibration mixing to prepare CSM. The preparation process was as
follows: First, the weighed aggregate was added into the mixing pot. Then, it was mixed
with water for 90 s in advance, and then cement was incorporated and stirred for 90 s to
ensure uniform distribution [20]. Finally, Φ150 mm × 150 mm cylindrical specimens and
400 mm × 100 mm × 100 mm beam specimens were compacted by the vibratory compactor.
The specimens were demolded after 12 h to obtain the CSM specimens.

2.3. Curing Condition

According to previous research, a programmable curing box was used for variable
temperature curing, and the parameters of variable temperature curing are illustrated in
Table 4 [20].

Table 4. Variable temperature curing parameters.

Indicator Ranges

Temperature 15~20 ◦C 20~15 ◦C 15~5 ◦C 5~0 ◦C 0~5 ◦C 5~15 ◦C
Duration 4 h 4 h 4 h 6 h 3 h 3 h

The CSM specimens were demolded into plastic bags and placed into a programmable
curing chamber. Using the standard temperature curing room as the control group, the
temperature in the standard temperature curing room was 20 ◦C, and the humidity was
95%. The abbreviation of CSM is illustrated in Table 5.

Table 5. Abbreviation of CSM.

Curing Condition
ESA Content

0% 10%

Standard temperature curing ST0% ST10%
Variable temperature curing VT0% VT10%

2.4. Test Methods
2.4.1. Temperature Shrinkage Test

Based on specification JTG E51-2009 [36], after curing the beam specimen for 7 days
and soaking it in water for the last 1 day, the specimen was dried in a 105 ◦C oven for
10–12 h until it reached a stable weight (quality change less than 0.05%). After measuring
the length of the specimen, it was placed on a shrinkage tester and the dial gauge was
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adjusted. The temperature range of the experiment was −30~60 ◦C. At the beginning
of the experiment, the temperature was raised to 60 ◦C, and every 10 ◦C was a stage of
gradual cooling, with a cooling rate of 0.5 ◦C/min. The temperature shrinkage strain and
temperature shrinkage coefficient were calculated by Equations (1) and (2).

εi =
li − li+1

L0
(1)

αi =
εi

ti − ti+1
(2)

In the formula, εi represents the temperature shrinkage strain. αi represents the
temperature shrinkage coefficient. li represents the average value (mm) of the sum of the
readings on the dial gauge for the i-th temperature range. ti represents the i-th temperature
range set by the temperature control program (◦C). L0 represents the initial length of the
specimen (mm).

2.4.2. Drying Shrinkage Test

Based on specification JTG E51-2009 [36], the beam specimens were cured for 7 days
and soaked in water on the last day. After soaking in water, the specimen was dried and
the length and mass were measured. The experiment was conducted in a drying shrinkage
box with a temperature of 20 ± 1 ◦C and a humidity of 60 ± 5%. The CSM specimens were
divided under each scheme into two groups, with one group of specimens placed on a
shrinkage tester to examine for shrinkage deformation. Another group was placed in a
drying shrinkage box to examine the drying shrinkage water loss rate. Then, the specimen
was placed in a drying chamber and its length and mass were measured daily. After the
experiment, the specimen was placed in an oven and heated to a stable weight (quality
change less than 0.05%). The water loss rate, shrinkage strain, and dry shrinkage coefficient
were calculated by Equations (3)–(7).

wi = (mi − mi+1)/mp (3)

δi =

(
4

∑
j=1

Xi,j −
4

∑
j=1

Xi+1,j

)
/2 (4)

εi = δi/l (5)

αdi = εi/wi (6)

αd =
∑ εi

∑ wi
(7)

In the formula, wi represents the i-th water loss rate. δi represents the i-th drying
shrinkage. εi represents the i-th dry shrinkage strain. αdi represents the i-th drying shrink-
age coefficient. αd represents the total shrinkage coefficient. mi represents the mass of the
standard specimen measured for the i-th time (g). Xi,j represents the reading of the j-th
dial gauge at the i-th test (mm). l represents the length of the standard specimen (mm). mp
represents the mass of the standard specimen after drying (g).

2.4.3. Indirect Tensile Strength (ITS) Test

ITS is an essential parameter in the structural design of semi-rigid base materials,
which can represent crack resistance under load. According to specification JTG E51-
2009 [36], ITS tests were conducted on cylindrical specimens with standard and variable
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temperature curing for 28 days on a universal testing machine. The loading rate was
1 mm/min. The ITS of the specimen was calculated by Equation (8).

R = 0.004178
P
h

(8)

In the formula, R represents the ITS of the specimen (Mpa). P represents the maximum
pressure at which the specimen fails (N). h represents the height of the specimen after
immersion in water (mm).

2.4.4. Indirect Tensile Fatigue Test

The cylindrical specimen was cured for 28 days and the test was conducted after
soaking in water for the last 1 day. The surface of the specimen was polished smooth with
sandpaper, and two strain sensors were pasted on both sides of the specimen. A strain
sensor horizontally measures tensile strain. Another strain sensor measures compressive
strain, as illustrated in Figure 2. Indirect tensile fatigue tests were conducted on specimens
with strain sensors installed.

  
(a) Strain sensor (b) Specimens with strain sensors installed 

Figure 2. Indirect tensile fatigue test.

2.4.5. Indirect Tensile Modulus

The stress state of the sample in the indirect tensile test is illustrated in Figure 3 [37].
The calculation formula of Brazilian discs was commonly used for indirect tensile tests.
According to elasticity, the force distribution at any point T (x, y) inside the disk can be
calculated as illustrated in Equation (9).⎧⎪⎪⎪⎨

⎪⎪⎪⎩
σx = 2P

πL

(
sin2 θ1 cos θ1

r1
+ sin2 θ2 cos θ2

r2

)
− 2P

πDL

σy = 2P
πL

(
cos3 θ1

r1
+ cos3 θ2

r2

)
− 2P

πDL

σxy = 2P
πL

(
sin θ1 cos2 θ1

r1
− sin θ2 cos2 θ2

r2

) (9)

Figure 3. Schematic diagram.
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In the formula, P is the load (N), L is the length (thickness) of the cylindrical specimen
(mm), and D is the diameter of the cylindrical specimen (mm).

Chen et al. [38,39] derived the tensile and compressive modulus equations in indi-
rect tensile fatigue testing based on the strain gauge testing method, as illustrated in
Equation (10). ⎧⎨

⎩Ex = 4P
πL × ab+cdμ2

bΔμ−μdΔv

Ey = 4P
πL × ab+cdμ2

μcΔμ+aΔv

(10)

Among them: ⎧⎪⎪⎪⎨
⎪⎪⎪⎩

a = Dl
D2+l2 − arctan l

D + l
2D

b = l
2D − ln D−l

D+l
c = l

2D ; Δμ = εμl; Δv = εvl
d = Dl

D2+l2 + arctan l
D − l

2D

(11)

εμ and εv represent the horizontal and vertical strains of the specimen tested by the
strain sensor. l is the initial distance between the two ends of the strain sensor (50 mm).

3. Shrinkage Test Results and Discussion

3.1. Analysis of Temperature Shrinkage Results

The confidence intervals for the temperature shrinkage strains and the temperature
shrinkage coefficients are displayed in Figure 4.

(a) Cumulative temperature shrinkage strain (b) Temperature shrinkage coefficient 

Figure 4. Temperature shrinkage results of CSM.

As illustrated in Figure 4a, the cumulative temperature shrinkage strain of ST0%,
ST10%, VT0%, and VT10% continues to increase with the temperature decrease. The cumu-
lative temperature shrinkage strains of ST0%, ST10%, VT0%, and VT10% are 1851.06 με,
1425.55 με, 1664.76 με, and 1230.18 με, respectively. Adding ESA can reduce the tempera-
ture shrinkage strain of CSM. Incorporating 10% ESA reduces the temperature shrinkage
strain by 22.99% and 26.10% in standard and variable temperature curing environments,
respectively. Under variable temperature curing conditions, the temperature shrinkage
strain of CSM was less. Compared with ST0%, the temperature shrinkage strain of VT0%
was reduced by 10.06%.

As illustrated in Figure 4b, the temperature shrinkage coefficients of ST0%, ST10%,
VT0%, and VT10% show a trend of first reducing and then growing with the decline in
temperature and reaching the lowest point within the range of 0–10 ◦C. The reason may
be that as the temperature decreases, the thermal motion of pore water molecules in CSM
weakens, the molecular spacing decreases, the attraction increases, and the surface tension
increases. This effect leads to specimen volume shrinkage. The surface tension in the early
cooling stage was high, causing significant temperature shrinkage deformation and tem-
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perature shrinkage coefficient reduction. The surface tension reduces as the temperature
declines, and the temperature shrinkage coefficient gradually reduces. When the temper-
ature is less than 0 ◦C, the pore water freezes, causing volume expansion and offsetting
some shrinkage deformation, increasing the temperature shrinkage coefficient [40]. Under
variable temperature curing conditions, compared with CSM with 0% ESA, CSM with
10% ESA showed a 22.94% decrease in the temperature shrinkage coefficient at 50–60 ◦C.
At 50–40 ◦C, it decreased by 24.46%. At 40–30 ◦C, it reduced by 25.94%. At 30–20 ◦C, it
reduced by 27.75%. At 20–10 ◦C, it reduced by 27.71%. At 10–0 ◦C, it reduced by 28.21%. At
−10–0 ◦C, it reduced by 27.79%. At −20–−10 ◦C, it decreased by 27.04%. At −30–−20 ◦C,
it decreased by 26.10%. As the temperature gradually decreases from high temperature,
the effect of ESA on the temperature shrinkage coefficient of CSM shows a trend of first
increasing and then decreasing. ESA has the greatest impact within the temperature range
of 0–20 ◦C, and the decrease in temperature shrinkage coefficient is the most significant.

3.2. Analysis of Drying Shrinkage Test Results

The changes in water loss rate, dry shrinkage strain, and dry shrinkage coefficient
with time of CSM are illustrated in Figures 5 and 6. Statistical analysis of the water loss
rate is illustrated in Table 6.

  
(a) Water loss rate (b) Cumulative water loss rate 

Figure 5. Water loss rate of CSM.

  
(a) Dry shrinkage strain (b) Cumulative dry shrinkage strain 

Figure 6. Dry shrinkage strain test results of CSM.
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Table 6. Statistical analysis of water loss rate.

Time (Day)

ST0% ST10% VT0% VT10%

Average
Value

Variance
Average

Value
Variance

Average
Value

Variance
Average

Value
Variance

0 0 0 0 0 0 0 0 0
2 0.36 0.000107 0.63 0.000184 0.38 0.000181 0.64 0.000186
4 0.15 0.000059 0.17 0.000037 0.11 0.000065 0.19 0.000094
6 0.09 0.000036 0.10 0.000064 0.09 0.000071 0.10 0.000039
8 0.08 0.000068 0.07 0.000058 0.08 0.000091 0.09 0.000058

10 0.08 0.000072 0.07 0.000063 0.05 0.000064 0.07 0.000064
12 0.07 0.000091 0.06 0.000024 0.04 0.000082 0.06 0.000039
14 0.06 0.000083 0.05 0.000081 0.03 0.000047 0.06 0.000031
16 0.04 0.000101 0.03 0.000047 0.04 0.000059 0.05 0.000064
18 0.05 0.000076 0.03 0.000039 0.04 0.000038 0.03 0.000061
20 0.03 0.000058 0.03 0.000057 0.03 0.000021 0.03 0.000038
22 0.04 0.000069 0.04 0.000069 0.04 0.000019 0.03 0.000075
24 0.02 0.000066 0.02 0.000076 0.02 0.000033 0.02 0.000060
26 0.03 0.000090 0.02 0.000073 0.02 0.000031 0.01 0.000035
28 0.03 0.000046 0.01 0.000042 0.03 0.000067 0.02 0.000066
30 0.02 0.000052 0.01 0.000034 0.01 0.000051 0.01 0.000055

As illustrated in Figure 5, the water loss rate of CSM showed an increase and then a
fall with time and gradually tended to stabilize. The cumulative water loss rate of CSM
rose continuously with time and gradually stabilized in the later stage of the experiment.
The main reason was that in the early stage of the drying shrinkage test, the water lost was
mainly free water filled in the pores of CSM, which is abundant and easy to evaporate,
so the water loss rate increased rapidly. In the later stage of the experiment, the internal
moisture of CSM was mainly adsorbed water and interlayer water, which were difficult to
evaporate. Therefore, the water loss rate of CSM would decrease and tend to stabilize.

After adding ESA, the water loss rate of CSM significantly decreased. The cumulative
water loss rates of ST0% and VT0% were greater than ST10% and VT10%, respectively.
This may be because ESA accelerated cement hydration, and consuming free water and
some capillary water in CSM reduces the water loss rate of ST10% and VT10%. The
cumulative water loss rates of VT0% and VT10% were higher than ST0% and ST10%,
respectively. It may be that the cement hydrates slower and consumes less water under
variable temperature conditions. More water was evaporated in the dry shrinkage test
session. The statistical results of the water loss rate show that the discreteness of the drying
shrinkage test of CSM under different health conditions is relatively small.

As illustrated in Figure 6, the variation in drying shrinkage strain of CSM with time
was consistent with the law of water loss rate. In the early stage of the experiment, the
drying shrinkage strain was relatively large, and in the later stage, the shrinkage strain
gradually stabilized. After 30 days of shrinkage, the cumulative shrinkage strains of ST0%,
ST10%, VT0%, and VT10% were 373.15 με, 242.87 με, 337.46 με, and 281.17 με, respectively.
Compared to ST0% and VT0%, the cumulative shrinkage strain of ST10% and VT10%
decreased by 28.03% and 24.65%, respectively. Adding ESA can diminish the dry shrinkage
strain of CSM [41].

Compared to ST0% and ST10%, the cumulative shrinkage strain of VT0% and VT10%
increased by 10.58% and 15.77%, respectively. Under variable temperature conditions,
the drying shrinkage of CSM was greater. This may be because the variable temperature
conditions inhibit cement hydration, produce fewer hydration products, and consume less
water, so the faster the water evaporates in the test stage, the greater the drying shrinkage
deformation. Related studies have also confirmed that the shrinkage deformation of CSM
was greater under low-temperature conditions [19], and adding ESA can enhance the
shrinkage characteristics of the CSM under low temperature.
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Figure 7 illustrates that the cumulative drying shrinkage coefficients of ST0%, ST10%,
VT0%, and VT10% were 105.52%, 86.16%, 111.49%, and 95.30%, respectively. Compared
with ST0% and VT0%, the shrinkage coefficients of ST10% and VT10% were reduced by
19.36% and 16.19%. This indicates that ESA significantly impacts the shrinkage coefficient
of CSM under different temperatures.

 
Figure 7. Cumulative drying shrinkage coefficient of CSM.

4. Results and Discussion of Strength and Fatigue Tests

4.1. ITS Analysis

The results of ITS of CSM are illustrated in Table 7.

Table 7. ITS test results.

ITS (MPa) Average Value
(MPa)

Coefficient of Variation
(%)1 2 3

ST0% 0.837 0.761 0.799 0.799 3.85
ST10% 1.042 1.164 1.224 1.143 6.62
VT0% 0.554 0.472 0.627 0.551 11.45
VT10% 0.883 0.947 0.808 0.879 6.46

As illustrated in Table 6, the ITS values of ST0% and ST10% were significantly higher
than those of VT0% and VT10%. The variable temperature curing environment was not
conducive to forming CSM strength. Compared to ST0%, the ITS of ST10% increased by
43.38%. Compared to VT0%, the ITS of VT10% increased by 60.36%. The incorporation
of ESA raised the ITS of CSM in different curing conditions. The coefficient of variation
results shown that the intensity variability of VT0% was the highest. The coefficient
of variation increased by 2.97 times. The performance of CSM was more discrete in
variable temperature curing environments. After adding ESA under variable temperature
conditions, the coefficient of variation of the ITS results of CSM decreased, indicating that
the addition of ESA can effectively improve the discrete strength of CSM under variable
temperature conditions.

4.2. Fatigue Characteristics

Different stress levels are selected for fatigue testing based on the ITS results. The
fatigue specimen is illustrated in Figure 8. The fatigue results are illustrated in Table 8.
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(a) Specimens (b) Specimens after fatigue failure 

Figure 8. Fatigue test.

Table 8. Fatigue test results.

Indirect Tensile Strength (MPa) Stress Level (MPa) Stress Ratio
Fatigue Life

Average Value
1 2 3

ST0% 0.799

0.4 0.50 151,407 270,604 215,586 212,532
0.5 0.63 27,969 44,512 22,217 31,566
0.6 0.75 6368 4274 3469 4704
0.7 0.88 908 322 721 650

ST10% 1.143

0.6 0.52 173,616 233,324 137,908 181,616
0.7 0.61 28,124 49,702 22,339 33,388
0.8 0.70 5811 7181 14616 9203
0.9 0.79 1046 1403 2948 1799

VT0% 0.551

0.3 0.54 142,927 74,708 101,628 106,421
0.4 0.73 8269 9475 5038 7594
0.5 0.91 2019 1014 867 1300
0.6 1.09 184 56 156 132

VT10% 0.879

0.5 0.57 152,807 177,146 109,533 146,495
0.6 0.68 21,252 24,526 31,969 25,916
0.7 0.80 4009 6040 4710 4920
0.8 0.91 745 585 1010 780

As illustrated in Table 7, the fatigue life of CSM diminishes continuously with the
increase in stress level. When the stress level is 0.6 MPa, the fatigue lives of ST0%, ST10%,
VT0%, and VT10% were 4704, 181,616, 132, and 25,916, respectively. The fatigue life of ST0%
was 35 times that of VT0%. The fatigue life of ST10% was seven times that of VT10%. The
fatigue life of CSM was significantly reduced under a variable temperature curing environ-
ment. Adding ESA raised the durability of CSM under variable temperature conditions.

According to the fatigue test results, fatigue curve fitting was performed on CSM with
different stress levels and stress ratios. The fitting results are illustrated in Figures 9 and 10.
The fatigue equation and related parameters are illustrated in Tables 9 and 10.

Parameters a and b can reflect the fatigue characteristics of CSM. Among them, the
larger the value of a, the superior the fatigue resistance of CSM. The larger the value of b,
the more significant the impact of stress changes on the fatigue life of CSM.

The fatigue life of CSM has a very strong correlation with stress levels and stress
ratios [42]. Compared to the stress level, the R2 in the fatigue equation of CSM based on
the stress ratio was higher. The degree of fatigue equation fitting for CSM based on the
stress ratio was better. The a-values order for CSM under different stress levels or ratios
was ST10% > VT10% > ST0% > VT0%. Among them, VT0% has the smallest a-value.
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Table 9. Fatigue equation parameters of CSM under different stress ratios.

a b Fatigue Equation R2

ST0% 8.70 −6.75 lgNf = 8.70 − 6.75σ/S 0.979
ST10% 9.23 −7.64 lgNf = 9.23 − 7.64σ/S 0.957
VT0% 7.83 −5.30 lgNf = 7.83 − 5.30σ/S 0.973
VT10% 8.94 −6.64 lgNf = 8.94 − 6.64σ/S 0.990

Table 10. Fatigue equation parameters of CSM under different stress levels.

a b Fatigue Equation R2

ST0% 1.27 −10.36 lgNf = 1.27 − 10.36lgσ 0.970
ST10% 2.72 −11.36 lgNf = 2.75 − 11.36lgσ 0.955
VT0% 0.06 −9.55 lgNf = 0.06 − 9.550lgσ 0.970
VT10% 1.89 −11.05 lgNf = 1.89 − 11.05lgσ 0.983

  
(a) ST0% (b) ST10% 

  
(c) VT0% (d) VT10% 

Figure 9. Fatigue curves of CSM with different stress ratios.
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(a) ST0% (b) ST10% 

  
(c) VT0% (d) VT10% 

Figure 10. Fatigue curves of CSM at different stress levels.

Under the same curing conditions, the fatigue life of CSM with 10% ESA added was
significantly larger than that of CSM without ESA added, and the coefficient a was also
significantly increased. ESA greatly boosted the fatigue life of CSM. This was primarily
because the incorporation of ESA significantly accelerated the cement hydration reaction
rate and the strength formation rate of CSM, thereby improving the fatigue resistance of
the CSM. On the other hand, the fatigue life and coefficient a-value of the specimens under
standard temperature environments are greater than those under variable temperature
environments. The durability of CSM under variable temperature was inferior to that of
standard temperature, and the incorporation of ESA greatly boosted the fatigue resistance
of CSM in variable temperature conditions.

4.3. Test Methods

A modulus value can be obtained for each load cycle when conducting indirect tensile
fatigue tests. Due to the large amount of fatigue test data, this study used Python software
programming to process the data, calculate the modulus, and analyze the modulus decay
of CSM.
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4.3.1. Determination of the Indirect Tensile Initial Modulus Value

The indirect tensile initial modulus (E0) of CSM specimens was usually taken as the
modulus (MPa) after 50 loading cycles. However, considering that the fatigue life of CSM
varies greatly at different stress levels, this method was prone to deviation. This study
selected the average value of 10 moduli near N/Nf = 0.01 as the indirect tensile initial
modulus to improve the accuracy of the data. Tables 11–14 summarize the initial values
of CSM.

Table 11. Initial values of modulus for ST0%.

Stress Level (MPa) Number E0 (MPa) Average Value (MPa) Coefficient of Variation (%)

0.4
1 27,365

26,920 4.232 28,037
3 25,358

0.5
1 30,777

30,557 2.812 29,414
3 31,479

0.6
1 32,105

32,383 5.412 30,390
3 34,655

0.7
1 39,442

35,755 7.402 34,460
3 33,362

Table 12. Initial values of modulus for ST10%.

Stress Level (MPa) Number E0 (MPa) Average Value (MPa) Coefficient of Variation (%)

0.6
1 33,599

35,241 4.672 34,635
3 37,489

0.7
1 38,445

39,850 3.412 39,417
3 41,689

0.8
1 43,106

44,411 7.982 49,252
3 40,875

0.9
1 51,956

46,680 8.822 41,912
3 46,173

Table 13. Initial values of modulus for VT0%.

Stress Level (MPa) Number E0 (MPa)
Average Value

(MPa)
Coefficient of Variation (%)

0.3
1 12,384

10,855 10.542 10,547
3 9634

0.4
1 12,482

12,578 11.972 14,467
3 10,784

0.5
1 16,258

16,158 6.362 17,364
3 14,852

0.6
1 18,344

20,529 8.242 22,463
3 20,779
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Table 14. Initial values of modulus for VT10%.

Stress Level (MPa) Number E0 (MPa)
Average Value

(MPa)
Coefficient of Variation (%)

0.5
1 33,162

30,895 6.912 28,036
3 31,486

0.6
1 33,193

34,413 3.292 35,921
3 34,125

0.7
1 39,048

37,349 5.282 38,414
3 34,585

0.8
1 41,302

45,221 5.722 45,151
3 49,210

As illustrated in Tables 11–14, the coefficient of variation of the indirect tensile initial
modulus of CSM ranges from 3.41% to 11.97%, with relatively small variability. The
indirect tensile initial modulus of CSM rises with the increase in stress level. The modulus
of CSM was significantly affected by different curing environments and ESA content. The
initial modulus of ST0% ranges from 26,900 to 35,800 MPa. The indirect tensile initial
modulus of ST10% ranges from 32,200 to 46,700 MPa. The indirect tensile initial modulus
of VT0% was between 10,800 and 20,600 MPa; the initial modulus of VT10% was between
30,800–42,600 MPa. At a stress level of 0.6 MPa, the average initial modulus values of ST0%,
ST10%, VT0%, and VT10% were 32,383 MPa, 35,241 MPa, 20,529 MPa, and 34,413 MPa,
respectively. It can be seen that variable temperature curing conditions have an adverse
effect on the dynamic modulus of CSM. After adding 10% ESA, the stiffness of CSM
significantly improved.

4.3.2. Determination of the Indirect Tensile Critical Modulus Value

In fatigue testing, the modulus of the specimen will gradually decrease with the appli-
cation of cyclic load. The average modulus of the first five cycles before the end of fatigue
testing was mainly used as the critical modulus value (Emin). CSM is a brittle material
whose modulus was significantly affected by stress and was prone to fracture under high
stress. The average modulus of the five cycles before the end of the fatigue test was taken
as the critical value, and there was a high degree of variability. To reduce the discreteness
of experimental data, the tangent line to the point corresponding to N/Nf = 0.5 on the
modulus decay curve and the straight line at N/Nf = 1 were utilized, and the intersection
of the angular bisector of the intersection of the two lines and the modulus decay curve
was chosen to be the fatigue modulus critical value [43], which is illustrated in Figure 11.

In the formula, E0 is the initial modulus of the specimen, and E is the remaining
modulus of the specimen after the load was applied. Point A is the point corresponding to
the tangent on the fatigue modulus decay curve. Point B is the intersection point between
the tangent of the point corresponding to N/Nf = 0.5 on the fatigue modulus decay curve
and the straight line at N/Nf = 1. α the bisector angle between two intersecting lines.

The critical modulus values of CSM at different stress levels are illustrated in Tables 15–18.
As illustrated in Tables 15–18, the coefficient of variation of the critical modulus of CSM

ranges from 0.77% to 16.49%, with relatively small variability. The critical modulus value
of CSM reduces as the stress level grows. The modulus of CSM was significantly affected
by environments and ESA content. The critical modulus value of ST0% was between 9500
and 13,600 MPa, ST10% was between 9400 and 21,000 MPa, VT0% was between 3400 and
6000 MPa, and VT10% was between 10,000 and 18,000 MPa. At a stress level of 0.6 MPa,
the average critical values of modulus for ST0%, ST10%, VT0%, and VT10% are 11,230 MPa,
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21,094 MPa, 3418 MPa, and 15,636 MPa, respectively. Under the same dosage of ESA, the
critical value of the modulus of CSM in a variable temperature curing environment was
lower than that in a standard temperature curing environment. After adding 10% ESA, the
critical modulus values of the CSM under different curing conditions all increased.

Figure 11. Schematic diagram of modulus critical point.

Table 15. Critical values of modulus for ST0%.

Stress Level (MPa) Number Emin (MPa) Average Value (MPa) Coefficient of Variation (%)

0.4
1 13,235

13,536 4.992 14,472
3 12,901

0.5
1 14,534

14,648 3.132 15,258
3 14,151

0.6
1 11,174

11,230 11.972 9612
3 12,905

0.7
1 10,591

9585 9.312 8422
3 9741
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Table 16. Critical values of modulus for ST10%.

Stress Level (MPa) Number Emin (MPa) Average Value (MPa) Coefficient of Variation (%)

0.6
1 21,581

21,094 4.992 21,424
3 20,278

0.7
1 21,773

20,331 3.132 21,794
3 17,427

0.8
1 16,817

17,060 11.972 17,142
3 17,221

0.9
1 14,764

9418 9.312 7482
3 6008

Table 17. Critical values of modulus for VT0%.

Stress Level (MPa) Number Emin (MPa) Average Value (MPa) Coefficient of Variation (%)

0.3
1 6931

6017 10.812 5469
3 5652

0.4
1 5665

5575 6.002 5933
3 5128

0.5
1 5085

5140 0.772 5174
3 5162

0.6
1 2853

3418 20.612 2989
3 4411

Table 18. Critical values of modulus for VT10%.

Stress Level (MPa) Number Emin (MPa) Average Value (MPa) Coefficient of Variation (%)

0.5
1 18,746

18,098 2.572 17,678
3 17,871

0.6
1 14,432

15,636 8.192 15,067
3 17,410

0.7
1 12,182

13,232 10.822 12,258
3 15,256

0.8
1 10,487

10,589 16.492 8503
3 12,777

4.3.3. Analysis of Fitting Results for Modulus Decay of CSM

The compression modulus ratio and fatigue life ratio of CSM were fitted, and the
modulus decay model parameters are illustrated in Tables 19–22. The modulus decay of
ST0%, ST10%, VT0%, and VT10% is illustrated in Figures 12–15.
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(a) 0.4 MPa 
 

(b) 0.5 MPa 

Figure 12. Cont.

(c) 0.6 MPa (d) 0.7 MPa 

Figure 12. Modulus decay of ST0% under different stress levels.
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(a) 0.6 MPa (b) 0.7 MPa 

(c) 0.8 MPa (d) 0.9 MPa 

Figure 13. Modulus decay of ST10% under different stress levels.
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(a) 0.3 MPa (b) 0.4 MPa 

 

(c) 0.5 MPa (d) 0.6 MPa 

Figure 14. Modulus decay of VT0% under different stress levels.

  
(a) 0.5 MPa (b) 0.6 MPa 

Figure 15. Cont.
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(c) 0.7 MPa (d) 0.8 MPa 

Figure 15. Modulus decay of VT10% under different stress levels.

Table 19. Modulus decay model parameters for ST0%.

Stress Level (MPa) Stress Ratio (t) Number m-Value R2 m-Average Value m-Standard Deviation Coefficient of Variation (%)

0.4 0.501
1 0.316 0.945

0.299 0.012 4.112 0.289 0.921
3 0.291 0.955

0.5 0.626
1 0.328 0.951

0.321 0.026 8.012 0.287 0.943
3 0.349 0.927

0.6 0.751
1 0.451 0.969

0.453 0.026 5.692 0.486 0.954
3 0.423 0.939

0.7 0.876
1 0.542 0.942

0.543 0.024 4.362 0.572 0.919
3 0.514 0.901

Table 20. Modulus decay model parameters for ST10%.

Stress Level (MPa) Stress Ratio (t) Number m-Value R2 m-Average Value m-Standard Deviation Coefficient of Variation (%)

0.6 0.525
1 0.174 0.845

0.179 0.021 11.572 0.206 0.914
3 0.156 0.892

0.7 0.612
1 0.247 0.951

0.269 0.023 8.672 0.258 0.946
3 0.301 0.936

0.8 0.700
1 0.407 0.929

0.411 0.031 7.482 0.451 0.903
3 0.376 0.947

0.9 0.787
1 0.525 0.957

0.640 0.087 13.572 0.661 0.938
3 0.735 0.952

Table 21. Modulus decay model parameters for VT0%.

Stress Level (MPa) Stress Ratio (t) Number m-Value R2 m-Average Value m-Standard Deviation Coefficient of Variation (%)

0.3 0.544
1 0.250 0.913

0.256 0.023 9.082 0.287 0.907
3 0.231 0.871

0.4 0.726
1 0.341 0.969

0.351 0.026 7.492 0.387 0.948
3 0.325 0.930

0.5 0.907
1 0.490 0.989

0.483 0.023 4.662 0.507 0.934
3 0.453 0.916

0.6 1.089
1 0.695 0.985

0.682 0.051 7.532 0.738 0.920
3 0.614 0.917
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Table 22. Modulus decay model parameters for VT10%.

Stress Level (MPa) Stress Ratio (t) Number m-Value R2 m-Average Value m-Standard Deviation Coefficient of Variation (%)

0.5 0.569
1 0.237 0.864

0.227 0.021 9.402 0.197 0.942
3 0.246 0.936

0.6 0.683
1 0.363 0.947

0.361 0.024 6.572 0.389 0.923
3 0.331 0.910

0.7 0.796
1 0.472 0.926

0.465 0.025 5.462 0.492 0.921
3 0.431 0.902

0.8 0.910
1 0.562 0.925

0.587 0.042 7.212 0.647 0.911
3 0.553 0.935

Tables 19–22 show that the modulus decay curves of CSM were similar at different
stress levels. Under load, the internal structure of the specimen was gradually damaged,
and the modulus gradually decreased until it failed. This indicated that the damage of CSM
was a non-linear accumulation process. However, the curing temperature and ESA affected
the internal damage process of CSM. The larger the value of m, the faster the modulus
attenuation, indicating more internal damage to CSM under the same load. Tables 19–22
show that the rate of CSM modulus attenuation was related to the stress level. As the stress
level increased, the CSM modulus decay fitting parameter m-value gradually increased,
and the CSM modulus decay rate increased.

At a stress level of 0.6 MPa, the modulus decay curve parameters m for ST0%, ST10%,
VT0%, and VT10% were 0.453, 0.179, 0.682, and 0.361, respectively. Under the same
curing conditions, ST0% and VT0% values were significantly higher than those of ST10%
and VT10%. CSM without ESA addition had greater damage under load and a faster
performance degradation rate. Adding 10% ESA to CSM improved its fatigue resistance.
The m-value of CSM under variable temperature was lower than that under standard
temperatures. The primary reason was that under variable temperature conditions, the
cement hydration rate in CSM was slow, the strength formation of CSM was slow, the
adhesion between colloids was poor, and it was easy to cause damage under load.

5. Conclusions

This study investigated the influence of temperature on temperature shrinkage, drying
shrinkage, indirect tensile strength, fatigue, and modulus characteristics of CSM with ESA.
The conclusions obtained were as follows:

(1) The variable temperature curing conditions adversely affected the drying shrink-
age characteristics of CSM. After adding 10% ESA, the drying shrinkage coefficient
of CSM decreased by 16.19%. Adding ESA effectively accelerates cement hydra-
tion, consumes free water and capillary water in CSM, and effectively improves the
anti-shrinkage cracking performance of CSM. However, compared to ST0%, the tem-
perature shrinkage coefficient of VT0% decreased by 10.06%. The variable temperature
curing conditions improved the temperature shrinkage characteristics of CSM;

(2) Compared with a standard temperature curing environment, under a variable temper-
ature curing environment, the strength and fatigue life at 0.6 MPa of CSM decreased
by 31.04% and 97.19%, respectively. The modulus decay curve parameters at 0.6 MPa
increased by 51.21%. The variable temperature curing environment weakened the
strength and fatigue resistance of CSM and accelerated the rate of modulus decay.
The addition of ESA significantly boosted the durability of CSM under variable
temperature conditions;

(3) The variable temperature service environment and the addition of ESA will signif-
icantly affect the durability of CSM. In cold regions with high daily temperature
gradients, it is necessary to consider the effect of variable temperature conditions on
the characteristics of CSM;
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(4) The incorporation of ESA compensates for the weakened characteristics of CSM
under variable temperature conditions and is a practical approach to boost CSM
characteristics in cold regions with high daily temperature gradients (>20 ◦C).

This study only focuses on specific ESA and variable temperature conditions. In the
future, more types of ESA and more severe service conditions can be considered to affect
the characteristics of CSM.
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